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ABSTRACT

The Role of Blood Platelets in the Processes of Haematogenous
Metastasis
Tumour cells have been shown to interact with platelets and thereby facilitate metastatic
spread of cancer via the blood.
In this study, the interaction of human liver tumour cell lines with platelets was
investigated.
All cell lines caused platelet aggregation in the presence of Ca^+. Platelet aggregation was
of two types. The first type was ADP mediated, occurring in the absence of blood
plasma, and was inhibited by aspirin (’plasma-independent’). The second, required low
concentrations of plasma. It involved activation of coagulation, resulting in generation of
thrombin (’plasma- dependent’). Platelet aggregation was accompanied by platelet
degranulation as determined by ATP (dense granule marker) and N-acetyl-B-Dglucuronidase (lysosomal marker) measurements.
Plasma-dependent proaggregatory activity was released from four of the five hepatoma
cell lines, and was manifested only in viable cells. In the non-metastatic cell line, HepG2,
the activity remained bound to the outer surface of the cell, and was present even in nonviable cells. Full integrity of the blood coagulation cascade was essential for platelet
aggregating activity of the hepatoma cells. In particular. Factor X, and additionally with
Mahlavu cells. Factor VII, was necessary for platelet aggregating activity.
Procoagulatory activity of all the cell lines was mediated partially by Factor VII. In
addition, HepG2 released a Factor Vll-dependent coagulation inhibitor.
Endothelial cells form a natural barrier to metastatic spread. The inhibitory effects of
cultured endothelial cells on the activity of hepatoma cells were therefore studied.
Endothelial cells were found to inhibit Mahlavu- and HepG2-induced platelet aggregation,
but not that induced by SK55 cells. This effect was due mainly to prostacyclin (PGI2).
Nitric oxide was found to mask hepatoma-associated platelet aggregating activity of
HepG2 cells, but not that of Mahlavu or SK55 cells.
It was concluded that while both metastatic and non-metastatic hepatoma cell lines can
activate platelets, differences in their characteristics may go some way in explaining the
basis of metastatic behaviour.
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CHAPTER ONE

CHAPTER ONE

GENERAL INTRODUCTION

1.1

Metastasis Defined

The word ’metastasis’ literally means ’standover’ or ’beyond’. Cancer metastasis has been
defined as a loss of contiguity between a tumour, cell or group of tumour cells and the
primary neoplasm (Honn, 1982). Dissemination of tumour growth may occur in three
ways, and often by a combination of all three. Firstly, spread may occur by direct
migration from the tissue bearing the primary lesion to a second tissue or organ with
which it is in physical contact. Secondly, tumour cells of the primary lesion may penetrate
the lymphatic system, and thereby spread to other parts of the body. Once a tumour has
developed its own blood supply a third means is provided for dissemination of tumour
cells. Cells of the primary lesion may penetrate the blood vessels within the tumour and
spread to distant sites, there to establish points of secondary growth (haematogenous
metastasis). It is spread via this route where blood platelets and the blood coagulation
system appear to play a facilitative role in the development of secondary tumours.
Distinction between lymphatic and haematogenous routes of dissemination may be more
artificial than real, since tumour cells which are initially distributed in the lymphatics will
eventually reach the blood (Hilgard et al, 1972).

The work presented in this thesis is concerned with some aspects of the mechanism of
haematogenous metastasis.

While this thesis is concerned mainly with platelet involvement in tumour cell metastasis,
it would be misleading to consider this in isolation from other processes also known to be
involved. In the first part of this introduction I have attempted to describe metastasis as
a multi-stage process in the light of current knowledge, and in the second part, present
evidence for platelet involvement.

1.2

The process of haematogenous metastasis

Haematogenous metastasis may be considered as a series of stages (see Fig. 1.1), which,
in reality form a single continuous process. These are INVASION - division and growth
of the original lesion into the surrounding normal tissue of the organ: TUMOUR
ANGIOGENESIS - the development of a blood supply to the tumour: INTRAVASATION
- migration of tumour cells of the primary lesion through blood vessel walls and into the
lumen of the blood vessels; intravasation involves digestion of the intercellular matrix and
subendothelial layers, and breaching of the endothelial layer: INTERACTION WITH
BLOOD - once in the blood stream, tumour cells interact with white cells, platelets,
coagulation factors and possibly other components of the blood: ARREST - in the capillary
beds of target organs, tumour cells adhere to the vessel wall and become trapped:
EXTRAVASATION - arrested cells may disrupt the endothelial layer of the capillary and
digest their way into the subendothelial region, there to become established as secondary
(metastatic) growth.
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1.3

Stages in Haematogenous Metastasis

1.3.1

Tumour Angiogenesis

Metastasis is a complex multi-stage process, dependent initially on genetic changes within
the primary tumour. The change from benign to malignant arises due to alterations in gene
expression following loss, inactivation, mutation or over-expression,

leading to

uncontrolled growth. If a tumour is to expand in size beyond 2mm or so diameter, the
development of nascent capillary blood vessels is necessary (tumour angiogenesis). In
several studies the degree of angiogenesis has been shown to correlate with incidence of
metastasis. In one study, angiogenesis, as assessed by counting micro vessels at the margin
of the primary tumour, was shown to be predictive of metastatic disease in breast
carcinoma (Weidner et al, 1991). Angiogenesis occurs by ingrowth of columns of
endothelial cells from pre-existing capillaries of venules (never from arteries, arterioles or
veins) which contact to form loops which then develop a lumen, permitting blood flow to
begin. Regulation of angiogenesis is a balance between the effects of a variety of
angiogenic peptides, such as fibroblast growth factors or transforming growth factors,
which may be derived from either neoplastic or normal cells. Other evidence for a
relationship between angiogenesis and metastasis came from a study by Folkman et al
(Folkman et al, 1983) where control of angiogenic factors by the administration of high
doses of cortisone and heparin in tumour-bearing mice was shown to result in reduction
in size of the primary tumour and in the incidence of metastasis.

1.3.2

Proteinases and Tissue Invasion

Proteolysis of tissue barriers is an essential component of the invasive process and has
been linked to the production of degradative enzymes by cancer cells, the most intensively
studied being the matrix metalloproteinases. These enzymes, of which at least seven are
known (see Table 1.1), can be categorized, on the basis of substrate specificity (Liotta et
al, 1991) as interstitial collagenases, which preferentially degrade collagens type I, II and
III, type IV collagenases (gelatinases), which preferentialy degrade gelatin and type IV
collagen, stromelysins which preferentially degrade type IV collagen and proteoglycans.
Successful proteolysis is a balance between the activity of these enzymes and inhibition by
the high molecular weight tissue inhibitors of metalloproteinases (TIMPS) which bathe the
tissue.

Proteolysis occurs in normal tissues, but is limited in duration and is subject to strict
regulation. Proteolysis and cell motility through normal tissue barriers is not limited to
tumour cells: it is a feature of embryo morphogenesis and angiogenesis, for example. The
difference in the case of tumour cells is that proteolysis is coupled with motility to achieve
invasion at times and in places that would be inappropriate for normal cells.

Penetration of basement membrane by tumour cells can be considered as a three step
process: attachment, matrix dissolution, and migration. Binding of the tumour cell to the
basement membrane is mediated by tumour cell surface receptors of the integrin (Hynes,
1987; Humphries et al, 1986) and non-integrin type (Rao et M, 1989; Aznavoorian et al,
1990). These receptors recognise glycoproteins such as laminin, type IV collagen and
fibronectin in the basement membrane. Breaching of the basement membrane occurs in a
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highly localised region close to the tumour cell surface (Brown et al, 1990), where the
amount of active enzyme outbalances the natural proteinase inhibitors present. A positive
association with metastasis has been noted for a variety of classes of degradative enzyme,
including heparanases (Nakajima et al, 1987 1991) and serine- (Reich et

1988; Wang

et al, 1980) thiol- (Recklies et al, 1982; Sloane & Honn, 1984) and metal-dependent
(Ostrowski et al, 1988; Liotta et al, 1979 1980; Templeton et d , 1990) enzymes. In
particular, type IV collagenase (gelatinase), one of the metalloproteinase family, has been
strongly implicated in metastasis. An augmented type IV collagenase activity is associated
with the genetic induction of a metastatic phenotype (Muschel et al, 1985; Garbisa et al,
1987; Bonfil et al, 1989; Ura et al, 1989). Down regulation of type IV collagenolytic
activity by retinoic acid treatment of human melanoma cells has been correlated with loss
of invasive phenotype (Nakajima et al, 1989). Agents which specifically inhibit type IV
collagenase activity or block its secretion prevent tumour cell invasion in vitro (Reich et
al, 1988; Wang et al, 1980).

Urokinase-type plasminogen activator (uPA) has been closely linked to the metastatic
phenotype (Dano et al, 1985; Sappino et al, 1987). Anti-uPA antibodies block human
HEP-3 cell invasion in the chick chorioallantoic membrane assay, and murine B16F10
melanoma cell metastasis following tail vein injection. Serine protease inhibitors also block
tumour invasion through human amniotic membranes (Mignatti et al, 1986).

1.3.3

Natural Proteinase Inhibitors are Invasion Suppressors

Natural inhibitor proteins, produced either by the host or by the tumour itself, can block
the latent or the active metalloproteinases (Gottesman, 1990). Such molecules (e.g. tissue

inhibitors of metalloproteinases (TIMPs)) (Carmichael et al, 1986) and plasminogen
activator inhibitors (PAIs) (Levin & Santell, 1987) may therefore act as metastasis
suppressors. It has been reported that transfection of antisense TIMP RNA, which blocks
TIMP-1 expression, increases the malignant phenotype (Khokha et al, 1989). In animal
models, administration of recombinant TIMP-1 blocks metastasis (Schultz et al, 1988;
Alvarez et al, 1990). Whereas TIMP-1 binds only to activated type IV collagenase, a
second inhibitor TIMP-2 has been isolated which binds to both latent and activated forms
of type IV collagenase (DeClerk et al, 1989; Stetler-Stevenson et al, 1989b, 1990; Boone
et al, 1990).

1.3.4

Interaction of tumour cells with blood

Once in the blood, natural immune responses, in particular. Natural Killer Cells (NKC)
and macrophages, are effective in rapidly destroying most of the tumour cells, so that only
a small percentage survive. Estimates of the survival ratios of blood-home tumour cells
are very low: only 1% of cells trapped in the lungs are alive 24h after injection (Fidler,
1978). By 14 days, less than 0.1 % of injected cells survive in the host (Fidler & Ichinose,
1989). Macrophage anti-tumour activity is modulated by several other cell types, and by
lymphokines (e.g. TNF-o:). Arrest of tumour cells in the capillaries of the target organ
may be due to simple trapping of the large, non-deformable tumour cells, or may involve
complex interactions with platelets, monocytes and adhesion molecules (Fidler, 1976).

1.3.5

Lvmphocvte-Tumour cell interactions

Cytotoxic T lymphocytes (CTL) recognise antigenic peptides only when presented in
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association with major histocompatibility (MHC) class I molecules. A lack of MHC class
I antigens on neoplastic cells would thus be as effective as a lack of tumour-specific
antigens or neoantigens in abrogating or evading immune surveillance. Transfection of
murine cells with cDNAs encoding specific MHC genes has resulted in the cells
manifesting reduced metastatic capacity. This difference, however, was not solely a
consequence of an absolute lack of expression of MHC class I molecules but seemed to
relate more to the ratio of individual MHC products (Hart & Saini, 1992).

The cytolytic conjugate between CTLs and tumour cells is stabilized by interactions
between the LFA-1 integrin on the lymphocyte and the ICAM-1 ligand expressed by the
target cell (Hart, 1989). Lack of expression of the ICAM-1, a member of the
immunoglobulin-like superfamily, would appear to permit circulating tumour cells to avoid
establishing stable cytolytic conjugates and might provide a means of evading CTLmediated killing. Paradoxically, progression towards metastasis in cutaneous melanomas
is accompanied by up-regulated expression of ICAM-1, which might be expected to
facilitate the formation of cytolytic conjugates, leading to reduced tumour cell survival.
However, the finding of soluble forms of ICAM-1 in the serum of cancer patients suggests
that release of this molecule by high-producing tumour cells could block receptors on
CTLs.

1.3.6

Tumour cell arrest in target organ capillarv beds

Arrest from the circulation occurs when tumour cells become trapped, either on account
of their own size and inability to deform in the micro vasculature, or of the presence of a
platelet bolus formed around them. Expression of adhesion molecules on the tumour cells

and on activated endothelium enables attachment, which may be followed by penetration
of the endothelial barrier.

1.3.7

Extravasation

Many of the features of extravasation are similar to the processes of intravasation by which
the tumour cell enters the circulation after angiogenesis of the primary tumour. The
process involves proteolytic degradation of basement membrane and penetration of the
subendothelial layer. Chemotactic factors must also be involved, which encourage
movement of the arrested tumour cell away from the capillary lumen, and into the tissue.

1.4

The Involvement of Platelets in Haematoeenous Metastasis

1.4.1

Introduction

The metastasis of tumours from the original affected site to sites of secondary growth is
a complex process, allowed initially by aberrant changes in the cell type, and subsequently
involving interactions with many cellular and humoral components. The malignant tumour
cell hasmany barriers and defenses to overcome in its journey

away from the primary

tumour.

have eitherevaded

Thesuccessful metastatic cell may be considered to

or

overloaded natural defenses. Alternatively, its journey may be assisted or even promoted
by components of organs and tissues whose normal functions are diverted to the advantage
of the tumour cell. The evidence for the involvement of platelets in the metastasis of
tumours is now reviewed. Their involvement may in the first instance be defensive, an
attempt by the organism to "clamp" a migrating tumour cell, preventing further transit:
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platelets have been shown to be cytocidal via the surface IgE CD23 (receptor) (Cesbron
et al, 1987). However, ultimately platelets appear to facilitate tumour cell metastasis, and
may therefore be considered to be part of a normal cellular process which is diverted
towards the tumour cells’ own ends.

1.4.2

Platelet Function in Haemostasis

Platelets are the smallest cellular components of the blood (for structure see Fig. 1.2). In
their resting state they are discoid, range in size from 2 to 3/iM in diameter. They are also
the most numerous cell, occuring in normal blood at a density of 1 to 3 x lO^cells per ml.
Platelets are formed in the bone marrow as anucleate cells by budding off of the cytoplasm
of megakaryocytes. Despite lack of a nucleus they are as metabolically active as any other
cell type, although their capacity for protein synthesis is limited. Probably for this reason
the cells have only a very short half life in circulation, being removed from the blood by
the reticulo-endothelial system of the spleen after 8 to 11 days.

Platelets are involved primarily in haemostasis, where they act as the first line of defense
against blood loss, by forming aggregates at the site of a wound, and by providing factors
for coagulation and tissue repair. Many of the features of the platelet which make it useful
in haemostasis can be considered as having potential for the promotion of metastatic spread
of neoplastic disease.

1.4.3

The Platelet Plasma Membrane

The platelet, in common with other cell types, is bonded by a unit membrane consisting
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of a bilayer of phospholipids with proteins either spanning it or located on either side.
Some of the proteins, which are glycosylated on the outer surface, act as receptors for both
excitatory (e.g. ADP, thrombin) and inhibitory (e.g. adenosine, prostacyclin (PGI2)),
agonists, and others, as binding sites for adhesion proteins (e.g. fibrinogen, von
Willebrand factor). Specific receptors have been described for ADP (subtype P2t),
adrenaline («2A), serotonin (5HT2), vasopressin (V^A), PAF, thrombin and thromboxane
A2 (TP). For all except thromboxane A2, 5HT2 and B-adrenergic receptors, properly
corrected analyses indicate densities in the range of several hundred sites per platelet. For
5HT2 and B-adrenoceptors the number is considerably lower (less than 100 sites per
platelet), and for thromboxane A2, the number is higher (several thousand sites per
platelet). The 5HT2 agonist receptor is distinct from the 5HT transport receptor of which
there are approximately 10,000 sites per platelet. Interaction of the platelet with tumour
cells involves both the adhesive and agonist reacting characteristics of the platelet surface.
Most tumour cells studied in vitro generate ADP or thrombin, both of which cause platelet
activation. Furthermore, platelets have been found associated with tumour cells in the
circulation as platelet/tumour cell boli, although the nature of this adhesion has been little
studied, and its relevance to metastasis is poorly defined. During the early studies in this
field it was thought that formation of a bolus was a key factor in trapping tumour cells in
the microvasculature as a prerequisite to secondary tissue invasion. This appears now to
be only part of a more complex mechanism.

The majority of platelet cell membrane glycoproteins penetrate to the inner side of the lipid
bilayer where their C-terminus can interact with elements of the cytoskeleton or with
intrinsic membrane proteins of the inner leaflet. They may also interact with the lipid of
the membrane. Additional to the cytoskeleton, actin is found in high concentrations at the
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inner surface of the bilayer, penetrating a small distance into the cytoplasm. Upon platelet
activation this interacts with myosin in the cytoplasm in a contractile fashion, to produce
characteristic changes in platelet morphology. Around the circumference of the cell in the
equatorial plane of the disc is a microtubular structure of tubulin arranged in a helical
array, with 13 protofilaments forming a tube-like structure around a central lumen. This
contracts during activation, causing centralization of platelet cytoplasmic ganules.

1.4.4

Platelet Granules

The cytoplasm of the platelet contains a small number of mitochondria. These supply the
cell with ATP in its resting state. In keeping with the secretory function of the cell there
are many granules in the cytoplasm, some of which are similar to granules of other cell
types, and others which are unique to the platelet.

Platelet lysosomes contain a range of glycosidases (e.g. B-glucuronidase, B-galactosidase,
B-N-acetyl-glucosaminidase) and a number of proteases (cathepsins D and E, and a neutral
protease). Platelet peroxisomes contain catalase and oxidases. Platelet «-granules contain
a wide range of procoagulant proteins (fibrinogen, von Willebrand factor. Factor XII,
Factor V, Factor VIII), which may be important mediators of metastasis once released;
they contain antiheparins (platelet factor 4, B-thromboglobulin, platelet basic protein), and
growth promoting factors (platelet derived growth factor, thrombospondin, low affinity
platelet factor 4). Platelet-derived mitogens have been shown active towards some kinds
of tumour cells grown in vitro (Kara et al, 1980a).

The amine storage granules of the platelet, termed dense granules or dense bodies, provide
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storage for serotonin (5-hydroxy-tryptamine) in large multimolecular complexes consisting
primarily of 5HT, ATP, ADP and Ca^'^. Platelet degranulation in the vicinity of bloodborne tumour cells provides the tumour cell with haemostatic factors, growth factors and
enzymes, all of which could contribute to its establishment as a secondary tumour.

Glycogen granules are a prominent feature of the platelet cytoplasm. The granules are nonsecretory, and store glycogen for fulfilment of the energy requirements of the activating
cell. Platelet glycogen synthetase and phosphorylase enzymes are present in the cytoplasm.
The phosphorylase is activated by phosphorylation, via Ca^^-dependent activation of
phosphorylase kinase, and not cAMP-mediated activation, as occurs in other cells
(Schieder & Gear, 1975).

The platelet contains an extensive smooth endoplasmic reticulum, often referred to as the
Dense Tubular System (DTS). This is seen under the electron microscope as a series of
channels and vacuoles. The DTS membranes contain enzymes of arachidonic acid
metabolism. There is also NADH-cytochrome c reductase, and a Ca^^-ATPase. This latter
enzyme operates a Ca^^ pump, which functions optimally at a cytoplasmic Ca^^
concentration in the range 0.1 to 1.0/xM (Menashi et al, 1984; Hack et d , 1986). The DTS
is believed to contain the major intracellularly releasable storage pool of Ca^^ in the
platelet, and, through operation of the Ca^^ pump, the cytoplasmic level of this cation is
maintained in the range 50 to lOOnM in the resting platelet. Release of sequestered Ca^^
from this store is effected by interaction of inositol-1,4,5-trisphosphate with intracellular
membrane receptors (Authi & Crawford, 1985).
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1.4.5

Platelet Biochemistry

At least three platelet excitatory agonists have been implicated in platelet/tumour cell
interactions. These are ADP, which is released from most tumour cells, thrombin, which
appears to be generated by tumour cells in circulation, and collagen, which is a major
component of the intercellular matrix.

1.4.5.1

Platelet Activation bv ADP

When ADP interacts with the P2T receptor on the platelet surface, the opening of Ca^^
channels allows Ca^^ entry from the exterior of the cell. Activation of phospholipase A2
leads to release of arachidonic acid from phosphatidylinositides of the membrane.
Arachidonic acid is metabolised via the now classical pathway, via a cyclo-oxygenase
enzyme through oxidised eicosanoids to prostaglandins and finally to thromboxane A2. (See
figure 1.3). Thromboxane A2 is itself a potent platelet agonist, and is released from the
cells

following

activation,

causing

further

platelet

aggregation.

Activation

of

polyphosphoinositide phosphodiesterase (phosphoinositide specific phospholipase C) leads
to release of diacylglycerols (DAG) and inositol 1,4,5-trisphosphate (IP3). DAG cause
protein kinase C activation, which leads to phosphorylation of a 47KDa polypeptide. IP3
causes release of internal stores of Ca^^. Cyclo-oxygenase is sensitive to inhibition by
aspirin, by which it is acetylated.

1.4.5.2

Platelet Activation bv Thrombin

Recent advances have been made in our understanding of the way in which thrombin
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interacts with platelets. The thrombin receptor has been cloned and sequenced (Vu et al,
1991a). Predictions of the structure indicate that the receptor possesses

seven

transmembrane domains, which is characteristic of G-protein-linked receptors (Bimbaumer,
1990). Studies with the thrombin receptor have clarified the role of thrombin-induced
proteolysis in platelet activation. The platelet thrombin receptor possesses a large
extracellular N-terminal region containing a potential thrombin cleavage site, and a domain
having sequence homology with the C-terminal tail of the potent thrombin inhibitor
hirudin. Cellular activation is induced by binding of thrombin to the hirudin-like domain
on the receptor followed by cleavage and release of a 41 residue peptide which at present
has no known function. The new shortened N-terminal region then acts as a "tethered
ligand" and interacts with the remainder of the receptor to cause platelet activation (Vu et
al, 1991b). Interaction of thrombin with glycoprotein Ib or with glycoprotein V are not
critical to the activation process, as was once thought.

1.4.5.3

Platelet Activation bv Collagen

Collagen is the only agonist which appears to use a major surface glycoprotein as its
receptor. Selectively reduced responsiveness to collagen is observed in platelets having
a deficiency of glycoprotein la (Niewenhuis et

1985). Furthermore, a monoclonal

antibody raised against the fibroblast class II extracellular matrix receptor specifically
prevents adhesion of platelets, as well as fibroblasts, to collagen (Wayne & Carter, 1987;
Kunicki et al, 1988). The extracellular matrix II receptor is a heterodimer of a and b
subunits which is homologous with the T-cell VLA-2 antigen. This antigen has also been
found on platelets (Hemler et al, 1988). Since glycoprotein la exists in a complex with
glycoprotein Ila on the platelet surface,this complex may form the Mg^^-dependent
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collagen adhesion receptor which mediates interaction under low shear conditions without
a requirement for the adhesion protein vWf (Santoro, 1986). Under high shear conditions
an additional mechanism involving interaction with glycoprotein Ib using vWf, becomes
important (Stel et

1985). It is not apparent at present whether such adhesion directly

causes activation of the signal transduction mechanisms responsible for subsequent events
such as thromboxane A2 synthesis, secretion and phosphatidylserine exposure.

1.4.5.4

Inhibition bv cAMP

The platelet plasma membrane contains an adenylate cyclase enzyme with an associated
G; OTP-binding protein. Receptor occupancy by inhibitory agonists (e.g. PGI2, PGD2,
adenosine) leads to generation of cAMP, with the resultant shut-down of processes of
activation. The platelet contains a cAMP-dependent protein kinase (protein kinase A) and
at least 3 isoforms of cyclic nucleotide phosphodiesterase, one of which acts selectively
on cAMP. Inhibition results from impairment of receptor-mediated activation of PPI-PDE
(Rittenhouse-Sinunons, 1979; Siess, 1990) and inhibition of IP^-induced Ca^^ release.
(Moos & Goldberg, 1988). There is increased phosphorylation of at least 6 polypeptides,
although there is currently some doubt as to the significance of these changes (Siess &
Lapetina, 1990). Increases in cAMP induced by prostacyclin can be reversed to a certain
extent by ADP, TXA2 and adrenaline (Steer & Wood, 1979). Expression of such inhibition
in lysates requires GTP, and is mediated by one of the isoforms of Gj.

1.4.5.5

Inhibition bv cGMP

Intracellular cGMP is increased as a result of exposure of platelets to nitric oxide (NO)
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(Radomski et al, 1987). This results in decreased platelet responsiveness. NO interacts
with the haem cofactor of cytosolic guanylate cyclase leading to activation of th enzyme
and consequent cGMP synthesis (Ignarro et al, 1986).

1.5

Arachidonic Acid Metabolism

1.5.1

Platelets

In response to certain physiological or pharmacological stimuli many different cell types
synthesize and release one or more of the biologically active lipids that are derived from
arachidonic acid (see Fig. 1.3). These lipids, collectively known as eicosanoids (Corey et
al, 1980), include prostaglandins, thromboxanes and leukotrienes. The mechanisms
underlying arachidonic acid liberation in platelets have been extensively investigated. In
these cells arachidonic acid is predominantly found esterified in the sn-2 position of
membrane phospholipids, particularly PtdCho, PtdEtn and Ptdlns. Four major routes for
arachidonic acid liberation have been proposed: 1) direct activation of phospholipase (PL)
A2 (McKean et d , 1981); 2) déacylation by a PLAi activity followed by lysophospholipase;
3) sequential activation of phosphoinositol-specific PLC followed by diacylglycerol lipase
(Mauco et al, 1978; Rittenhouse-Simmons & Allen, 1982; Bell et al, 1979) 4)
Phosphatidate-specific PLA2following phosphoinositide-specific PLC/diacylglycerol kinase
(Billah et al, 1981). Activation of platelets by collagen results in stimulation of
phosphoinositide metabolism (Lloyd et al, 11973; Rittenhouse-Simmons, 1982; Watson et
al, 1985), an elevation in [Ca^^]j (Rink & Sanchez, 1984) and specific protein
phosphorylation (Sano et al, 1983). Both of these biochemical responses are attenuated by
cyclo-oxygenase blockade with aspirin or indomethacin, indicating a pivotol role for TXA2
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in mediating the effects of collagen. Platelets also produce a major lipoxygenase product,
12-hydroxy-eicosatetraenoic acid (12-HETE), as well as 12-hydroxy-heptadecatrienoic acid
(HHT) and malondialdehyde (MDA). 12-HETE has been implicated in endothelial cell
retraction and enhancement of tumour cell adhesion to the exposed subendothelial layer
(Honn et M, 1989).

1.5.2

Endothelial Cells

Endothelial cells synthesize prostacyclin (PGI2) and prostaglandin D2 (PGD2), both of
which are platelet inhibitors, from arachidonic acid, via the cyclo-oxygenase pathway. 13hydroxyoctadecadienoic acid (13-HODE), a lipoxygenase catabolite of linoleic acid, has
been shown to modulate tumour cell adhesion to endothelial cells: when 13-HODE levels
are low, adhesion to endothelial cells is increased (Grossi et al, 1989). Endotheliumdependent relaxation factor (EDRF), or nitric oxide (NO) as it is now believed to be, also
a platelet inhibitor, is synthesized by NO-synthase from L-arginine, by both endothelial
cells (Palmer et al, 1987) and platelets (Mollace et al, 1991). NO, as well as having a
possible indirect effect on tumour metastasis by inhibiting platelet activation, may have a
direct cytostatic effect on tumour cells (Stuehr & Nathan, 1989).

1.6

Endothelial Cell/Platelet Interactions

Both prostacyclin and NO are products of healthy endothelial cells which prevent platelet
activation in the proximity of the undamaged blood vessel wall. Current evidence points
to the activation of platelets and blood coagulation caused by circulating tumour cells as
leading to damage to the endothelium, with consequent loss of protection against tumour
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cell metastasis. Products of blood coagulation (e.g. thrombin) and certain factors released
from

activated platelets

(PGE2,

12-HETE,

cationic proteins)

increase vascular

permeability, generate mast cell degranulation, and histamine release, leading to
endothelial cell retraction and breaching of the protective endothelial layer (Silver et d ,
1974; Gordon et al, 1975)

1.7

Cell Adhesion Receptors

Cell adhesion receptor molecules are complex protein and carbohydrate molecules of many
different types found on the surfaces of all cells. They are important in many aspects of
cell biology, including development, differentiation, and motility, and are strongly
implicated in the metastatic process.

1.7.1

Selectins

P-Selectin (previously called PADGEM, GMP140, EEC AM 3 and CD62) is one of a
family of adhesion protein receptors, and occurs in the membrane of the platelet «-granule.
Upon secretion, the «-granule membrane fuses with the plasma membrane, and P-selectin
is tranferred to the platelet surface. Many tumour cells are known to have the carbohydrate
ligands which form the ligands for P-selectin, and for the companion molecule E-selectin
(ELAM-1) found on the surface of activated endothelial cells. It is believed that tumour
cell carbohydrate/selectin interactions form the basis for the initial arrest of tumour cells
in the micro vasculature (Aruffo et al, 1992).

The adhesive properties of the luminal surface of the endothelial cell may be altered by
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the appearance of certain inducible surface glycoproteins. Cytokines such as the
inflammatory lymphokine, interleukin-1 (IL-1) (Bevilaqua et al, 1989; Kishimoto et al,
1989), which is released from platelets, tumour necrosis factor (TNF-a), bacterial
endotoxin and coagulation factors (Cotran & Pober, 1988) have been shown to cause a
transient increase in biosynthesis and expression of E-selectin and ICAM-1 (intercellular
adhesion molecule 1). E-selectin mediates the early phase of neutrophil adhesion during
inflammation, and has also been shown to increase endothelial adhesion of a colon
carcinoma cell line (Bresalier et al, 1990). Following cytokine-induced expression, Eselectin is released from the endothelial cell surface, giving way to later integrin-mediated
inflammatory

cell/endothelial cell interactions that are absolutely required for trans-

endothelial cell migraion (Smith et al, 1989). Such a mechanism may be common to the
extravasation process of tumour cells. A further inducible adhesion molecule INCAM-110
(inducible cell adhesion molecule 110) has been described, which appears to mediate
adhesion of melanoma cells to endothelium (Rice & Bevilacqua, 1989).

1.7.2

Platelet Integrins

Integrins represent a family of transmembrane proteins comprising noncovalent heteromers
of a and B subunits. These proteins function in cell-matrix and cell-cell interactions and
are usually associated with the adhesion of cells to basement membrane components
(Ruoslahti, 1991). Integrins are divided into several subfamilies as determined by a
common B subunit, and specificity for ligand binding is determined by the particular
combination of a and B subunit combinations. The integrins interact with specific
substrate-adsorbed adhesion proteins, often by an Arg-Gly-Asp (ROD) sequence in the
adhesion molecules. Those integrins which are RGD-dependent include the fibronectin
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receptor ajBj, and at least five different receptors for vitronectin, namely the vitronectin
receptor cKyhg, the platelet glycoprotein Ilb/IIIa,

CKyhg,

«v^s- The fibronectin

receptor and vitronectin receptor are the major RGD-dependent integrins expressed on
endothelial cells (Lafrenie, 1992). Integrins and their ligands have been shown to
participate in many complex cellular processes including wound healing (Albelda et
1990), differentiation (Carter et al, 1990), embryogenesis (Sorokin et al, 1990) and
lymphocyte killing (Springer, 1990), and are of !fundamental importance in haematogenous
metastasis.

1.8

Cell Adhesion Proteins in Relation to Metastasis

During the process of tumour cell invasion and metastasis, tumour cells are known to
interact with extracellular matrix proteins, endothelial cells, platelets and other organspecfic structures. Integrins are cell surface molecules which mediate cell-matrix and cell
cell interactions and are likely to be important for tumour cell survival and dissemination.

The blood platelet membrane contains adhesive glycoproteins of the integrin type which
are normally involved in attachment of platelets to sites of vascular injury during
haemostasis. The platelet glycoprotein Ilb/IIIa (GpIIb/IIIa) has been shown to be a
common site for the binding of several plasma adhesion proteins to platelets: fibrinogen,
von Willebrand factor, fibronectin and vitronectin. This set of interactions is at least partly
responsible for platelet adhesion to the exposed subendothelium and growth of the
haemostatic plug by aggregation of platelets with fibrin at the wound site. It may also be
part of the mechanism by which circulating tumour cells are arrested on the endothelium
prior to extravasation from the blood vessel. Some tumour cells, for example, have the
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GpIIb/IIIa receptors capable of binding fibronectin, vitronectin and other adhesion
proteins. Such receptors may enable formation of bridges between circulating tumour cells,
the luminal vessel wall and platelets (Chen et d , 1987).

Integrin binding has been shown to be important in tumour cell migration in experiments
by Gehlesen et d , who successfully inhibited tumour cell invasion using synthetic RGDcontaining peptides to block the integrin binding site. Using human melanoma cells,
progression from cells of low to high metastatic potential was found to correlate with
surface integrin expression (Gehlsen et al, 1992).

Endothelial cells have also been shown to contain an integrin type receptor which is
immunologically related to the platelet GpIIb/IIIa. However, this appears to be responsible
for attachment of the abluminal surface of the cells to the subendothelial matrix (Chen et
al, 1987).

The intact endothelium acts as a physical barrier towards attachment of circulating tumour
cells and subsequent penetration into subendothelial layers. It also produces chemical
defences by releasing prostacyclin which has been shown to inhibit tumour cell membrane
expression of the GpIIb/IIIa receptor and causes inhibition of stimulated tumour cell
adhesion of endothelium (Honn et al, 1989). Nitric oxide is also found and has been shown
to be cytostatic to some tumour cells. Paradoxically, given the right conditions, the
endothelium will allow adhesion of tumour cells to its surface, an event which seems to
be mediated in part by the integrin receptor GpIIb/IIIa (Honn et al, 1988; Grossi et d ,
1989) of the circulating tumour cell.
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1.9

Coagulation

Blood coagulation involves a biological amplification system in which relatively few
initiation substances sequentially activate by proteolysis a cascade of circulating precursor
proteins (the coagulation factor enzymes) which culminates in the generation of thrombin:
this, in turn, converts soluble plasma fibrinogen into fibrin. This process is frequently
disturbed in cancer patients, where either the cascade is activated via normal mechanisms
or cancer-specific factors are released which activate particular coagulation factors.

1.9.1

The coagulation pathwavs

There are two classical coagulation pathways, the intrinsic and extrinsic pathways. In the
intrinsic system injury to the endothelial cell layer exposes collagen and other
subendothelial components that activate factor XII (see Fig. 1.4). Factor XI is activated
through a series of enzymatic and nonenzymatic reactions involving a negatively charged
surface, high-molecular-weight kininogen, prekallikrein, and activated factor XII.
Activated factor XI in turn activates factor IX. In association with calcium, negatively
charged platelet membrane phospholipid (PF3) and factor VIII, activated factor IX then
activates factor X. Direct activation of factor X by proteases released from leukocytes, and
from tumour cells has been reported (Slappendel, 1988, Gordon, 1984).

In the extrinsic pathway, tissue factor (lipoprotein from damaged cells) activate factor
VII which in turn directly activates factor X.

The two pathways converge to a final common pathway, in which activated factor X, in
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assocation with PF3, calcium and another cofactor, factor V, converts prothrombin (Ila)
into thrombin. Finally, thrombin converts fibrinogen (factor I) into fibrin which
polymerises to form the clot.

The extrinsic and intrinsic pathways complement each other. It is likely that, following
tissue injury, the tissue activators produce small amounts of thrombin which, in addition
to producing fibrin, will greatly accelerate the intrinsic pathway by activation of factor
VIII and factor V.

Activation of factors XII, XI, IX, X, VII and prothrombin is accomplished in a similar
way. Each factor circulates as a zymogen, which is activated when cleavage of peptide
bonds exposes proteolytic activity. These enzymes are all serine proteases, where a serine
at the active site is necessary for activity.

The activity of factors II, VII, IX and X is dependent upon vitamin K which is responsible
for a post-ribosomal gamma-carboxylation of a number of terminal glutamic acid residues
on each of these molecules. The carboxylation facilitates the binding of calcium required
to form complexes with phospholipid. Factor VIII is a large protein (Mr 1.5 -2 x 10^) and
contains two functional entities. The major bulk of the protein which is precipitated by
heterologous antisera, factor Vlll-related antigen (VIIIR: AG), is associated with plateletrelated activities such as their adhesion to exposed subendothelial connective tissues. Von
Willebrand’s factor (vWf) is the part which is involved in this activity. The entity
associated with coagulation activity (VIII :C) is linked to the VIII: AG molecule by non
covalent bonds. The synthesis of all of the coagulation factors occurs in the liver, with the
exception of factor VIIIR: AG which is synthesised by endothelial cells, from where it is
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released into the plasma and travels to the liver for conversion to the coagulation form,
factor VIII:C. Factor VIII is also synthesised by megakaryocytes and, together with
platelet Factor V, which is probably sequestered by the platelet from circulating plasma
(Tracy et al, 1979), is released from the platelet a-granule upon degranulation.

1.9.2

The Role of Fibrinogen

Fibrinogen (Mr 340,000) consists of 3 pairs of polypeptide chains aA, BB and gamma,
which are linked by disulphide bonds. Thrombin hydrolyses arginine-glycine bonds
releasing fibrinopeptides A and B from the fibrinogen molecule to form the fibrin
monomer, which then consists of three paired chains a, B and gamma. When the strongly
electronegative fibrinopeptides have been split from fibrinogen, the fibrin monomers link
spontaneously by hydrogen bonds to form a loose insoluble fibrin polymer. Stabilisation
of this polymer occurs when factor XIII, a transglutaminase, is activated by thrombin and
these initial hydrogen bonds are replaced by covalent bonds. Elevated levels of
fibrinopeptide A have been found in some cancers (Rickies et al, 1983), which is indicative
of the occurence of disseminated intravascular coagulation.

Decreased levels of the vitamin K-dependent coagulation factors (II, VII, IX, X) and
Factor V (Van der Waalt, et M, 1977) are found in hepatoma. Factor VIII is not affected,
due to its extrahepatic origin. Unlike other coagulation factors synthesized by the liver,
fibrinogen, an acute-phase reactant, is usually found in increased concentrations in patients
with hepatoma (Verhaeghe et al, 1972). The elevation is thought to result from the acutephase reactant response to the tumour. The factors of the contact activation system. Factors
XII and XI have been reported to be slightly or moderately decreased in patients with
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hepatoma, and Factor XIII, while reduced, rarely reaches levels low enough to impair
haemostasis (Deutsch, 1965).

1.9.3

Fibrinolysis

Systems which work towards the formation of the fibrin clot are balanced by others which
control its dissolution. When fibrin is formed, tissue plasminogen activator (tPA),
produced by endothelial cells, and plasminogen, a beta globulin in blood and tissue fluid,
adsorb to the clot. On the fibrin surface plasminogen is converted to plasmin by bound
plasminogen activator. Free plasmin in the blood is rapidly inactivated by cK2-antiplasmin.
Urinary-type plaminogen activators (uPAs) have been identified in human plasma at low
concentrations. uPA is synthesized as a single-chain protein with limited ability to activate
plasminogen. Plasmin converts the single-chain uPA into the two-chained uPA, which has
significantly more activity. uPA is associated with a variety of different cell types and it
has been suggested that uPA participates in a variety of extravascular processes, including
metastasis of malignant cells. Release of circulating plasminogen activator from endothelial
cells occurs after such stimuli as trauma, exercise or emotional stress. Activated factor XII
also leads to plasmin activation. Plasmin cleaves fibrin, converting it to soluble fibrin
degradation products (FDPs) which are competitive inhibitors of fibrin polymerisation. In
addition the products resulting from early digestion of plasma fibrinogen by plasmin retain
thrombin-susceptible sites and are competitive inhibitors of thrombin. The fibrinolytic
system is also regulated by specific inhibitors of PA. There are four PA inhibitors (PAIs).
PA-1 was originally referred to as endothelial PA and is also found in platelet a-granules.
PA-2 was first described as a placental type PAI and is detected in peripheral blood
leukocytes as well as the placenta. Both PA-1 and PA-2 elevate during pregnancy. PA-3
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was recently discovered in the urine. PA-4 is the relatively nonspecific protease inhibitor,
nexin.

The activation and involvement of both coagulation and fibrinolysis in tumour metastasis
have been described (Markus, 1984).

1.9.4

Inhibitors of Coagulation

Clotting is prevented or delayed by inhibitors that inactivate the clotting enzymes and their
protein cofactors (Bick, 1982; Stem et al, 1986). Factor IXa, factor Xa and thrombin are
inhibited by cK2-macroglobulin, «i-antitrypsin, and antithrombin Ill/heparin, antithrombin
III being the most potent protease inhibitor. Factor Vila is inhibited by a complex
consisting of tissue factor, factor Xa, phospholipids, calcium and tissue factor pathway
inhibitor (TFPI) (formerly called ' lipoprotein-associated coagulation inhibitor’ (LACI)
(Broze, 1988). Protein C, a vitamin K-dependent protein found in plasma, when activated
(APC) inhibits the activity of factor Va and Villa and facilitates fibrinolysis by elevating
plasminogen activator. Optimal anticoagulant activity also requires the presence of protein
S, another plasma protein that functions as a nonenzymatic cofactor that is necessary for
binding APC to phospholipid surfaces.

1.10

Neoplastic Diseases of the Liver

Primary hepatocellular carcinoma occurs commonly in developing countries in sub-Saharan
Africa and the Far East. It occurs less commonly in the industrialised West.
Epidemiological studies indicate that environmental factors are largely involved in its
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pathogenesis. Storage of food in tropical countries under conditions where fungal growth
is encouraged, leads to foodstuffs becoming contaminated with toxins. Aflatoxin Bj, a
mycotoxin produced by Aspergillus flavus, is a potent hepatocarcinogen. Aflatoxins B2,
Gi and G2 are also carcinogenic (Wogan & Newbeme, 1967). Occurence of the disease
in the West are usually either associated with hepatic virus infection (Hepatitis B) or with
cirrhosis of the liver. Prognosis is poor due to the silent and rapid progression of the
disease in its early stages, with death occuring from rupture of the tumour or from hepatic
failure. Hepatic carcinoma metastasises primarily to the lungs, and also to bone marrow
(see for example Chen et al, 1992). To date, death from causes directly associated with
the primary neoplasm have supervened metastatic complications of the disease. However,
with the advent of successful liver transplantation, reduced survival due to metastatic
spread has become a significant factor in post-tranplantation prognosis.

Hepatoblastoma, a malignant embryonal tumour of the liver, occurs almost exclusively in
the first three years of life (Ishak & Glunz, 1967; Keeling, 1971; Exelby et

1975).

o l-

fetoprotein is present in high concentrations in the sera of about two thirds of patients with
this disease, and serves as a useful diagnostic pointer. Changes in liver function are slight
and nonspecific. Metastasis occurs less commonly than with hepatocellular carcinoma, and
when present, most commonly involves the lung, abdominal lymph nodes, and brain
(Wheatley & LaQuaglia, 1993). Anaemia is common (Ishak & Glunz, 1967; Keeling,
1971; Exelby et al, 1975), and both high (Napoli & Campbell, 1977) and low (Keeling,
1971) platelet counts have occasionally been recorded.
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1.11

Evidence for the involvement of platelets in haematogenous metastasis

1.11.1

Historical Basis

An association between tumours and formation of thrombi was recognised as long ago as
1878 when Billroth suggested that the spread of tumours could be brought about by the
circulation of thrombi-containing tumour cells.

Recent interest in the possible involvement of platelets in the dissemination of cancer via
the blood arose from an observation by Gasic & Gasic (1962) who found that pre-treatment
of mice with neuraminidase made them resistant to the development of métastasés after
intravenous injection of TA3 ascites tumour cells. It was assumed that this effect reflected
the action of the enzyme on the surface sialic acid of host endothelial cells. However, it
was learnt subsequently (Gasic et al, 1968) that the antimetastatic effect of neuraminidase
was due to the development of thrombocytopenia in the host animal, caused by removal
of sialic acid from the platelet surface, resulting in shortened platelet survival (Greenberg,
1975). When thrombocytopenia was induced with antiplatelet antibody,
antimetastatic effects were obtained.

Furthermore,

similar

the antimetastatic effect of

neuraminidase (67% reduction in métastasés) could be reversed by platelet transfusion.
Gasic and Gasic postulated that platelets might contribute to metastasis by promoting
vascular attachment of circulating tumour cells. Similar experiments by Karpatkin in 1988
confirmed Gasic's original observations (Karpatkin et al, 1988).

Platelets may be involved at several stages in the metastatic process. Platelets have been
shown to form dense aggregates around fibrosarcoma cells emerging from the luminal
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surface of peri-tumour blood vessels (Constantinides et al, 1984). Platelets have also been
found surrounding tumour cells circulating in the blood (Jones et al, 1971). Products of
activated platelets may increase adhesion and stimulate tumour cell division, following
arrest (Honn et al, 1989; Hara et al, 1980).

A number of other observations suggested that platelets might be involved in metastasis:
several tumour cell lines induce thrombocytopenia in vivo (Hilgard et al, 1974; Gasic et
al, 1973; Hilgard, 1973; Hilgard et al, 1976); certain tumour cells aggregate platelets in
vitro (Gasic et al, 1973; Gasic et al, 1976; Gasic et d , 1977a; Gasic et al, 1977b;
Pearlstein et al, 1979; Pearlstein et al, 1980; Karpatkin et d , 1980; Gasic et al, 1977c;
Hara et al, 1980; Gasic et al, 1981; Pearlstein et al, 1981); correlations exist between the
ability of some tumour cells to aggregate platelets in vitro and their metastatic potential
in vivo (Gasic et al, 1973; Pearlstein et al, 1980); and, antiplatelet agents have impaired
or altered the spread of certain tumour métastasés (Gasic et al, 1973; Kolenich et al, 1972;
Wood & Hilgard, 1972; Gordon et al, 1979; Honn et al, 1981; Fitzpatrick & Stringfellow,
1979; Stringfellow & Fitzpatrick, 1979; Giraldi et d , 1980)

Interactions between platelets, tumour cells and the blood coagulation cascade may lead
to release of substances which cause endothelial cell damage, thus allowing exposure of
the subendothelium to circulating tumour cells.

1.11.2

Ultrastructural Studies: Intravasation

Wood et al suggested an association between platelet thrombus formation and tumour cell
deposition on the basis of studies with a rabbit V2 carcinoma cells. In their classic studies,
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the fate of V2 cells injected into rabbit earlobe veins was examined. These investigators
demonstrated that shortly after injection, the cells adhered to the local vascular
endothelium, and within a few minutes were enmeshed in a thrombus of platelets (Wood
et al, 1961; Wood, 1964). Later studies by Constantinides et al (Constantinides et al,
1989), using a murine fibrosarcoma (Balb/c mice) demonstrated that at the point of
breaching of the blood vessel wall at intravasation, many neoplastic cells were immediately
covered by a dense platelet aggregate or were surrounded by numerous polymorph
leucocytes (neutrophils or eosinophils). Several other laboratories reported further similar
findings (Jones et al, 1971; Warren & Vales 1972; Hilgard et d , 1974; Sindelar et al,
1975). Platelet aggregates formed around tumour cells can insulate them from the host’s
immunologic defense mechanisms and prolong their survival against immunological attack
(Fidler, 1975; Gorelik et al, 1984).

Detailed ultrastructural studies by Crissman et al, using three morphologically distinct
murine cell lines (B16a melanoma, Lewis lung carcinoma and 16C mammary
adenocarcinoma), demonstrated that, contrary to earlier beliefs, platelet involvement came
after the tumour cell had arrested: arrest was not the result of the physical trapping of a
tumour cell/platelet bolus. Overt platelet aggregation was noted generally from 2 to 10
minutes post tumour cell arrest. Platelet activation was observed soon after association
with arrested tumour cells. In response to platelet aggregation and activation, tumour cells
extended numerous newly formed processes which interdigited with platelet aggregates.
Association of platelets with tumour cells at tumour cell/endothelial cell contact points
appeared to trigger tumour cell ’activation’. Treatment of B16a melanoma cells with
cycloheximide which inhibited tumour cell/platelet association led to a dramatic decrease
in platelet activation seen in ultrastructural examination, but no difference in the numbers
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of tumour cells trapped ("arrested") in the lungs as determined by morphometric analysis.
These findings indicate an initial tumour cell arrest which does not involve platelets, but
which is subsequently stabilized by platelet activation. Platelet activation continued for 1
to 4 hours. Following platelet thrombi formation, endothelial cell retraction was observed
between 30 minutes and 3 hours. Tumour cell attachment to the basal lamina developed
rapidly after, with tumour cell pseudopodia contacting the subendothelial matrix. At
approximately 24 hours post arrest, the tumour cell-associated thrombus disssipated,
thereby allowing resumption of blood flow around the arrested tumour cell. Subsequently,
tumour cell extravasation was observed, through a combination of intra-vascular
proliferation and destruction of vascular basement membrane (Crissman et al, 1991).

1.11.3

Ultrastructural Smdies: Bolus Formation and Extravasation

Jones et al (Jones et al, 1971) demonstrated the sequence of metastatic events in SpragueDawley rats after injection of Walker 256 mammary adenocarcinoma cells. Shortly after
intravenous injection, tumour cells were found arrested singly or in small groups in
capillaries and arterioles of the lung, surrounded by platelets and non-polymerised fibrin
(detected by immunofluorescence, but not electronmicroscopy). The tumour cells remained
intravascular for several hours, but during this time, became firmly attached to the
vascular lining and had begun to encroach upon the vascular wall. Shortly after, the
platelets began to disassociate and by 24 hours had completely dispersed. Within the next
several hours, the tumour cells appeared in the perivascular space, and intense proliferation
began.

Sindelar et d , (Sindelar et al, 1975) demonstrated the importance of platelet activity in
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pulmonary metastasis after injection of M19 murine fibrosarcoma cells into C57BL/61
mice.

Platelet-tumour cell thrombi were found in some pulmonary capillaries and

arterioles as early as 15 minutes after injection and were most numerous within 3 hours.
The thrombi were mostly formed of aggregated platelets and a small number of tumour
cells. In this study, however, platelet aggregation did not appear to be responsible for
primary entrapment of the tumour cells. Platelets appeared to stabilize the initial adhesion
of tumour cells to the vascular endothelium.

In neither of these studies could fibrin

deposition be detected to any great degree.

This may, however, have been due to

increased fibrinolysis, rather than reflecting a lack of fibrin formation.

In 1972 Warren and Vales reported electron microscopic observations on Walker 256
tumour emboli formed after injection of cells into the inferior vena cava of rats. Two types
of adherent tumour emboli were found, depending on the presence or absence of
endothelial cell damage. With intact endothelium, loose aggregates of platelets and tumour
cells were noted. Fibrin was present as a boundary layer surrounding the embolus.
Separation of endothelial cell intercellular junctions were observed close to the adherent
embolus.

In the presence of damaged endothelium, tumour cells were embedded in a

fibrin-platelet monolayer adherent to the bare basement membrane, with tumour cells
adherent to either platelets or fibrin. The outer (luminal) surface of the tumour cells was
covered by platelets and fibrin. These components were present in compact forms rather
than as a loose aggregate.

Lung-entrapment of thrombi consisting of tumour cells, platelets and a fibrin meshwork
were observed, by Hilgard and Gordon-Smith 15 minutes after intravenous injection of
Walker 256 tumour cells into rats (Hilgard & Gordon-Smith, 1974).
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Detailed ultrastructural studies by Crissman et al, using three morphologically distinct
murine cell lines (B16a melanoma, Lewis lung carcinoma and 16C mammary
adenocarcinoma), demonstrated that, contrary to earlier beliefs, platelet involvement came
after the tumour cell had arrested: arrest was not the result of the physical trapping of a
tumour cell/platelet bolus. Overt platelet aggregation was noted generally from 2 to 10
minutes post tumour cell arrest. Platelet activation was observed soon after association
with arrested tumour cells. In response to platelet aggregation and activation, tumour cells
extended numerous newly formed processes which interdigited with platelet aggregates.
Association of platelets with tumour cells at tumour cell/endothelial cell contact points
appeared to trigger tumour cell ’activation’. Treatment of B16a melanoma cells with
cycloheximide which inhibited tumour cell/platelet association led to a dramatic decrease
in platelet activation seen in ultrastructural examination, but no difference in the numbers
of tumour cells trapped ("arrested") in the lungs as determined by morphometric analysis.
These findings indicate an initial tumour cell arrest which does not involve platelets, but
which is subsequently stabilized by platelet activation. Platelet activation continued for 1
to 4 hours. Following platelet thrombi formation, endothelial cell retraction was observed
between 30 minutes and 3 hours. Tumour cell attachment to the basal lamina developed
rapidly after, with tumour cell pseudopodia contacting the subendothelial matrix. At
approximately 24 hours post arrest, the tumour cell-associated thrombus disssipated,
thereby allowing resumption of blood flow around the arrested tumour cell. Subsequently,
tumour cell extravasation was observed, through a combination of intra-vascular
proliferation and destruction of vascular basement membrane (Crissman et al, 1991).
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1.11.4

Induction of Thrombocytopenia

Gasic et al studied the effect of intravenous injection of murine tumours into mice. Three
of six murine tumours (15091A, anaplastic mammary adenocarcinoma; T241, dimethyl
benzanthrene-induced fibrosarcoma; B16, melanoma) induced significant thrombocytopenia
in vivo within 1 hour, which persisted with two of the tumours, for 3 days (Gasic et al,
1973). Hilgard similarly found that intravenous injection of Walker 256 tumour cells into
rats resulted in a rapid disappearance of platelets from the circulation and their entrapment
in the lung. The decrease in platelets correlated with the number of cells injected. Of
interest was the observation that although ^^^I-fibrinogen was also trapped in the lung, the
plasma fibrinogen concentration did not decline, suggesting the absence of significant
disseminated intravascular coagulation. A 50% drop in platelet count was also noted after
intravenous injection of Lewis lung carcinoma into mice (Hilgard, 1973; Hilgard et d ,
1976).

1.11.5

Platelet Aggregation Induced bv Tumour Cells in Vitro

Platelet aggregating activity is not specific to cells of tumour origin. Some types of normal
cells also induce platelet aggregation. This has been demonstrated for human fibroblasts
(Kadish et al, 1983), and with a line of smooth muscle cells subsequent to culturing for
more than 8 in vitro passages (Harker et d , 1977). However, platelet aggregation by
tumour cells is more significant in view of its involvement in the aetiology of metastasis.

In 1973 Gasic et al (Gasic et d , 1973) reported that of 31 different mouse tumours tested
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15 were able to cause platelet aggregation in vitro. The tests were performed in
heparinized platelet-rich plasma, and aggregation was preceded by a lag period. The
tumours used were derived from a variety of sources. Some were solid growths, grown
intramuscularly or subcutaneously, others were ascitic growths, or laboratory cultured
cells; some tumours were of spontaneous origin, and others were chemically-induced
fibrosarcomas or Moloney virus-induced sarcomas. Platelet aggregating ability appeared
not to be related to the tumour type or method of growth. Because many of the tumour
preparations were dissociated mechanically it was necessary to ascertain whether collagen
was causing the effect. Two of the 15 positive tumours (mammary adenocarcinoma and
MCA6 fibrosarcoma) were tested, and the platelet aggregation response found not to be
inhibited by collagenase. Of 16 tumours found to cause platelet aggregation in hPRP, only
one did so in citrated FRF. Thus divalent cations (Ca^^) appeared to be important in this
response. Tumours which caused platelet aggregation in vitro, showed a strong preference
for metastasis to the lungs, whereas those which did not, produced fewer métastasés and
of a more general distribution (Gasic, 1976). Since those early studies many tumours and
tumour cell lines have been shown to cause platelet aggregation in vitro , and attempts
have been made to correlate in vitro platelet aggregating activity with the known metastatic
properties of the cells.

1.11.6

A Survev of Tumour Cell-Induced Platelet Aggregation

In 1978 Gasic et al (Gasic et al, 1978) extended their studies to Rous sarcoma virustransformed primary rat embryo cells and normal rat kidney cells.

They showed that

platelet aggregating activity was a specific property of the transformed cells, being absent
from the normal parent cells. The activity was found to be shed from cells growing in
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culture and was associated with membrane vesicles of heterogenous size. Platelet dense
granule release was shown to accompany the tumour cell-induced platelet aggregation.

In 1980, Hara et ^ (Hara et d , 1980) demonstrated platelet aggregation induced by 2 mice
tumour cell lines, namely, a renal adenocarcinoma (RAG) and a neuroblastoma cell line
(Neuro-2a), using heparinized PRP from rabbit and rat blood. No activity was seen using
citrated PRP. However, with cPRP platelet aggregating activity could be restored by the
addition of 1.6mM Mg^^: Ca^^ (up to 120mM) failed to restore platelet aggregation. The
specific requirement for Mg^'^ may be related to the importance of Mg^^ in platelet activity
in non-human species (Costa & Murphy, 1980). Platelet aggregating activity of RAG cells
was found in cell membrane fragments.

Studies with washed platelets demonstrated a

requirement for plasma (hPRP, 5%) which could be partly replaced by human fibrinogen.
Human albumin, however, was ineffective in restoring even partially the tumour cellinduced platelet aggregation. Platelet aggregation induced by RAG cell membrane
fragments was completely abolished by aspirin and by an ADP-clearing system, suggesting
that ADP was involved in the response. Hirudin, a specific thrombin inhibitor, or
collagenase, had no effect on aggregation. The platelet aggregating activity was destroyed
by trypsin, phospholipase A2, non-ionic detergents, and neuraminidase, suggesting that
protein, lipid and sialic acid were required. Release of growth promoting activity for RAG
cells was evident during platelet aggregation induced by RAG cell membrane fragments.
Also human platelet lysates were shown to contain a growth factor capable of stimulating
the growth of Neuro-2a in culture. Platelets might therefore promote the establishment of
metastatic foci by providing growth factors to embolized tumour cells.

There is individuality in responses of platelets to human tumour cells. Platelets from 16
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different donors were seen to give variable responses with Hut 28 (mesothelioma), HT29
(adenocarcinoma) and SKNMC (neuroblastoma) cell lines. The results suggested greater
sensitivity of certain individual donors to platelet aggregation by human tumour cells,
which may explain why certain types of tumours can be metastatic in one individual but
not in another (Sugarbaker & Ketcham, 1977).

Variability between different healthy

donors in the ability of their platelets to aggregate in response to human tumour cell lines
was also found by Bastida et al (Bastida et al, 1982).
Tanaka et al studied three metastatic murine tumour lines, Lewis lung carcinoma (3LL),
B16 melanoma, and hepatoma (MH134), all of which were found to cause platelet
aggregation in hPRP (Tanaka et d , 1986). There was no spontaneous shedding of the
activity into the medium in which the cells were suspended. As with studies in other
laboratories, tumour cell-induced platelet aggregation was preceded by a lag period of up
to several minutes, and was accompanied by the platelet release reaction.

Scanning

electron microscopy revealed that tumour cells became surrounded by platelets during the
lag period.

Deposition of polymerised fibrin was observed at the periphery of the

aggregates induced by B16 and 3LL cells.

With MH134-induced aggregates, a small

amount of fibrin was observed only on the surface of the degenerated tumour cells and
never around aggregates. At the end of aggregation the PRP with B16 melanoma and 3LL
cells clotted, while those with MH134 cells did not. Two normal cell types, murine liver
and peritoneal exudate cells induced in normal C3H/He mice were also tested and found
not to cause platelet aggregation.

Platelet aggregating material on a spontaneously metastatic human melanoma, HM29, a
murine melanoma, B16F10, and a carcinogen-induced metastatic murine colon carcinoma,
CT26, was reported by Lemer et al (Lemer et al, 1983). There was no requirement for
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cell surface sialic acid or serum complement (see Fig. 1.5 for complement pathways): cellsurface phospholipid was not required, and thrombin generation was not involved. The
activity was sensitive to trypsin, and could be extracted from cells by IM urea.

The

activity was associated with membrane vesicles. Tumour cell-induced platelet aggregation
was preceded by a lag period of several minutes. The platelet aggregation was inhibited
by heparin, but not by the thrombin inhibitors DAPA or No.805.

These studies demonstrated that platelet aggregating activity is independent of species or
of tumour type. There is also heterogeneity in the platelet aggregating activity
characteristics of different tumours.

Following demonstration of the widespread occurence of tumour cell-induced platelet
aggregation, several laboratories attempted to isolate tumour cell activities responsible for
this effect.

1.11.7

Characterisation of Proaggregatorv Material of Tumour Origin

Classical tumour cell-induced platelet aggregation is usually performed with heparinized
platelet-rich plasma, since mostly, the activities require Ca^^. Aggregation is preceded by
a lag phase of 1 to 2 minutes. It soon became evident from studies with many types of
tumour, that platelet aggregation induced by various tumours could be grouped according
to different mechanisms.

The first group of tumours was exemplified by virally-transformed SV40 murine
fibroblasts (SV3T3 cells) and polyoma (PW20)-transformed rat renal sarcoma cells. Both
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required complement, a vesicular cell surface sialo-protein component, divalent cation and
a stable plasma factor for platelet aggregation activity. The cell surface vesicular
component could be extracted with IM urea and it aggregated platelets in plasma: it has
been termed ’PAM’, platelet aggregating material. The more extensively studied SV3T3
cells were inhibited from aggregating platelets by treatment of the tumour cells of PAM
with neuraminidase, trypsin or phospholipase A2 or with cobra venom. Tumours cells in
this group were inactive in the absence of a stable plasma factor. The cell surface sialic
acid content of 10 different PW20 rat renal sarcoma sub lines, selected by their varying
ability to metastasize in vivo, correlated positively with their ability to aggregate platelets
as well as their ability to metastasize (Pearlstein, 1980).

A second group of tumours (e.g. LoVo, HCT-8 or Hut-20 cells) had activity which was
inhibited by phospholipase A2, but not by neuraminidase or trypsin, did not require
complement, and was inhibited by anti-thrombin agents, such as hirudin, and by heparin.

A third group of tumours (e.g. HM29, B16F10, CT26) displayed activity which did not
require sialic acid, or complement, was not sensitive to phospholipase A2, and was not
affected by anti-thrombin compounds. The activity was, however, destroyed by trypsin.
PAM could be extracted by IM urea (Lemer et al, 1983).

1.11.8

Mechanisms of Tumour Cell-induced Platelet Aggregation

Although tumours cells appear to fall into these three groups, work originally by Jamieson
and associates suggested that only two specific agonists are the proximate causes of tumour
cell-induced platelet activation. These are thrombin and ADP.
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Of thirteen cultured tumour cell lines examined, Jameison and investigators found that
three activated platelets by the generation of thrombin which was produced by the presence
of tissue factor on the tumour cells and on microvesicles shed by them (Bastida et al,
1982; Grignani & Jamieson, 1987). ADP was generated by ten of the tumours examined:
aggregation could be inhibited by ADP-scavengers such as apyrase (Bastida et al, 1982;
Grignani & Jameison, 1988). The platelet activating ability of one of the tumours in this
group (SKNMC) was inhibited by neuraminidase (Bastida et al, 1987) suggesting it
belonged to the first, or complement-requiring group described by Karpatkin and his
associates.

Platelet aggregation by cells from two closely related cell lines of human origin were
found to cause platelet aggregation by different mechanims: SKNMC (neuroblastoma) by
an adenosine diphosphate mechanism, and U87MG (glioblastoma) acting through a
thrombin-dependent mechanism. Heparinized PRP was used in these studies. Ca^^ was
essential in both cases as shown by the inhibitory effect of EDTA, EGTA and citrate:
addition of Ca^^ (2mM) to citrate-inhibited PRP led to hnmediate clotting (Bastida et d ,
1985).

Zucchella et al (1989) studied the effect of three human tumour cell lines on platelets,
namely, MoT lymphocyte cell line, NCI-N592 small cell lung carcinoma cell line, and
5637 bladder carcinoma cell line.

MoT caused slight platelet aggregation by the

generation of ADP, no thrombin being detected. A similar result was obtained with NCIN592 cells. Aggregation induced by 5637 cells appeared to cause platelet aggregation
through a thrombin-dependent mechanism.
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Studies of the platelet aggregating activity of the murine tumour cell lines, renal
adenocarcinoma (RAG) and neuroblastoma (Neuro-2a) showed that platelet aggregating
activity was mediated by ADP, being sensitive to the inhibitory effect of ADP-clearing
systems. It was unaffected by the thrombin inhibitor, hirudin. The activity was associated
with RAG cell membrane fragments, which required Mg^^. It appeared that the
aggregation response to these cells was triggered by a component of the RAG cell
membrane but was mediated by ADP from the platelets, the release of which required
Mg^^ ions (Steiner et d , 1982).

B16 and 3LL cells were found to cause platelet aggregation, in the presence of plasma,
through the generation of thrombin. The generation of thrombin was found to be through
direct activation of coagulation factor X (Tohga et al, 1985). MH134 cells, which caused
platelet aggregation in the absence of Ca^^ and plasma factors, was not mediated by either
thrombin or ADP. This explains the earlier observation that while B16 and 3LL cells
caused coagulation in hPRP, MH134 cells did not.

Hamilton et al (Hamilton et M, 1986) studied aggregation of platelets by a N-nitroso-bis(2oxopropyl)amine -induced pancreatic tumour (ascites form, grown in Syrian golden
hampster) in a heterologous system, using human platelets.

Platelet aggregation was

insensitive to a specific synthetic thrombin inhibitor, was slightly inhibited by Aspirin, and
was prevented by apyrase and PGI2, suggesting mediation by ADP. Release of
thromboxane (TXB2) and serotonin was shown to accompany platelet aggregation. When
the cells were infused into normal hamsters a 50% reduction in platelet count was
observed, together with a 20-30% decline in antithrombin III and fibrinogen levels.
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Platelet aggregating and procoagulant activities were found in a metastatic human breast
cancer cell line (FAM) by Eche et al (Eche et al, 1986). These cells expressed Tissue
Factor and caused platelet aggregation through the generation of thrombin via activation
of the extrinsic coagulation pathway. Platelet aggregation occurred in heparinized PRP,
but occurred with citrated PRP only after addition of Ca^'^ (2mM). Addition of Mg^^ (10lOOmM) to citrated PRP did not restore F AM-induced platelet aggregation. Of interest was
the response of these cells to oestrogen. Basal plasminogen activator activity doubled after
2 days of oestrogen stimulation, whereas thrombin generation (and presumably therefore
Tissue Factor expression) remained unchanged. This suggested that oestrogen induced a
shift in the balance between profibrinolytic and procoagulant activities, towards
fibrinolysis. Studies of the pro-aggregant activities of three other human breast cancer cell
lines have demonstrated a variety of mechanisms. MCF-7 has no procoagulant activity
(Dvorak et al, 1983), but causes platelet aggregation via the generation of ADP (Jung et
d , 1991). ZR-75-1 expresses Tissue Factor activity (Kadish et al, 1983). SK-BR-3 has
no procoagulant activity and aggregates platelets via the secretion of ADP (Bastida et al,
1982).

The platelet aggregating component of murine 15091A mammary adenocarcinoma cells has
been purified by solubilization in CHAPS (3- [(3-cholidamidopropyl)-dimethylammonia] -1 propane sulphonate) followed by ammonium sulphate fractionation ion exchange and
hydrophobic interaction chromatography. The pro-aggregant activity was found to co-

I

purify with pro-coagulant activity. Phospholipid was necessary for activity of the purified
substance. The activity was destroyed by trypsin. Protease activity appeared not to be
important,

since both PA and PC activity were unaffected by inhibitors

metalloproteinases, serine proteases or cysteine proteases (Cavanaugh et al, 1985).
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1.11.9

Platelet Aggregating Activity and Metastasis

Tanaka et al using B16 and 3LL cells, demonstrated that the ability of a line to produce
metastatic lung colonies was related to its thrombogenic activity. MH134 cells, with low
procoagulant activity, and no thrombin-generating and moderate platelet aggregating
activity, failed to form any lung colonies in half of the recipients. Thrombocytopenia
impaired lung colonization by B16 and 3LL cells. Thrombin injection enhanced lung
colonization by MH134 cells. Platelet aggregation and thrombin-generating activities of
B16 and 3LL cells were inhibited by trypsin, phospholipase A2 and by heating but not by
neuraminidase (Tanaka et al, 1986). This suggested that the activity was due to a heatlabile, surface lipoprotein, similar to that found in SV3T3 cells by Pearlstein et al (vide
supra).

Mehta et al (Mehta et al, 1987) demonstrated that cells from a human osteogenic sarcoma
cell line (solid tumour MG63) with an associated high risk of formation of pulmonary
métastasés caused platelet aggregation. By contrast leukemia cells (NAML-16, LAZ-221,
K-562) and lymphoma cells (RAJI, M01t4) which rarely spread to the lungs, failed to
cause platelet aggregation. Of interest was the influence of epinephrine on the activity of
the cultured osteogenic sarcoma (U2-0S) which caused platelet aggregation only after pre
incubation of platelets with subthreshold doses of epinephrine. Heparinized PRP was used
in these studies.

Grignani and Jamieson reported on platelet aggregating activity of two variant cell lines
derived from a human urinary carcinoma, 253J. The FI variant was low in metastatic
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potential, and the FIO variant was highly metastatic. Both caused platelet aggregation by
an ADP-type mechanism, which occurred in heparinized PRP but not citrated PRP. The
ADP was shown to arise from the tumour cells, and its release to be under metabolic
control. In view of the similar results obtained with both variants, the ability to cause
platelet aggregation through ADP release seemed unrelated to the metastatic potential of
these cells (Grignani & Jamieson, 1988).

Contrasting findings were made by Mogi et al with a different tumour who found a
positive

correlation between the ability of different clones

of a murine

3-

methylcholanthrene-induced fibrosarcoma A (Meth A) to produce ADP, and their
metastatic potential. Increased ADP production, as assessed by measurements of ADP
concentration in the cell medium, and consequent enhancement of platelet-aggregating
activity were closely related to the increment of pulmonary metastatic potential of the
clones (Mogi et al, 1991). Independently, studies by Mahalingam et d demonstrated that
platelet aggregating activity of murine fibrosarcomas was found to correlate with metastatic
potential over a series of close variants (Mahalingam et al, 1988).

1.12

Cancer-Associated Coagulopathv

A relationship between neoplastic disease and thromboembolic disorders has been
recognised since 1865, when Armand Trousseau first reported a high incidence of venous
thrombosis in a series of patients with gastric carcinoma. It is well known that both
thrombosis and bleeding are common in patients with cancer, particularly those with
advanced and disseminated tumours (Edwards & Rickies, 1984).
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Laboratory tests uncover a high incidence of systemic clotting abnormalities in cancer
patients. Some reports indicate that greater than 90% of cancer patients, including those
with hepatoma, exhibit abnormalities in one or more coagulation parameters. In some
tumours (e.g. acute promyelocytic leukemia), routine clotting tests such as prothrombin
time are decidedly abnormal (Sun et al, 1979; Bauer & Rosenberg, 1984). Among the
more common coagulopathies reported in several large series of cancer patients are
elevated fibrinogen-fibrin degradation products (FDP); elevated (or depressed) plasma
fibrinogen (Sun et al, 1979), factor V, factor VIII, or other clotting factors (Sack et al,
1977; Sun et al, 1979), abnormally rapid fibrinogen turnover (Mombelli et al, 1982).
Elevated levels of FPA (fibrinopeptide A) occur in virtually all patients with acute
leukemia (Myers et d , 1981), and are also found less often in patients with more limited
disease.

In addition to systemic abnormalities of haemostasis there is unequivocal evidence for
localized extravascular coagulation in solid tumours (Dvorak et al, 1983). The anatomical
distribution of fibrin in tumours varies somewhat depending on tumour type. In carcinoma,
fibrin is deposited in the tumour stroma and in the basement membrane zone around a
tumour mass; it tends to be particularly abundant towards the tumour periphery and at the
tumour-host interface. By contrast, fibrin is often less prominent in older sclerotic tumour
stroma, reflecting fibrinolytic activity in tumour tissue (e.g. Kinjo et al, 1979). Fibrin may
also be found between individual carcinoma cells. In lymphomas, fibrin is sometimes
observed between individual malignant tumour cells, between adjacent, apparently reactive
benign lymphoid cells (Dvorak et d , 1983; Harris et al, 1982), and in zones of incipient
fibroplasia (Dvorak et al, 1981; Harris et d , 1982). Platelets have not been described in
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association with any of the extravascular fibrin deposits of solid tumours in animals or
humans.

1.13

Coagulation and Metastasis

1.13.1

Introduction

Attempts have been made to correlate procoagulant properties of tumour cells with the
process of metastasis, independent of any effects on platelets. If the metastatic process is
promoted by fibrin deposition, the use of anticoagulants, defibrinating and thrombolytic
agents, should reduce tumour dissemination. Anticoagulants such as heparin and coumarin,
defibrinating agents present in snake venom, such as Ancrod, Bathroxobin or Athroxin,
and urokinase, which generates plasmin from plasminogen, have been tested by various
investigators. The effect of these agents depended on the experimental model used. They
were effective, at least in certain tumour systems, when lung tumour colonies were
generated by i.v. injection of tumour cells. They were not beneficial, however, when the
anticoagulants were tested in models in which metastasis occurred spontaneously, except
when coumarin derivatives were used (Maat & Hilgard, 1981).

1.13.2

Induction of Coagulation bv Tumour Cells In Vitro

That tumour cells have the property of being able to activate the coagulation system has
been shown by many in vitro studies (see Francis, 1989 for review).

Wood et al who had previously studied the effect of introducing V2 carcinoma cells into
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the peripheral blood system of the rabbit, found both procoagulant and fibrolytic activities
associated with these cells (Wood et al, 1964). Other investigators subsequently reported
similar findings, with tumour cells of different origins and where different animal models
were used. Coagulation and fibrinolysis appeared to be involved in metastasis (Hagmar,
1970; Peterson, 1968; Slasbury et al, 1973).

Gasic et al (1976) studied 12 mouse tumours and 29 human malignancies for their ability
to coagulate blood plasma and digest the fibrin clot. Both procoagulant and fibrinolytic
activities were present in almost all mouse and human tumour cells. This represented
studies on tumours of a variety of types (e.g. mammary adenocarcinoma, sarcoma,
melanoma

(mouse);

breast,

colon (adenocarcinoma),

gastric,

sarcoma,

Wilms,

neuroblastoma (human)), showing that the activities were not specific to particular tumour
types. One notable exception was 4 neuroblastomas which showed none or very little
fibrinolytic activity. One reason for this may have been that these were cells which had
been cultured in the laboratory for more than 30 passages, whereas all other cells were
prepared from freshly prepared surgically resected tumour tissue. Culturing of tumour
tissue has been shown to alter proaggregant activity of murine fibrosarcoma cells (Curatolo
et al, 1988), and may also alter procoagulant activity.

Kohga (Kohga, 1978) found thromboplastic and fibrinolytic activities associated with 10
lines of rat ascites tumour cells free from stromal elements. The cell lines fell into 4
categories according to the relative amounts of each activity. AH-130, AH-62, and AH7974 had both high thromboplastic and high fibrinolytic activities; lines AH-130F(N), AH66F and AH-7974F had low thromboplastic and low fibrinolytic activities; line SL3 had
high thromboplastic and low fibrinolytic activities; lines AH-109A, AH-41A and AH-41C
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had moderate thromboplastic and low fibrinolytic activities. Pairs of cell lines which were
of the same origin showed different enzymic activités. High thromboplastic and fibrinolytic
activity in the AH-130 line was accompanied by more prominent thrombus formation in
the pulmonary vessels of rats in the early stage of intravenous innoculation and induced
more prominent decrease in the number of platelets and fibrinogen levels in peripheral
blood, compared with the sister line AH-130F(N), which was low in both activities.

Similar variability in thromboplastic and fibrinolytic activities was found in 14 lines of
cultured human cancer cells (Kinjo et

1979). No correlation was found between the two

activities and the histological types of the parent tumours of the cultured cells. Cell lines
with high and moderated thromboplastic activity were tested in Factor VII- and Factor Xdeficient plasmas to determine whether extrinsic or intrinsic coagulation pathways were
more important. Plasma recalcification times were extended in Factor Vll-deficient but not
Factor IX-deficient plasma, showing the procoagulatory activity to be due, at least in part,
to Tissue Factor (thromboplastin) associated with the tumour cells. Of the 14 cell lines
tested the culture medium of 4 lines showed low thromboplastic activity. The remaining
6 cell lines showed little or no release of the activity into the culture medium. Fibrinolytic
activity of 7 of the lines was high in 3 cell lines, low in 4 cell lines, and non-detectable
in 7 lines. The authors suggested that there was a correlation with platelet aggregation
rather than with procoagulatory properties of the cells. It is well documented that
thromboplastin is contained in many different cell types, e.g. fibroblasts (Zacharski &
McIntyre 1973), amnion cells (Maynard et al, 1976), leucocytes (Kochiba et al, 1972),
tumour cells of animals (Peterson & Zettergren, 1970; Tanaka et d , 1977) and human
tumour cells (Gasic et d , 1976).
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1.13.3

Inhibition of Coagulation : Effect on Metastasis

Studies using coagulation inhibitors in an attempt to reduce metastasis have proved
successful in some cases and unsuccessful in others. Administration of high doses of an
antibody to fibrin fragment E produced complete regression of an experimental hepatoma
("line 10") in guinea pigs (Schlager & Dray, 1975) Antibody was injected either at day 6
or day 16 after innoculating the animals intradermally with tumour cells. No evidence of
tumour was found in the treated animals in biopsies of the injection sites examined at day
35. All treated animals were alive and without visible tumour at 180 days, while all the
control animals, who received normal rabbit IgG, were dead of tumour progression by day
90. None of the 8 immunised animals who were rechallenged with "line 10" cells
developed tumours at the site of injection. Other experimental approaches to the inhibition
of fibrin deposition or polymerisation have been successful. For example, the use of the
thrombin-like enzyme Batroxobin to defibrinate mice 11 days after implantation of 3LL
tumour cells resulted in a decrease in pulmonary métastasés with no change in size of the
primary tumour (Donati et al, 1978).

However, defibrination of the animals prior to

tumour implantation, produced an increase in pulmonary métastasés with no change in size
of the primary tumour.

These results led the authors to suggest that formation of

peritumour fibrin in the early phases of tumour growth may be beneficial, preventing the
egress of tumour cells from the primary tumour to distant sites. In contrast, fibrin
formation at metastatic sites may be harmful, favouring implantation. The reduction in
metastasis may also have been due to thrombocytopenia, resulting from activation of
platelets by Batroxobin causing platelet aggregation.

Derivatives of the vitamin K antagonist, coumarin, have been shown to inhibit tumour cell
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locomotion, metabolism, lung colony formation, and the development of spontaneous
métastasés in various experimental tumour systems (Templeton et al, 1968; Kirsch et al,
1974; Hilgard et d , 1977; Hilgard, 1977; Hilgard & Maat, 1979; Maat, 1980).

The effect of coumarin drugs in the treatment of cancer appears to be mediated by their
ability to interfere with the utilization of vitamin K, since administration of vitamin K
promptly reverses the effects (Templeton et d , 1968; Kirsch et al, 1974; Hilgard et al,
1977; Hilgard, 1977) and experimental vitamin K deficiency provides similar protection
from metastasis formation.

While it may be tempting to conclude that the antitumour

effect of warfarin is related to its inhibition of vitamin K-induced postribosomal
modification of plasma coagulation factors, there is evidence to suggest that vitamin K also
may be of importance for the expression of other biological functions of cells.

For

example, warfarin has been shown to reduce the in vitro expression of procoagulant
activity by human monocytes (Edwards & Rickies, 1978; Zacharski & Rosenstein, 1979)
and 3LL tumour cells recovered from C57BL/6J mice (Delaini et al, 1981). Moreover,
treatment of mice with a human prothrombin complex concentrate, which reversed the
plasma anticoagulant effect of warfarin, failed to reverse the protection from métastasés
enjoyed by warfarin-treated animals (Hilgard, 1977). Since the greatest effects of
anticoagulation were seen in combination with other therapies (radiation therapy or
chemotherapy), it would appear that antimetastatic effects were not necessarily due to
anticoagulation. Reduction in incidence of métastasés may have been due to induction of
thrombocytopenia for which no data was presented in these studies.

The way in which coumarins acted to reduce metastasis is not yet fully understood. The
effect cannot be solely attributed to their anticoagulant properties because other agents with
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these activities were not as effective as coumarin against spontaneous metastasis.
Furthermore, coumarin also worked effectively in drug-treated animals whose clotting time
was normalized by the administration of clotting factors of the prothrombin complex
(Hilgard & Maat, 1979). It is believed that the coumarin antimetastatic effect is associated
with a deficiency in vitamin K-dependent proteins (Stenflo, 1976) which affect systems
other than the clotting cascade. These other mediators of the antimetastatic effect would
be located at the cell surface and would depress such biological properties as motility of
tumour cells, adhesion to the endothelium (Hilgard, 1977), or non-specific immune
behaviour of the macrophage (Maat, 1981).

The coumarin type drugs also proved beneficial as adjuvant in prolonging the survival of
cancer patients (Zacharski, 1981)

1.13.4

Mechanisms of Tumour Cell-Induced Coagulation

Falanga & Gordon successfully isolated and purified ’Cancer Procoagulant’ (abbreviated
CP ) from the rabbit V2 carcinoma. The procoagulant had a molecular weight of 68,000,
and isoelectric point of 4.8, had cysteine protease activity, with an amino acid composition
which was substantially different from cathepsin B. It caused coagulation by the direct
activation of Factor, but differed from other Factor X activators. The authors of this work
suggested that CP may be a coagulation factor which is unique to malignant tissue, and
therefore an indicator of disease and possible target for the basis of anti-metastatic therapy
(Falanga & Gordon, 1985).

Curatolo et d studied procoagulant activity in normal, immortalized and tumourigenic
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mouse fibroblasts (FET) cell lines. The PC activity they found to be due to expression of
tissue factor by these cells. However, tumours which had been freshly induced by the
tumourigenic line were found to cause coagulation by a cysteine protease (Cancer
Procoagulant) acting directly on Factor X. PC activity was therefore different in freshly
isolated and cultured tumour cells (Curatolo et al, 1988).

Drake et al, demonstrated using anti-tissue factor antibodies and immunoelectron
microscopy, that TF in J82 bladder carcinoma cells is almost exclusively surface located,
and appeared to be contained in multivesicular bodies in an inactive form. They suggest
that membrane alterations that affect the cofactor activity of TF may be a means of
regulating the extent of initiation of the coagulation protease cascade in various cellular
settings. There was no indication that vesicles bearing tissue factor were shed from the cell
surface as has been observed with other tumour cells (Drake et d , 1989).

1.13.5

Coagulation Summarv

While the cells of many tumours express procoagulant activity, a characteristic which
leads to the hypercoaguability associated with many forms of cancer, this of itself appears
to correlate only poorly with metastasis. Many of the studies made have failed to report
adequately on the other effects which treatments used to inhibit coagulation may have had.
Where such effects have been measured, the involvement of coagulation in metastasis
appears to be as a mediator of platelet aggregation. The major correlation appears to be
with pro-aggregatory activity of cancer cells rather than with their procoagulatory
properties.
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AIMS

To study the interaction between
established lines of metastatic
and non-metastatic human hepatoma
cells and isolated human platelets,
with a view to identifying differences
in proaggregatory and pro-coagulatory
mechanisms which might account for
the metastatic properties o f the
tumours.

CHAPTER TWO

CHAPTER TWO

MATERIALS AND METHODS

2.1

MATERIALS

2.1.1

Chemicals

Chemicals used for buffers and solutions were of AnalaR grade, from British Drug Houses
Ltd., Poole, Dorset. Acrly amide, N ,N ’-methylene-bis-acrylamide, sodium dodecyl sulphate
(lauryl sulphate, sodium salt), glycine, tris-hydroxymethylamine (’Tris’) of ’Electran’
grade, and ammonium persulphate of AnalaR grade were also obtained from BDH Ltd..
2.1.2

Reagents

The following reagents were obtained from The Sigma Chemical Co. Ltd., Poole, Dorset
(with catalogue reference in brackets):
Acetylsalicylic acid (A-5376); adenosine 5’-diphosphate, grade 1 (A-8146); adenosine 5’triphosphate, grade 1 (A-3127); apyrase, grade III (A-7646); arg-gly-asp tripeptide (ROD)
(A-3167); bovine albumin, fraction V (A-4503); coomassie brilliant blue R (B-0630);
creatine phosphokinase, (type I) (C-3755); EDTA, disodium salt (ED25S); HEPES,
sodium salt (H-7006); hirudin (H-4256); human albumin, fraction V (A-2386); human
fibrinogen, (Type I) (F-3879); human fibronectin (F-2006); human IgG (1-4506); human
thrombin (T-9010); indomethacin (1-7378); Percoll (P-1644); phosphocreatine (P-6502);
prostaglandin I2 (P-8776).
Other reagents were from the following sources:
Absolute

alcohol

(AR)

(ethanol)

(Hayman

Ltd.,Witham,

Essex);

Chronolume

(luciferin/luciferase) reagent (Coulter Electronics Ltd., Luton, Beds.,)(or from Sigma (L0633)); Factor VII deficient plasma (Ortho diagnostic systems, Neckargemund, Germany);

59

Factor VIII depleted plasma (Diagen, Diagnostic Reagents Ltd., Thame, Oxon); glacial
acetic acid (Fisons, Loughborough); glutaraldehyde, EM grade (Agar Scientific Ltd.,
Stansted, Essex), courtesy EM unit. Royal Free Hospital; propan-2-ol (BDH Ltd.,); rec
y[Tyr63]-hirudin was the kind gift of Dr. H. Grossenbacher (Ciba-Geigy Ltd., Basle,
Switzerland); TEMED (Bio-Rad Laboratories, Richmond, California); DEAE Sepharose
CL6B (Pharmacia, Milton Keynes).
2.1.3

Reagents for cell culture

Dulbecco’s Modified Eagle’s Medium (DMEM) (lOx), Medium 199 (M l99) (Hank’s)
(1 Ox), glutamine (200mM), sodium bicarbonate (7.5%), penicillin/streptomycin (5000IUml
VSOOOjLtgml'^), sodium pyruvate, trypsin/EDTA (0.05 %(w/v)/0.02%(w/v)) were obtained
from Life Technologies Ltd (Gibco), Paisley, Scotland. Foetal calf serum was obtained
from Imperial Laboratories, Andover, Hants. Collagenase (Type II) (C-6885) and nystatin
(N-3503) were obtained from The Sigma Chemical Company Ltd., Poole, Dorset. HEPES
(tissue culture grade) was obtained from BDH Ltd., Poole, Dorset. Phosphate buffered
saline (Dulbecco’s A) tablets were obtained from Oxoid Ltd., Basingstoke, Hants. Double
glass distilled water was used for all solutions used in cell culture. 75cm^ ’Linbro’ flasks
and 7.5cm^ ’Primaria’ flasks and 0.22fjM filters were obtained from Flow Laboratories
Ltd., Rickmansworth, Herts. 5 inch filling tubes were obtained from Universal Hospital
Supplies Ltd.. ’Cytodex 1’ microcarrier beads were obtained from Pharmacia, Milton
Keynes. Stirrer flasks were obtained from Techne (Cambridge) Ltd, Duxford, Cambridge,
and used in a Techne MWB-10L/MCS-104L thermostated stirrer base.
2.1.4

Gases

Helium gas was obtained from British Oxygen, Medical Gases Division, Guildford,
Surrey; Nitric oxide gas (manufactured by Matheson (Will Ross), Oevel, Belgium) was
obtained from Cambrian Gases, Croydon, Surrey.
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2.1.5

Miscellaneous

Sterile disposable syringes were obtained from B & D Ltd., Dublin, Ireland, hypodermic
needles from Sabre International Products Ltd., Reading, Berks, and Butterfly needles
from Venisystems (Abbott Ireland Ltd., Sligo, Ireland)
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BUFFERS & SOLUTIONS

2.2.1

Buffers for platelet studies

In all cases the solids were dissolved, and the pH measured, and adjusted if necessary to
the value stated.
2.2.1.1

Acid-Citrate-Dextrose

113.8mM D-glucose, 29.9mM trisodium citrate, 72.6mM sodium chloride, 2.8mM citric
acid. pH 6.4
2.2.1.2

Modified Tvrode’s-HEPES buffer(Clare & Scrutton. 19841

150mM NaCl, 2.7mM KCl, 0.5mM MgClz, 7.0mM NaHCOj, 5.0mM HEPES, 5.6mM
D-glucose, 0.55mM NaH2P04.2H20. pH 7.4
2.2.1.3

Prostaglandin L (prostacvclin)

Prostacyclin was stored desiccated, under nitrogen, at -20°C. Just prior to use accurately
weighed portions were dissolved on ice in IM Tris-HCl, pH 9.95, to give a l/xg./xl'^
solution.
2.2.2

Platelet agonists

ADP:

dissolved in distilled water atImM,

and storedfrozen at -20 °C in 1ml

aliquots. When required, an aliquot was thawed, and half was diluted 1:10
in distilled water to give a 0. ImM solution. Aliquots were discarded once
they had been thawed.
Thrombin:

the buffered, stablilized solid was reconstituted with distilled water to give
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a concentration of 10 lUml \ Solutions were stable for several months at 20°C.
2.2.3

Other solutions used in platelet aggregation studies

CaCl2:

CaClz.bHzO was dissolved in distilled

water to give a concentration of

lOOmM.
MgCl2:

MgCl2.7H20 was dissolved in distilled water to give a concentration of
lOOmM.

Chronolume (luciferin/luciferase) reagent: the lyophilized solid was reconstituted with
sterile water (1ml water per vial).
2.2.4

Inhibitors of aggregation

All inhibitors were made up in modified Tyrode’s-HEPES buffer, unless otherwise stated.
lOOmM Aspirin:

18mg was dissolved in 100/xl 2M Na2C03, followed by 800/xl
distilled water. The pH was adjusted to 7.0 by the addition of IM
HCl, and the volume made up to 1ml. The stock solution was made
up fresh and added to platelet suspensions to give a final
concentration of lOO^M.

lOOmM EDTA:

the solid was dissolved in O.IM NaOH, and the pH adjusted to 7.0
by the addition of 0. IM HCl. Used at a final concentration of ImM.

Phosphocreatine: made up at a concentration of 2M, and used at a final concentration of
20mM.
Creatine phosphokinase: made up at a concentration of 4000 IU .m l-\ and used at a final
concentration of 40 lU.mU.
Apyrase:
Hirudin:

made up at a concentration of 200 lU.ml \ and used at a final
concentration of 2 IU .m l'\
made up at 10 lU.ml % and used at concentrations indicated in the
’Results’ section.
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rec y[Tyr63] hirudin: the specific activity of solid was 11,500 ATEmg \ This was
dissolved in modified Tyrodes-HEPES buffer at a concentration of 60 ATE.ml ^ and used
at concentrations indicated in the ’Results’ section.
2.2.5

Density solutions and buffer for LDL preparation

2.2.5.1

Densitv solution

Basic solution (1.006 gml'^):
11.4g NaCl, O.lg Na-EDTA, 1ml IN NaOH dissolved up to 1 litre.
Higher density solutions (1.063 gm l'\ 1.151 gml'^):
To the basic solution were added amounts of NaBr, as determined by the equation below,
to give the required density:
M =

V (Po-pi)
1 - (Sp2>

where M = mass of NaBr
V = initial volume (ml)
Pi = initial density (g.ml'^)
P2 = final density (g.ml'^)
S = partial specific volume of
at 15 °C = 0.2434

NaBr

The densities were checked by measuring the refractive index of the solutions on a Paar
densitometer, and converting to density values by means of tables.

2.2.5.2

LDL dialvsis buffer - modified Tvrode’s buffer

0.137M NaCl, 0.0027M KCl, 0.0119M NaHCOj, 0.0042M NaH2PO4.2H20, pH7.4
2.2.6

Medium, buffers and enzvmes for cell culture

All solutions used in cell culture were sterilized by filtration through a 0.22jLt filter and,
unless otherwise stated, were stored frozen at -20°C.

DMEM was made up from lOx concentrate, which was supplied acidified to prolong shelf
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life. lOx DMEM was neutralised by dissolving 5 to 7 pellets of NaOH per 100ml bottle.
The medium was then made up to contain the following components at the final
concentrations given in parentheses:
DMEM (Ix), NaHCOg (0.225%, 26.8mM), Na pyruvate (Ig.l^), glutamine (2mM),
HEPES (5mM), penicillin G (50 lU.ml'^), streptomycin (50jng.ml^). Sterile foetal calf
serum (ECS) was added (5% or 10%) just before use.

M l99 was made up using lOx concentrate. The medium contained the following
components at the final concentrations given in parentheses:
M199 (Ix), NaHCO^ (0.225%, 26.8mM), glutamine (2mM), HEPES (5mM), penicillin
G (100 lU.ml^), streptomycin (100/xg.ml'^), nystatin (40 lU.ml'^). Sterile foetal calf serum
was added (10% or 20%) just before use. Nystatin was made up as a stock solution in
DMSO at lOg lU.ml ^ and stored at -20°C. For M l99 used in stirrer cultures, sodium
bicarbonate was omitted, and the HEPES concentration was increased to 20mm (referred
to as M199-HEPES medium).

Freezing medium consisted of 10% DMSO in DMEM/10% ECS. It was sterilized by
filtration through a 0.22fi filter, stored at -20°C, and warmed to 37°C before use.

Samples of foetal calf serum were obtained from the supplier and batch tested for
suitability. Reservations of appropriate batches were made, to cover use over a twelve
month period. All components of culture media were stored at -20°C, except for 7.5%
sodium bicarbonate which was stored at room temperature, and lOx medium which was
stored refrigerated at 4°C.
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Phosphate buffered saline was prepared freshly before use, from commercially available
tablets (PBSA). One tablet was made up to 100ml with double distilled water.

Trypsin/EDTA solutions used were as supplied commercially in solution. Collagenase was
dissolved at 0.5mg.ml'^ in M l99 without PCS, and was made up fresh before each use.
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CELL CULTURE

2.3.1

General methods

All sterile manipulations were carried out in a Gelman BH-48 Class Ila safety cabinet
(Gelman Sciences, Northampton). Before use the cabinet was wiped with 70% ethanol, and
left running for 30 minutes. Cells were grown in a CO2 incubator (Flow Laboratories) at
36.5 °C, purged with 5% CO2/95 % air. Cells were observed under phase contrast on a
Leitz Epivert inverted binocular microscope (Leitz Wetzlar, Germany).

2.3.2

Trvpsinisation of confluent monolavers

Monolayers of cells were rinsed free of medium with sterile PBS A. 2ml trypsin/EDTA
solution was added to the flask and run over the cells by gentle rocking, for 1 minute. The
trypsin/EDTA was then removed and the flask incubated at 37°C for a further 2 minutes.
The cells were transferred to a sterile 30ml universal tube and centrifuged at 80g for 5
minutes on an MSE ’Super-Minor’ bench centrifuge, (MSE, Crawley, Surrey), at room
temperature. The cell pellet was resuspended in DMEM, cell clumps were dispersed by
drawing through a 21 x g needle several times, and the cell suspension transferred to fresh
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flasks (10^ cells per 75cm^ flask).

2.3.3

Crvopreservation of cells

To minimise effects due to phenotypical changes during prolonged culture, hepatoma cells
of each line were grown up in large quantities, aliquoted, and stored in liquid nitrogen
vapour phase to be used to seed new cultures. Healthily growing cultures were trypsinised,
and resuspended in freezing medium (§2.2.6). A single-cell suspension in freezing medium
was obtained by gently drawing through a 21 x g needle several times. 1ml

aliquots

containing 10^ cells were placed in 1.8ml cryotubes (Nunc, Paisley,Scotland),and the cap
tightened. Care was taken not to over-tighten caps as this was found to result in tubes
bursting when thawed. Cryotubes were then placed in a cell freezer (Union Carbide), at
position G for 30 minutes, followed by position B for a minimum of 1 hour. This gave
controlled freezing at 1°C per minute. Frozen cells were stored in aluminium canes
(Jencons, Leighton Buzzard, Beds.), in a Union Carbide lOXT storage dewar. A card
index file record was kept of stored cells.

2.3.4

Human hepatoma cell lines

Four established hepatocellular carcinoma cell lines were used in this study, namely,
Mahlavu, Alexander, SK55, Hep3B, and one hepatoblastoma cell line, HepG2.

2.3.5

Culture of human hepatoma cells in flasks

The method of culturing was identical for all cell lines. A vial of frozen cells (10^ cells)
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was thawed rapidly at 37°C and placed in a 75cm^ flask with 15ml DM EM /10% ECS.
Cells were incubated at 37°C over night to allow cells to attach and start spreading, and
the following morning the medium was replaced with fresh. Medium was subsequently
changed every other day. Confluence was reached within a week, and cells were passaged
as described above (§2.3.2). Once a culture was established, the concentration of ECS was
reduced

from

10% to 5%.

2.3.6

Culture of human hepatoma cells on microcarrier beads

2.3.6.1

Preparation of microcarrier beads

0. Ig Cytodex 1 microcarrier beads were pre-swollen in 100ml 0.9% NaCl, and left at 4°C
overnight. The swollen beads were aliquoted into 10ml glass screw-cap culture tubes
(Coming Glassworks, Coming, New York, USA) (1ml per tube), and autoclaved.

2.3.6 .2

Starting a stirrer culture

A 75cm^ flask was trypsinised and the cells (5 x 10^ cells), and 2 x 1ml aliquots Cytodex
1 microcarrier beads, added to 200ml DMEM-HEPES/10% ECS in a 500 ml Techne
stirrer flask. The cells were incubated at 37°C in a Techne stirrer base, with intermittant
stirring (40 rpm, 5 minutes on, 1 hour off) for the first 24h, then with continuous stirring
(40 rpm).
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2.3.7

Harvesting of hepatoma cells for use in platelet aggregation studies

As trypsinisation of cells was found to interfere with platelet aggregation experiments,
cells were harvested mechanically using a Nunc cell scraper. Firstly, a monolayer of cells
was rinsed free of medium with PBS A, following which the cells were scraped from the
flask, transferred to a sterile 30ml universal tube and centrifuged at 80g for 5 minutes at
room temperature. The pellet was resuspended in modified Tyrode’s-HEPES buffer and
the cells centrifuged a second time. Finally, the pellet was resuspended in a small volume
of the same buffer (typically 1ml for one 75cm^ flask of cells), and cells were counted on
a Newbaum Improved Haemocytometer. Cell viability was assessed by Trypan Blue
exclusion (0.5% (w/v) Trypan Blue solution in isotonic saline. Flow Laboratories). The
cell count was adjusted to 1 x 10^ cells.ml ^

2.3.8

5

X

Isolation of hepatoma cell secretion products

10^ cells growing in stirrer culture were transferred to a 50ml plastic universal tube.

They were washed free of medium with PBSA, by repeatedly (6 times) allowing the cellcovered microcarrier beads to settle and replacing the aspirated supernatant with PBSA.
The washed cells were transferred to a secretion chamber to which was fixed a screw cap
bearing two 0.4mm bore tubes, an inlet tube which reached to the base of the chamber,
and an outlet tube which collected the buffer rising from above the cells. The cells were
infused with 100ml sterile modified Tyrode’s-HEPES buffer at 37°C, pumped over a
period of 3h by a Gilson peristaltic pump. The efflux from the secretion chamber was
collected immediately on ice.
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2.3.9

Isolation of human umbilical vein endothelial cells (HUVEC)

Umbilical cords were obtained from placentas of term pregnancies, courtesy of Professor
Shaw and the sister of the Labour Suite at the Royal Free Hospital, in accordance with
rules laid down by the ethics committee of the Royal Free Hospital. Umbilical cords were
squeezed along their length to remove residual blood and placed in an autoclaved 500ml
screw-capped plastic container (Azlon Products Ltd.,Sidcup, Kent), containing 100ml
sterile M l99. They were then taken from the labour suite and transferred to the safety
cabinet in the laboratory. A 5 inch plastic cannula (’filling tube’) was pushed into each
end of the cord vein (which was clearly distinguishable from the other vessels on account
of its larger size) to a length of about 4cm, where it was tightly secured with thin, strong
parcel string tied round the outside of the cord. A 50ml plastic syringe containing PBSA
was attached to the cannula at one end of the cord and an empty 50ml syringe to the
cannula at the other end. PBSA was passed through the cord so as to open up the collapsed
vessel and wash away clotted blood. This procedure was repeated a second time, or until
no more clotted blood appeared in the effluent. The syringe on the effluent side of the cord
was replaced with a 20ml syringe, and the cord was infused with collagenase (0.5mgml'^
in M l99) from a syringe at the opposite end. The cord was then placed in a sterile 1000ml
plastic screw-capped container (Azlon) and incubated at 37°C for 20 minutes. The
collagenase-digested cells were loosened from the vessel wall by rubbing the cord along
its length between thumb and forefinger. The resulting endothelial cell suspension was
sucked into the clean receiving syringe. The cell suspension was transferred to a sterile
30ml universal tube, and any remaining clotted blood was allowed to settle. The
supernatant cell suspension was removed and centrifuged at 80g for 5 minutes at room
temperature. The pellet was resuspended in M l99/20% FCS at a cell density of 10^ cells
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per ml. Cell clumps were carefully disrupted by drawing the suspension through a 21 x
g needle.

2.3.10

Culture of HUVEC

7.5cm^ ’Primaria’ flasks were seeded with 10^ endothelial cells, in a total volume of 3ml
M l99/20% FCS. The cells were incubated at 37°C in the CO2 incubator (5% CO2).
Confluence was normally achieved in 3 days.

2.3.11

Harvesting of HUVEC for use in platelet aggregation studies

Flasks of confluent HUVEC were rinsed free of medium with PBSA. The cells were
scraped from the floor of the flask, transferred to a sterile 30ml universal tube, centrifuged
at 80g for 5 minutes at room temperature, and resuspended in modified Tyrode’s-HEPES
buffer at 2 X 10^ cells per ml. Viability was tested by Trypan Blue exclusion, and
preparations where viability was >90% were used for experiments. After harvesting, cells
were kept at room temperature, and used within an hour.

2.3.12

Isolation of bovine aortic endothelial cells (BEC)

Bovine aortic arches were collected from a local abbatoir up to 20 minutes after slaughter,
and transported with top and bottom orifices sealed by plastic self locking closures
(290mm polythene cable ties, RS Components Ltd.,Corby, Northants.), to minimise
contamination. On arrival at the laboratory, the aortas were wrapped in Kleenex paper
towel which had been soaked in 70% ethanol. The towel was removed, and adventitious
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fat was trimmed away to reveal the paired intercostal arteries, which, if of sufficient
length, were ligated with strong button thread. The denuded aorta was wrapped in 70%
ethanol-impregnated towel and transferred to the sterile safety cabinet. Following removal
of the paper towel, remaining intercostal arteries were trimmed to the wall of the aorta and
the resulting orifice sealed using ’waisted’ aluminium plugs, which were flamed before
insertion. The closed ends of the aorta were flamed, and the plastic ties cut away. The
lower end was clamped shut with a triangular cross-section bulldog clip, and the vessel
suspended from a clamp stand. The lumen of the aorta was rinsed 6 times with sterile
PBSA dispensed from a reservoir by a Millipore peristaltic pump (Millipore (UK) Ltd.,
Watford, Herts.) through a 0.22/x filter, by repeated filling and emptying, emptying being
achieved by releasing the bulldog clip. The effluent was wasted into a sterile plastic tray
containing dilute bleach. Finally, the lumen was filled with collagenase (0.5mgml^ in
M l99), and left for 30 minutes in the safety cabinet at room temperature. Collagenasedigested cells were released from the inside vessel wall by gently massaging the outside
of the aorta. The cell suspension was removed from the lumen using a plastic 50ml syringe
fitted with a 5 inch cannula, transferred to universal tubes, and centrifuged at 80g for 5
minutes at room temperature. Cells were washed three times in M l99. The pellet of
washed cells was resuspended in a minimal volume of M l99/10% FCS (typically 2ml),
and the cells were counted in a Newbaum Improved haemocytometer and diluted to 10^
cells per ml.

2.3.13

Culture of BEC in flasks

7.5cm^ ’Primaria’ flasks were seeded with 5 x 10^ cells in a volume of 3ml M199/10%
FCS, or 75cm^ ’Linbro’ flasks were seeded with 5 x 10^ cells in a volume of 15ml
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M199/10% FCS. 40 lUml’^ Nystatin was included in the culture medium for the first 24h
of growth to eliminate contamination with the yeast Candida albicans, which was a
common occurence. The cultures were incubated at 37°C overnight in a CO2 incubator
(5% CO2) and then rinsed with fresh M199/10% FCS to remove red cells and other
unattached cells. They were replenished with fresh M l99/10% FCS, and subsequent
changes of medium were made every 2 days. Cultures were confluent within a week.

2.3.14

Culture of BEC on microcarrier beads

Cytodex 1 microcarrier beads were prepared as described in §2.3.6.1 above.
To freshly isolated BEC in M l99/10% FCS (10^ cells per ml) in a sterile 30ml universal
tube was added microcarrier bead suspension in the ratio 1ml microcarrier beads: 2 x 10^
cells. The cell/microcarrier mixture was incubated at 37°C overnight in the CO2 incubator,
to allow cells to attach to the beads. The BEC-bearing microcarriers were added to a
250ml Techne stirrer flask containing 50ml M199-HEPES/10% FCS (with 40 lUml'^
Nystatin for the first 24h), and incubated in a Techne stirrer base at 37°C with intermittent
stirring (stirring speed 40rpm, 3 minutes on, 20 minutes off). A total medium change was
made after 24h to remove Nystatin, and subsequently half of the medium was replaced
every 2 days. Cells reached confluence on the beads in 3 to 5 days.

2A

GENERAL PLATELET METHODS

All stages of platelet isolation were performed at room temperature. Since some commonly
used laboratory materials cause activation of platelets through surface contact, plasticware
was used throughout, and other materials (glass cuvettes, steel stir bars) were siliconised
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before use.

2.4.1

Preparation of Platelet-Rich Plasma (PRP)

Samples of blood were taken, after informed consent, from healthly volunteers who had
not taken any medication for ten days prior to donation. Venous blood was withdrawn
from the antecubital vein using a 19 x g butterfly needle. The blood was placed into plastic
30ml universal tubes (Sterilin Ltd., Teddington, Surrey) containing ACD anticoagulant (1
vol ACD: 5 vol blood) (De Go win et al., 1949), with which it was mixed by gentle
inversion. Blood samples were centrifuged at 200g for 20 minutes in an lEC Centra-7R
bench centrifuge (International Equipment Company, USA), to yield a supernatant of PRP.
A small volume of Platelet-Poor Plasma (PPP) was prepared by centrifuging 1ml of PRP
at 14,000g for 1 minute in 1.5ml Brand microfuge tubes (V. A.Howe, West Hampstead,
London) in a Sorvall Microspin 24S microfuge (DuPont (UK) Ltd., Stevenage, Herts.),
the supernatant PPP being removed to a fresh tube.

2.4.2

Preparation of isolated platelets

The remaining PRP was transferred to plastic 10ml conical centrifuge tubes (Sterilin) and
centrifuged at 750g for 10 minutes in the presence of 20ng.ml^ prostacyclin (1/d of
0. Img.ml'^ stock per 5ml PRP), to inhibit temporarily platelet activation. PPP was poured
off, the sides of the tube were wiped with tissue to remove traces of plasma, and the
platelet pellet resuspended in modified Tyrode’s-HEPES buffer (1ml buffer: 5ml original
PRP). Platelet numbers were measured by diluting lOfxl platelet suspension (either PRP
or IP) 1:1000 with 10ml Isoton II and obtaining the platelet count on a Thrombocounter-C
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(Coulter Electronics Ltd., Luton, Beds.) The PRP count was adjusted to 2 x 10*.ml'^ using
PPP for dilution, and the IP count was adjusted to 3 x 10*ml'\ with the resuspension
buffer. The platelets were left to recover from the effects of prostacyclin for 30 minutes
to 1 hour, after which they were ready for use in experiments.

2.4.3

Aspirin treatment of platelets

A freshly prepared solution of Aspirin was added to PRP to give a final concentration of
lOO^M. The PRP was then incubated at room temperature for 30 minutes, following which
platelets were isolated in the usual manner (§2.3.2).

2.4.4

Platelet aggregation

2.4.4.1

Principles & characteristics

Platelet aggregation was followed by the method of Bom and Cross (1963). The technique
measures the increase in red light transmission of a stirred platelet suspension. Suspensions
of single platelets have high light scattering properties. As platelet aggregates of increasing
size are formed, the amount of light transmitted by the suspension increases and is detected
by a photocell. Large irregular platelet aggregates produce a trace with characteristically
large oscillations. Upon stimulation by some agonists a slight decrease in transmission
occurs, resulting from a reversible shape change of platelets from flat biconvex discs to
spherical (Fig 2.1). This may or may not be followed by aggregation, depending on the
strenth of the platelet stimulus. Aggregation may be of two types: firstly, ’primary
aggregation’, which is reversible and does not involve release of platelet granular contents
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(Fig 2.1a), and secondly, ’secondary aggregation’ which is irreversible and is accompanied
by secretion of platelet granular contents (Fig 2.1c). Between these two situations, the
minimum dose of a particular agonist to produce a secondary response is defined as the
’threshold’ dose for that agonist (Fig 2.1b). Threshold doses vary between platelet
preparations, and are an indication of the sensivity of the platelets to a stimulus.

2.4.4.2

Instrumentation

Platelet aggregation studies were conducted in a Payton Dual Channel Aggregometer,
model 300 BD-5 (Payton Associates Ltd., Hamilton, Canada), linked to a Rikadenki Dual
Channel Recorder series R-OOX (Rikadenki Mitsui Electronics (UK) Ltd., Surrey) using
a full scale deflection of lOmV for each channel. Platelet suspensions were stirred at
900rpm, at 37°C. The instrument was calibrated before an experiment, using the
sensitivity controls, such that platelet suspension (PRP or isolated platelets) was recorded
as 0%, and plasma (in the case of PRP) or buffer (in the case of isolated platelets) was
recorded as 100% .

2.4.4.3

Platelet aggregation experiments

100/xl platelets were stirred and incubated at 37 °C until a steady baseline was observed
(normally 1 minute), after which either agonist, or tumour cells (in the ratio 1 tumour cell
: 3 X 10^ platelets, unless otherwise stated) were added. Agents under investigation in
studying platelet/tumour cell interactions were added in as small a volume as possible,
normally 1/xl. Aggregation was recorded as an increase in light transmission of the
suspension.
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2.4.4.4

Measurement of Dense Granule Release bv Lumi-aggregometrv

The platelet release reaction was followed in parallel with aggregation by using a lumiaggregometer

(Coulter

Electronics

Ltd.,

Luton,

Beds.,

UK).

One

bottle

of

luciferin/luciferase reagent was reconstituted in 1ml sterile distilled water. 30/xl
Luciferin/luciferase reagent was added to stirred platelet suspension (3 x lOSplatelets.ml'^)
1 minute before addition of 1 % plasma and ImM Ca^^. This was followed by tumour cells
to initiate platelet aggregation. Platelet aggregation was detected by an increase in light
transmission, and dense granule release, by reaction of the ATP content of the dense
granule with the luciferin/luciferase reagent to produce cbemiluminesence. Both were
recorded simultaneously on a Rikadenki Dual Channel Recorder series R-OOX.

2.4.4.5

Measurement of lysosomal release

Measured of platelet lysosome release was performed non-continuously in parallel with
platelet aggregation by assaying N-acetyl-B-D-glucosaminidase (EC 3.2.1.3) activity, using
a method adapted from Dangelmaier and Homlsen (Dangelmaier and Homlsen, 1983).
Hydrolysis of the synthetic substrate p-nitrophenol-B-N-acetyl glucosaminide by the
enzyme was monitored by the appearance of p-nitrophenol, at an absorbance of 412nM.
The substrate was prepared as a stock of 20mM concentration, by dissolving the solid in
O.IM NaOH, followed by neutralization with O.IM HCl, to pH 7.4.
To a series of tubes containing 300/xl stirred platelet/Mahlavu cell suspensions incubated
at 37°C in the platelet aggregometer, was added ôOfû lysosome stop solution (0.633M
formaldehyde + 0.05M EDTA), at different times (0 to 5 minutes, at 10 second intervals).
Platelet aggregation measurements were taken, and the tubes were centrifuged at 750 x g
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for 10 minutes. 60/liI of supernatant was removed and assayed for N-acetyl-B-Dglucosaminidase in the following way. To the 60/xl supernatant was added 40/il 0.2M
citrate-phosphate buffer, pH4.5, and 20/xl substrate. Reaction was stopped after 50 minutes
incubation at 37°C, by the addition of 100/xl 0 .16M NaOH, which also served to visualise
any p-nitrophenol released by changing its colour to yellow. 200/xl samples of each tube
were removed to wells of a 96-well Costa plate, and the OD412 read using a Bio-Rad Elisa
plate reader.
Corrections were made for contribution to the yellow colour made by plasma. Both
platelets in the absence of tumour cells, and tumour cells in the absence of platelets were
tested under experimental conditions for release of acid hydrolase activity. None was
detected.
Similar assays of lysosome release by ADP and by thrombin were run as comparisons.

2.4.5

Preparation of nitric oxide (NO) solutions

Solutions of NO were prepared according to the method of Palmer et M (1987). A
dumbell-shaped Pyrex chamber having a short length of 12mm Pyrex tubing at each end
was used to make an air-free chamber. The chamber was supported vertically, and the
bottom end was sealed with a septum plug F-145 (6.5mm x 8mm) (Phase Separations Ltd.,
Deeside, Clwyd), held secure by a wrapping of heat-shrink rubber sleeving 9/3 (RS
Components Ltd.). A 25 x g needle was pushed through the septum at the base of the
chamber and 100ml boiled distilled water (previously boiled for 15 minutes and cooled on
ice) was drawn into the chamber by a vacuum applied at the top end. The needle was then
attached to a supply of helium gas, and the water was bubbled for Ih. The top end of the
chamber was sealed with a second septum plug and heat-shrink tubing, simultaneous with
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the cessation of bubbling. The needle at the base of the chamber was removed, and the
sealed chamber containing oxygen-free distilled water was transferred to ice.
NO gas was obtained from a cylinder, which was connected to a sampling bulb. The
sampling bulb was closed to the atmosphere by a septum plug similar to that used to seal
the chamber. At both ends were gas-tight taps, one being attached to the NO supply, and
the other vented to waste, which allowed the bulb to be flushed through with NO before
sampling. After flushing the bulb three times, 5cm^ or lOcm^ were removed via the septum
using a gas-tight syringe (Scientific Glass Engineering Pte Ltd., Ring wood, Australia) and
injected through one of the septa in the 100ml chamber. Since one mole of gas at STP
occupies 22.4 litres, a 5% (v/v) solution has a concentration of 2.23mM, and a 10% (v/v),
of 4.46mM. The NO solutions were kept on ice during use.

2J_

PREPARATION OF HUMAN LOW DENSITY LIPOPROTEIN

2.5.1

Introduction

Human low density lipoproteins (human LDL) were isolated from fresh blood, donated by
healthy volunteers, by a modification of the method of Chung et al (1980), in which major
lipoprotein classes are separated rapidly on the basis of density, in a single centrifugation,
utilising the gradient reorientation property of gradients run in a vertical rotor (fig. 2 .2).
The density ranges of the major lipoprotein classes are as follows :very low density lipoproteins (VLDL)
low density lipoproteins (LDL)
high density lipoproteins (HDL)

1.006 gml'^
1.019 - 1.063 gml'^
1.063 - 1.21 gml^

Whole plasma was loaded into a discontinuous gradient (1.3 g.ml^ and 1.006 g.ml^).
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which during centrifugation formed into a linear gradient between the upper and lower
density limits.

The three lipoprotein classes moved up the tube at differential rates,

resulting in separation into discrete bands (fig. 2.3).

2.5.2

Preparation

Venous blood (120ml) was collected in anticoagulant as described in §2.4.1, and
centrifuged at 1800g for 20 minutes at 20°C. The supernatant plasma (approx. 70ml
including anticoagulant) was removed and adjusted to a density of 1.3 gml'^ by the addition
of sodium bromide (31g/70ml plasma). Density-adjusted plasma (10 - 15ml per tube) was
loaded under 0.9% sodium chloride (density 1.006 g.ml'^) in 39ml Beckman Polyallomer
Quick-Seal tubes (Beckman Instruments (UK) Ltd., High Wycombe), and the tubes heatsealed using a proprietary tube sealer. The tubes were centrifuged in a Beckman VTi50
vertical rotor at 200,000g in a Beckman XL-70 ultracentrifuge, for 2h. The LDL band half
way up the tube was removed into a disposable syringe after piercing the tube wall with
a 21

X

g needle. LDL from all tubes was pooled and washed by further centrifugation in

a Beckman 70Ti angle rotor, after adjusting the density to 1.063 (18ml LDL -I- 6.5ml
density solution 1.151 g.mU -I- density solution 1.063 g.ml^ to fill the tube (about 5ml):
centrifuged at 200,000g, for 16h, at 16°C). The washed LDL at the top of the tube (at a
concentration of approximately 0.5 to Img.ml^) was removed as previously, and
concentrated by centrifugation in an ultrafiltration unit fitted with an Amicon YMIO filter
(10,000 Mr cut-off) (Amicon Ltd., Stonehouse, Glos.) (about 4 x 3 0 minutes, at 2,000g,
at 16°C), in a Sorvall RC-5B

medium speed centrifuge (DuPont (UK) Ltd.), to a

concentration of 5 to 10 mg.ml \ LDL concentrations were standardised with respect to
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SEPARATION OF LIPOPROTEIN CLASSES BY DISCONTINUOUS
GRADIENT CENTRIFUGATION IN A VERTICAL ROTOR.
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Figure 2.3
Protein and cholesterol profiles o f plasma following
vertical rotor density gradient centrifugation.

protein content, which is determined by the modified Lowry method of Markwell et al
(1978) (§2.7).

2.6

Sodium Dodecvl Sulphate Polyacrylamide Gel Electrophoresis

2.6.1

Theoretical aspects

Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS-PAGE) is an
analytical technique enabling separation of proteins on the basis of their relative molecular
weight (Mr). Negatively charged SDS molecules bind to the polypeptide chains of proteins
to a high and rather constant extent, causing them to dissociate. Bound SDS masks
intrinsic amino acid charges of the polypeptide, leading to a negatively charged ’rod’ of
constant charge/mass ratio (Weber and Osbom, 1973; Payne, 1976).

Polyacrylamide cross-linked by N ,N ’-dimethylbisacrylamide provides a gel matrix of
regular pore size, the dimensions of which are inversely proportional to acrylamide
concentration. By varying the acrylamide concentration the pore size can be adjusted to
allow separation of proteins over a large range of molecular size (Chrambach, 1980).
When SDS-treated polypeptides are loaded onto a gel, and an electrical potential is applied
across the gel, the negatively charged ’rods’ will migrate in the electrical field towards the
anode (+ve). The rate of migration (’mobility’) is inversely proportional to the log(Mr),
and measurement of mobility therefore enables Mr to be determined.

Once separated, proteins are immobilized and visualized by staining with Coomassie
Brilliant Blue R, an amphipathic molecule, which binds to and precipitates the protein in
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the gel.

The method described below is a modification of the methods of Laemmli (1970) and
Haslam et al (1979).

2.6.2

Protein sample preparation

Samples previously measured for protein concentration were diluted to 12mgml'^ with
modified Tyrode’s-HEPES buffer. Sample buffer (containing 0.025M Tris-HCl, pH 6.8,
0 .0 2 . (w/v) bromophenol blue, 20% glycerol, 2% SDS and with or without the disulphide
bridge reducing agent lOmM N-ethyl-maleimide (NEM)) was added to protein samples in
the ratio 1 vol buffer: 1 vol sample. The samples were heated at 100°C for 5 minutes, and
centrifuged on a Sorvall Microspin 24S microfuge at 14,000g for 1 minute.

2.6.3

Preparation of solutions (linear slab gel)

Solutions required for a 10% separating gel and 3.5% stacking gel were as follows
1.
2.
3.
4.
5.
6.
7.
8.

40% (w/v) acrylamide + 1.3% (w/v) N ,N ’-dimethyl bisacrylamide
14% (w/v) acrylamide + 0.2% (w/v) N,N'-dimethyl bisacrylamide
0.75M Tris-HCl, pH 8.8
0.25M Tris-HCl, pH 6.8
1.6% (w/v) SDS
1.2% (w/v) ammonium persulphate (freshly made up)
TEMED
Running buffer: 0.025M Tris-HCl, pH 8.3, 0.192M glycine, 0.2% (w/v) SDS

The final concentrations (% w/v) in each gel were as follows :Separating gel:
Stacking gel:

10% acrylamide, 0.325% bisacrylamide, 0.2% SDS, 0.15%
ammonium persulphate, 0.375M Tris-HCl, pH 8.8
3.5% acrylamide, 0.05% bisacrylamide, 0.2% SDS, 0.15%
ammonium persulphate, 0.125M Tris-HCl, pH 6.8
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The solutions were stored at 4°C, and 0.22/x filtered prior to use.
To initiate the polymerisation reaction, TEMED was added as the final component of a gel
mixture (0.5/xl per ml gel mixture).

2.6.4

Preparation of slab gel (10% linear)

Gels were prepared and run in a Bio-Rad Protean II Gel Apparatus. Gel plates had been
washed in Fairy liquid concentrate, rinsed in distilled water and absolute ethanol, and
stored in Kleenex paper towel, ready for use.
A gel template was formed by clamping two 18cm wide glass plates together, separated
at a distance of 0.75mm by plastic spacer strips which had been coated with a small
amount of petroleum jelly to create a liquid seal.
Separating gel mixture was prepared by adding together the following quantities of the
above numbered solutions: 10ml (1), 20ml (3), 5ml (5), 5ml (6). The mixture was
degassed and 20/xl TEMED added.
The gel mixture was poured into the template, care being taken to avoid frothing, to a
height of 10cm plus an extra 0.5cm to allow for shrinkage during polymerisation. The gel
was overlaid with a minimal amount of distilled water from a 1ml syringe fitted with a 25
X g needle, to exclude atmospheric oxygen, and left to set (about 30 minutes).
Stacking gel mixture was prepared by adding together the following quantities of the above
numbered solutions: 2.5ml (2), 5ml (4), 1.25ml (5), 1.25ml (6). The mixture was degassed
and 5jLtl TEMED added.
The water overlay was removed from the polymerised separating gel, and stacking gel
mixture poured onto the top of the gel to a height of 3cm. A 20 lane PTFE comb was
inserted into the top of the stacking gel to a distance of 2cm, and the separating gel was
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left to set. The gel was protected against water evaporation and stored at 4°C overnight.

2.6.5

Preparation of solutions (4% to 16% gradient slab geP

The following stock solutions were required for a 4% to 16% gradient gel with 3.5%
stacking gel. The solutions were stored at 4°C, and O.llji filtered prior to use:1.
2.
3.
4.
5.

30% (w/v) acrylamide + 0.8% (w/v) N ,N ’-dimethyl bisacrylamide
14% (w/v) acrylamide + 0.2% (w/v) N,N'-dimethyl bisacrylamide
2M Tris-HCl, pH 8.8
0.25M Tris-HCl, pH 6.8
1.6% (w/v) SDS

Other solutions were as follows :6.
7.
8.

1.2% (w/v) ammonium persulphate (freshly made up)
TEMED
Running buffer (freshly made up): 0.025M Tris-HCl, pH 8.3, 0.192M glycine,
0.2% (w/v) SDS

4% and 16% acrylamide solutions were prepared by mixing the following quantities of the
numbered solutions :-

Distilled
Solution
Solution
Solution

water
3
5
1

4% (w/v) acrvlamide
20.0ml
7.5ml
5.0ml
2.5ml

16% (w/vl acrvlamide
0.0ml
7.5ml
5.0ml
20.0ml

10ml of each mixture was placed in separate flasks and degassed, and to each was added
0.83ml solution 6 and Sfû TEMED.

2.6.6

Preparation of 4% to 16% gradient gel

The gel plate template was set up as described in § 2.6.4. Two Gilson peristaltic pumps
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(Gilson, France), fitted with 1.75mm internal diameter tubing were used. The first pump,
set at a meter reading of 600, was placed between the gel plates and the 16% acrylamide
mixture (stirred). The second pump, set at 300, was used to transfer the 4% acrylamide
mixture to the 16% acrylamide at a measured rate so as to dilute the 16% mixture in a
linear fashion. The pumps were turned on simultaneously, and acrylamide solution of
decreasing concentration was transferred from the mixed solution to the gel plate
apparatus. The gradient gel was overlaid with water delivered from the pump at a reduced
setting of 100, and left to set. A stacking gel was added, as described for a linear gel
(§2.6.4).
The final concentrations (% w/v) in each gel were as follows
Gradient gel: 4% to 16% acrylamide, 0.06% to 0.3% bisacrylamide, 0.2% SDS, 0.1%
ammonium persulphate, 0.429M Tris-HCl, pH 8.8
Stacking gel: 3.5% acrylamide, 0.05% bisacrylamide, 0.2% SDS, 0.15% ammonium
persulphate, 0.125M Tris-HCl, pH 6.8
The gel was protected against water evaporation and stored at 4°C overnight.

2.6.7

Running of slab gels

The gel plate apparatus containing a gel was loaded into the Protean II electrophoresis
tank. The PTFE comb was removed from the top of the gel, and samples (60/xg protein
loaded in 10/xl to 20/xl) were loaded into the wells, using a Hamilton syringe (Hamilton
Company, Reno, Nevada, USA). High molecular weight markers (myosin 205,000, Bgalactosidase 116,000, phosphorylase b 97,400, bovine albumin 66,000, ovalbumin
45.000, carbonic anhydrase 29,000) and low molecular weight markers (bovine albumin
66.000, ovalbumin 45,000, glyderaldehyde-3-phosphate dehydrogenase 36,000, carbonic
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anhydrase 29,000, trypsinogen 24,000, trypsin inhibitor 20,100, a-lactalbumin 14,200)
which had been prepared in the same way as samples (§2.6.2) were loaded alongside
samples. The top chamber of the apparatus was filled with running buffer (about 150ml)
and checked for leaks. The bottom chamber was filled with running buffer (about 4 litres)
at 4°C, and the cooling water was turned on. The apparatus was connected to a Vokam
2000-300-150 power supply (Shandon Southern, Runcorn, Cheshire), and run at constant
current (10mA through stacking gel, increased to 30mA for separating gel), until the
bromophenol blue tracker dye was about 1cm from the bottom of the gel.

2.6.8

Staining of slab gels

Gels were removed from the glass plates into a clean plastic tray (Nunc 500cm^ Bio-Assay
Dish) and stained overnight in Coomassie Brilliant Blue stain (0.05% Coomassie Brilliant
Blue R, 10% propan-2-ol, 10% acetic acid: made up freshly for each use). The stain was
replaced with several changes of de-stain (10% propan-2-ol, 10% acetic acid) until
unbound dye was removed from the gel. Where a permanent record was required gels
were photographed by the Medical Illustrations Department, Royal Free Hospital.

2.6.9

Preparation, running and staining of rod gels

Rod gels were found more suitable where small amounts of sample material were
available. Gels were cast in glass tubes 11cm in length (o.d. 8mm, i.d. 5mm). Tubes had
been washed by boiling for 5 minutes in a dilute solution of SDS (0.02%), and dried. The
lower end of the tubes were sealed with 10mm wide PTFE tape, the tubes marked at
10.2cm from the lower end, and supported vertically in a rack. The stock gel solutions
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were as used in §2.6.3, and were mixed in the following amounts to give a 7% acrylamide
gel:- 6.0ml (1), 20ml (3), 5ml (5), 5ml (6), 4.0ml distilled water. The mixture was de
gassed, following which lOjitl TEMED was added. The gel tubes were filled to the mark
with the mixture, using a 20ml syringe fitted with a 21 x g needle, and a 200/xl overlay
of distilled water was applied to the top of the gel from a 1ml syringe fitted with a 25 x
g needle. After polymerisation had occurred (about 30 minutes) the gel tubes were fitted
into position in a gel apparatus specially constructed for the purpose. The water on the
surface of the gel was replaced with running buffer (see §2.6.3), and samples (30/xg
protein in lOptl) were loaded, one per gel. The top and bottom resevoirs were filled with
buffer sufficient to cover the upper and lower ends of the gels, and the apparatus was
connected to the power supply (§2.6.7). Gels were run at 5mA per gel for the first 30
minutes, then at 10mA per gel (constant current). After the run the gels were loosened by
running a 21 x g needle up the inside wall of each tube at both ends and liberally dousing
with distilled water, and placed in a staining tank. Staining procedure was the same as that
used for slab gels (§2.6.8).

2.6.10

Densitometric scanning of rod gels

Results from rod gels were recorded as a linear scan, made by scanning a stained gel on
a Chromoscan 3 (Joyce-Loebl Ltd.,Gateshead), at a wavelength of 530nM, and slit width
of 0.1mm. To ensure that a gel remained straight on the scanning table, a thin glass rod
was placed in contact with the side of the gel during scanning.
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2.6.11

Caution in the use of the SDS-PAGE method

While the power and usefulness of the SDS-PAGE method is undisputed (Weber and
Osborn, 1969), care has to be exercised in interpretation of the results. Two problems
have been encountered in the separating of samples derived from human plasma, both of
which arise from the large excess of albumin in the samples. The first is the distortion
of mobilities of proteins due to local swamping of the gel matrix by albumin. Smaller
proteins have a tendency to ’ride’ the albumin front, which impedes the freedom of their
movement through the matrix. The second problem is the tendency for a protein present
in excess to diffuse transversely into adjacent lanes, leading to erroneous assumptions
about the identity of proteins in those lanes. Where plasma samples were run, care was
taken to space samples on the gel so as to minimise lateral interference.

2.7

Protein assav

Protein concentrations were determined using a modified method of Lowry et al, (1951),
which is described by Markwell et al (1978). A standard curve of bovine serum albumin
in the range 0 to lOOjug was routinely constructed. The absorbance of samples and
standards was read at 660nm in a Pye Unicam SP6-500 spectrophotometer (Pye Unicam,
Cambridge). A typical standard curve is shown in figure 2.4.

2.8

Coagulometrv

Activated Partial Thromboplastin Times (APTT) and Prothrombin Times (PT) were
measured in an Amelung KCIO Coagulometer (M.Amelung, Gmbh., Lemgo, Germany).
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Protein standard curve.
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To a plastic coagulation vial containing a steel ball bearing was added 0.3ml fresh human
plasma and 0.3ml sample or buffer. The vial was pre-warmed in a 37°C heating block,
or directly placed in the coagulometer to warm. Coagulation was activated by the addition
of 0.3ml 25mM CaCl2 (final concentration 8.3mM), and a timer was automatically
flagged. Clot formation was detected by the change in magnetic field of the sample as the
ball bearing became immobilized by the clot, and the timer was automatically stopped.
Determinations on each sample were done in triplicate. Tests of the intrinsic + common
pathway (APTT) of coagulation were performed on normal plasma. Tests of the extrinsic
and common pathways (PT) were done using factor VII deficient plasma, which was
supplied as a lyophilized powder and was freshly reconstituted with distilled water for each
experiment. Factor VII deficient plasma was tested for reduced extrinsic pathway activity
relative to normal plasma using a standard Diagen thromboplastin preparation (Diagnostic
Reagents Ltd.).

2.9

Plasma Fractionation

2.9.1

Ion-exchange chromatographv on DEAE-Sepharose CL6B

Plasma was fractionated into four fractions by gradient elution from a DEAE-Sepharose
CL6B column. All solutions were buffered with 0.05M Tris-HCl, pH 8.6. The
fractionation was performed at 4°C.
1ml of fresh human plasma was loaded onto a column of DEAE-sepharose CL6B (23cm
X

1cm) equilibrated with buffer. This was eluted with a OM to 0.5M NaCl linear gradient.

A280 of the eluate was measured by passing through the flow cell of a Pye Unicam SP6-500
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spectrophotometer, linked to a Rikadenki Dual Channel Recorder series R-OOX, using one
channel of the recorder in ’superimpose’ mode. The gradient was created in the following
way. Two channels of a four channel Watson Marlow 202/U pump (Watson Marlow Ltd.,
Falmouth, Cornwall) were used simultaneously to pump buffered 0.5M NaCl from a
resevoir of about 500ml into a ’mixing chamber’ containing 231ml buffer without NaCl,
and to pump buffer (of increasing NaCl strength) from the mixing chamber through the
column. The pump was fitted with 1.54mm (i.d.) tubing, and was run at a setting of 30%,
giving a flow rate of 27.7ml per hour. Material from the peaks was collected and its pH
carefully adjusted back to pH7.4 by the addition of small amounts of 0.1 M acetic acid.
After use the column was flushed with buffer containing IM NaCl.

2.9.2

Cohn fractionation

2.9.2.1

Theoretical aspects

Plasma was fractionated into five fractions by the method of Cohn (1946). The method
involved adjusting the pH of plasma, and precipitating proteins whose Isoelectric Point (pi)
was equal to the pH and therefore had a net zero charge, using ethanol. At each stage, pH
was first adjusted by the addition of O.IM acetic acid or IM sodium bicarbonate as
appropriate, the volume being noted before and after, after which the ethanol concentration
was adjusted to the required value.
The following formula was derived to enable calculation of the volume of absolute ethanol
required to give the requisite ethanol concentration. All concentrations are expressed as

% ethanol (v/v), and volumes are in ml:-
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Required (final) volume, V2 =

where

Ci
C2
Vi
100

=
=
=
=

2.9.2.2

Plasma fractionation

(C1V1-IOOV1)
(C2 - 100)

initial concentration
final concentration
initial volume
concentration of added alcohol (100%)

The procedure was carried out at 4 °C. All solutions were cooled to 4°C before being
added. All additions were made slowly, with stirring. The initial volume of plasma was
25ml. Precipitated fractions were removed by centrifugation at 1200g for 20 minutes at
4°C (lEC Centra-7R refrigerated centrifuge).

Fraction designation
I
II/III
IV l
IV4
V

pH
7.2
6.9
5.2
5.8
4.8

lEthanoll (% v/v)
8
25
18
40
40

Each fraction was resuspended in 2ml modified Tyrodes-HEPES buffer, and dialysed
overnight against the same buffer. It was assayed for protein concentration and stored at
4°C.

2.10

Preparation of hepatoma cell plasma membranes

Three confluent 75cm^ flasks of hepatoma cells were washed free of growth medium with
PBS A. The cells (15 x 10^ cells) were scraped from the flask using a Nunc cell scraper,
and transferred to a 30ml universal tube, with PBS A. The cell suspension was centrifuged
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at 80g for 10 minutes at 20°C, and the cell pellet resuspended in 10ml PBS A containing
protease inhibitors (2mM iodoacetamide, 0.2mM PMSF, lOjug.ml'^ pepstatin). All
subsequent manipulations were done at 4°C. Cell clumps were broken up by drawing the
suspension through a 21 x g needle several times. Cells were disrupted by sonication (MSB
sonicator, model 1-73 (MSB, Crawley, W.Sussex), fitted with a 10mm probe) at medium
power and amplitude 5 (meter reading 10 microns), 5 seconds ’on’ and 5 seconds ’off’ for
a total sonication time of 30 seconds, with cooling in ice. The broken cells were
sedimented by centrifugation at 18,000g at 4°C for 20 minutes in a Sorvall RC5B
centrifuge. The pellet was resuspended in 5.5ml PBS A, and 3.5ml Percoll was added. The
suspension was centrifuged at 18,000g at 4°C, for Ih after which a band of plasma
membranes could be seen about 1.5cm from the top of the tube. The membranes were
removed with a pastette, and washed three times in PBS A by centrifugation at 18,000g at
4°C, for 20 minutes. The resultant membrane preparation was assayed for protein and
stored at -20°C.

2.11

Scanning Blectron Microscopv

Tumour cell/platelet mixtures containing 1% plasma and ImM Ca^^ were allowed to
aggregate, and then fixed in 3% glutaraldehyde (v/v) in O.IM Na cacodylate buffer (pH
7.4) containing O.IM sucrose (300m0sm) for 30 minutes at 4°C. The samples were
dehydrated through increasing ethanol concentrations (30 - 100%) and critical point dried
before being coated in carbon and platinum in an Ion Tech saddle field using an ion source
sputter coater (Ion Tech, Teddington, Middlesex, UK). The tumour cell/platelet aggregates
were viewed in a Phillips 501 scanning electron microscope (Pye Unicam Ltd.,
Cambridge, UK). Sample grids were first scanned at low magnification and representative
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photographs taken at various magnifications.

2.12

Statistical Methods

Significance testing for small sample numbers was performed using Student’s t-test (twosided), according to the formula
X - jLt

t =

-----

sh/n
where

x =
jLt =
n =
s =

sample mean
unknown population mean (assumed to be 0 for
a ’paired-comparison’)
number of sample points
standard deviation of n sample points

Probability values ’p ’ were obtained by referring to the ’Student’s t-distribution’ table
given in Appendix 2 of ’Statistical Methods in Biology’ by N. T. Bailey, Pub. The English
Universities Press Ltd., assuming n - 1 degrees of freedom.

Standard deviation ’s’ was obtained as the square root of the variance s^, from the
formula

s^ =

1
- E(x - fxf
n
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2.13

Chromogenic Thrombin Assav

Generation of thrombin was detected by measuring hydrolysis of the synthetic substrate
sarcosyl-L-prolyl-L-arginine p-nitroanilide, which yielded a yellow product, p-nitroaniline,
which could be detected spectrophotometrically.

The substrate (lOmM stock) was dissolved in ImM HCl, just prior to use.
The assay cocktail consisted of the following components in a final volume of 1ml (final
concentrations)
sarcosyl-L-prolyl-L-arginine p-nitroanilide (50jLcM)
platelet-poor plasma (2%), Mahlavu cells (10"^ cells), platelets (10* cells) (as
CaCl2 (ImM) (as required)
required)
Imidazole buffer (20mM, pH6.6) to a volume of 1ml

The substrate was added as the last component.
The assay mixture was incubated for 10 mins at 37°C. The mixture was transferred to ice,
and the reaction immediately stopped by the addition of cold ImM EDTA, followed by
1% (w/v) BSA and 5% (w/v) trichloroacetic acid, to precipitate protein. Following brief
centrifugation (Sorvall microspin centrifuge - 13,700rpm, 2 mins) 1ml of supernatant was
removed, and the colour developed by addition of 30/>cl ION NaOH (final concentration
300mM). Absorbances were read on a Bio-Rad Elisa plate reader, fitted with a 410nm
filter. All assays were run in quadruplicate, and absorbances were measured in triplicate.
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CHAPTER THREE

CHAPTER THREE

CHARACTERISTICS OF IN VITRO HUMAN HEPATOMA CELL
-INDUCED PLATELET AGGREGATION

3.1

Introduction

The aggregation of platelets induced by isolated tumour cells in vitro was first
demonstrated by Gasic et d (1973) using cells isolated from 33 murine tumours, (24 solid
tumours, 9 ascites tumours) of varying aetiology, using homologous PRP. Results from
31 were reported, and of these 15 were able to cause irreversible secondary platelet
aggregation in heparinised PRP (hPRP). Only one of 16 tumours tested was capable of
causing aggregation when citrated PRP (cPRP) was used. When these early studies were
made the involvement of blood coagulation in the process of tumour cell-induced platelet
aggregation was not appreciated, and attempts to correlate in vitro platelet aggregating
activity with metastasis in vivo where such was measured in the presence of an inhibitor
of coagulation (heparin) and in the absence of free Ca^^ (cPRP) on which coagulation
depends, cannot now be considered as satisfactory.

3.2

Aim of this chanter

In the present study, platelet aggregation was performed using isolated platelets, which
allowed for defining of tumour cell-induced platelet aggregation in terms of plasma
components and metal ion requirements.
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This chapter presents the results of preliminary experiments which served to establish
conditions in which human hepatoma cells caused platelet aggregation, and the way in
which the proaggregatory activity was expressed by the cells.

3.3

Human hepatoma cell lines

The proaggregatory potential of five human hepatoma cell lines was investigated. Four
of the cell lines were of hepatocellular carcinoma origin, namely, Mahlavu, SK55,
Alexander and Hep3B, and the fourth, HepG2 was of hepatoblastoma origin. Other details
are given in Table 3.1. The appearance of cultured monolayers of the cell lines as viewed
by phase contrast light microscopy is shown in Figure 3.1.

3.4

Methods

Methods employed in this chapter have previously been described in detail, and were as
follows: culture of hepatoma cell lines (§2.3.5), preparation of PRP (§2.4.1) and isolated
platelets (§2.4.2), platelet aggregation (§2.4.4), lumiaggregometry (§2.4.4.4), lysosomal
release (§2.4.4.5), hepatoma cell membrane isolation (§2.10).

3.5

Hepatoma cell-induced platelet aggregation with platelet rich plasma

Citrated PRP was adjusted to a platelet count of 3 x lO W ^ using citrated PPP. All
hepatoma cell lines were tested for their ability to cause platelet aggregation in cPRP.
HepG2 and SK55 were found to cause rapid irreversible platelet aggregation, following
a lag period of 1 to 2 minutes, in the presence of ImM Ca^^, but not in the absence of
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T a b le 3.1 C h a r a c te r is tic s o f h u m a n h ep a to m a c e ll lin e s u se d in th is study.

CELL L IN E

TUM OUR TYPE

A le x a n d e r

H e p a to c e llu la r
c a r c in o m a

COUNTRY
o f O R IG IN

M E T A ST A T IC ?

R e fe r e n c e

M o z a m b iq u e
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HUM AN HEPATOMA CELL LINES IN CULTURE

(a)

(b )

(c )

Figure 3.1 (continued on next page)
Phase contrast m icrographs of confluent cultures of
(a) M ahlavu (b) HepG2 (c) SK55 hepatom a cells.
M agnification 200x.
Cells w ere grow n in M199 (H an k ’s) containing 10% FCS and 50 lU.mi
p e n ic illin / 50 ug.m l”^ streptom ycin.

ioo

H U M A N HEPATOMA CELL LIN ES IN CULTURE

(d)

(e )

Figure 3.1 (continued from previous page)
Phase contrast m icrographs of confluent cultures of
(d) A lexander (e) Hep3B hepatom a cells.
M agnification 200x.
C ells were grow n in M199 (H an k ’s) containing 10% FCS and 50 IU ji
p en icillin / 50 ug.mF^ streptom ycin.
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Ca2'^ (Fig. 3.2 b,c). Platelet aggregation with Mahlavu, Alexander and HepBB cells was
less rapid, but was also irreversible and Ca^^ dependent (Fig. 3.2 a,d,e).

3.6

Hepatoma cell-induced platelet aggregation using isolated platelets

Aggregation experiments were performed using isolated platelets at 3 x 1 0 \m l'\ stiirred
at 900 rpm, at 37°C. Platelet aggregation did not occur in the absence of PPP and Ca^^.
However, in the presence of ImM Ca^^ alone, slow (irreversible) platelet aggregation! was
observed with HepG2, Alexander or SK55 cells (Fig. 3.3). This effect is hereafter referred
to as ’plasma-independent aggregation’. Aggregation was found to be Ca^'^- dependent.
Using lower concentrations of plasma (0.5% to 1 %) and ImM Ca^^, all 5 hepatoma cell
lines caused rapid (irreversible) platelet aggregation after a short lag period (Fig. 3.4).
The potency of this effect varied with the cell line used, Mahlavu and SK55 being imost
potent, with a lag time of under 1 minute, and HepG2, the least potent with a lag time
of 3 minutes. This response is hereafter referred to as ’plasma-dependent aggregation’.

Dose/response studies were carried out with plasma-independent aggregation induced by
Alexander cells, where a minimum ratio of 1 hepatoma cell: 1,4 x 10"^ platelets (2,100
Alexander cells with 100fû platelets at 3 x lO W ^) was effective. The minimum doise of
Mahlavu cells and SK55 cells to cause plasma-dependent aggregation was considerably
less, being, respectively, 1 hepatoma cell: 1.5 x 10^ platelets (200 cells with liOO/^il
platelets at 3 x lO^ml'^), and 1 hepatoma cell: 1.25 x 10^ platelets (240 cells with liOOjul
platelets at 3 x lO^ml'^).
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HEPATOMA CELL-INDUCED PLATELET AGGREGATION
IN PLATELET RICH PLASMA
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Figure 3.2
Platelet aggregation induced by a) HepG2 b) Mahlavu c)SK55
d) Alexander e) Hep3B isolated cells, in cPRP (platelet
count 1 X 10^.ml ’) in the presence of ImM Ca^^.
The hepatoma cell: platelet ratio was 1: 3 x 10'’.
(n = 3)
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(e)

PLASMA-INDEPENDENT HEPATOMA CELL-INDUCED PLATELET AGGREGATION
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Figure 3.3
Platelet aggregation in isolated platelets (platelet count
3 X lO^ml ') induced by hepatoma cells in the presence of ImM Ca^^,
The hepatoma cell: platelet ratio was 1: 6 x 10\ The lower trace of
each pair shows the effect of hepatoma cells in the absence of Ca^^.
(n = 7)
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PLASMA-DHPENDENT HEPATOMA CELL-INDUCED PLATELET AGGREGATION
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Figure 3.4
Platelet aggregation in isolated platelets (platelet count 3 x
induced by hepatoma cells in the presence of 1% cPPP and ImM Ca^^.
a) Mahlavu b) HepG2 c) SK55 d) Alexander e) HepBB.
The lower trace of each pair shows the effect of hepatoma cells with cPPP
in the absence of Ca^^. No aggregation occurred with 1% cPPP and ImM Ca^+
alone (not shown).
The hepatoma cell: platelet ratio was 1: 3 x lO'*.
(n = 18)
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3.7.1

Platelet granule release: physiological aspects

Secondary platelet aggregation is normally accompanied by platelet degranulation. The
platelet contains three types of secretory granules, namely, dense granules, a-granules and
lysosomes. The contents of the various platelet granules are not all secreted with the same
facility. Lysosomal release is induced only by powerful stimuli such as thrombin or
collagen, whereas the contents of dense granules are secreted readily by mild stimuli such
as ADP and adrenaline. Some of the «-granule contents are secreted even more readily
than the contents of dense granules (Gordon, 1981).

3.7.2

Platelet granule release: measurement bv lumi-aggregometrv

Release from dense granules can be measured concomitantly with aggregation in a lumiaggregometer, using a luciferin/luciferase system to detect ATP (Feinman, 1977). Since
degranulation of «-granules occurs preferentially to dense granules, dense granule release
can be used as an indication of both dense and «-granule release.

Isolated cells from all five hepatoma cell lines were found to cause dense granule release
from isolated platelets in conditions leading to plasma-dependent secondary aggregation
(Fig. 3.5). Release was parallel with aggregation, and no release was seen without
aggregation, indicating that activation of platelets was occurring and that the release was
not due to lysis of either tumour cells or platelets caused by, for example, complement
activation.
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LUMI-AGGREGOMETRY OF HEPATOMA CELL-INDUCED
PLATELET AGGREGATION

<
4
-1
•H
Ü -U
1— I

d)
•H

OJ

<U

H 0)
•H

<
4-1

0)

-U
<
4-1

t - —4— V
0)
w
Id
k
(U

c
o
•H

O
C' *w
H
■H E
«

(0

s s
c
M JJ
xO
:'

<
4
-1
c
0
■H
4J
Id
d)

Id

w
1-4
I—
I
d)

•H
U 4J
d c
rH d)

CP

•H
O
3

f-4

H

o
Id

c Id
•H d)
k k
d)

U
cn
CP <
4-4

(U
w
Id
w
<d4^)

s
o

-p
Oi Id

Id
Q,
d)

o u
4,

x:
4-

^

Q
ipvj

f

i1 mini

Time

Figure 3.5
Simultaneous measurement of dense granule release and platelet aggregation
in isolated platelets (platelet count 3 x 10®.ml *) in the presence of 1 % cPPP
and ImM Ca^^. ATP released from dense granules reacted with luciferinluciferase reagent to produce chemiluminescence.
Hepatoma cell: platelet ratios were as follows:a) Mahlavu 1: 3 x ID'* b) HepG2 1: 1.5 x lO'* c) SK55 1: 5.4 x lO'* d) Alexander
1: 1.3 X 10" e) Hep 3B 1: 1.5 x 10".
(n = 3)
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3.7.3

Platelet granule release: lysosomal release

Mahlavu cell-induced platelet aggregation was accompanied by release of lysosomal
content, which occurred simultaneously to secondary platelet aggregation. The amount of
release as determined by measurement of the activity of acid hydrolase enzyme B-NacetyIglucosaminidase, was at a level similar to that caused by thrombin (Fig. 3.6 a & b).
ADP wasfound to give a much lower level of release (Fig. 3.6 c).

3.8

Effect of non-viable hepatoma cells

Isolated hepatoma cells were initially tested for proaggregatory activity, and then killed by
incubation at 4°C for 2h in PBS(A). The cells were screened microscopically for lysis and
intact suspensions tested for their ability to induce platelet aggregation. None of the cell
lines was able to induce platelet aggregation when the cellswere non-viable.

3.9

Effect of hepatoma cell-conditioned buffer

Suspensions of hepatoma cells (lO^ml'^) which had been in Clare & Scrutton HEPES buffer
for Ih at room temperature and had been found to have pro-aggregatory activity, were
centrifuged in a Sorvall microspin centrifuge at 450g for 5 minutes. The supernatant was
removed and centrifuged in the same centrifuge at 2750g for 5 minutes. The supernatant
was removed to a fresh tube. The hepatoma cell-conditioned buffer was tested for its
ability to induce platelet aggregation under defined conditions of PPP and Ca^^
concentration.
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ADP-INDUCED PLATELET LYSOSOME RELEASE
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THROM BIN-INDUCED PLATELET LYSOSOME RELEASE
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MAHLAVU CELL-INDUCED PLATELET LYSOSOME RELEASE
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Cell-conditioned buffer from Mahlavu, Alexander, Hep3B and SK55 cells caused plasmadependent platelet aggregation analogous to whole cell-induced aggregation, in the
presence of low concentrations of citrated PPP (1%) and ImM Ca^^ (Fig. 3.7a). The cells
from which the cell-conditioned buffer was prepared were tested following resuspension
in fresh buffer, and found still to be active (Fig. 3.7b). These hepatoma cells were
therefore producing proaggregatory activity which is released from the cell. In contrast,
cell-conditioned buffer from HepG2 cells was inactive with respect to activation of
platelets, while the cells from which the cell-conditioned medium was prepared continued
to be active. The proaggregatory activity of HepG2 cells remained associated with the cell,
and was not released into the buffer.

3.10

Heat inactivation of Mahlavu cell-conditioned buffer and citrated platelet
poor plasma

The platelet aggregating activity released from Mahlavu cells was found to be sensitive to
heating at 60°C, the activity being progressively lost with time of heating (Fig. 3.8 a &
b). The obligatory component of plasma was also found to be heat sensitive (Fig. 3.8 c).
These results suggest the involvement of protein material from both the hepatoma cells and
from plasma in the process of Mahlavu cell-induced platelet aggregation.

3.11

The effect dialvsis of Mahlavu cell-conditioned buffer
and citrated platelet poor plasma

Freshly collected Mahlavu cell-conditioned buffer and fresh citrated PPP were separately
dialysed for 2h with stirring, at 4°C, with frequent buffer changes (every 20 minutes). The
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PT.A TRI .FT AGGREGATION INDUCTION BY HEPATOMA
CELL-CONDITIONED BUFFER

Mahlavu

SK55
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HepG2

Hep3B
T

cPPP

T

hepatoma
cell-conditioned
buffer

CPPP
Ca^^

resuspended
hepatoma
cells

1 minute

(a)

Figure 3.7
a) The effect of hepatoma cell-conditioned buffer added to isolated platelets (platelet
count 3 X 10^.ml'^) in the presence of 1% cPPP and ImM Ca^^. Final concentrations of
hepatoma cell-conditioned buffer (protein per ml) were:
Mahlavu 7^g, HepG2 5fxg, SK55 6/xg, Alexander 7/xg, HepSB ô/xg.
These concentrations are the amount of protein released from suspensions of hepatoma
cells at 2 X 10^.ml * which had been incubated at room temperature for 1 hour, after
dilution due to addition to the platelet suspension.
b) Platelet aggregation induced in isolated platelets (3 x 10®.ml'*) by hepatoma cells
resuspended to their original cell count after removal of the cell conditioned buffer used
in (a). The hepatoma cell: platelet ratio was 1: 3 x 10'*.
(n = 4)
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HEAT INACTIVATION OF cPPP AND MAHLAVU
rF.T.T.-CONnTTTONRn BUFFER
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Figure 3.8
Effect of heating cell-conditioned buffer for a) 10 minutes and b) 30 minutes, at 60°C, on
Mahlavu cell-induced platelet aggregation. PPP was added to 1%, and the Ca"^ concentration
was ImM. The isolated platelet count was 3 x 10*.ml *. The Mahlavu cell: platelet ratio was
1: 3 X 10\
(n = 3)
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dialysed preparations were then tested for their activity against platelets. The proaggregant
activity released from Mahlavu cells was retained, although its potency was slightly
reduced compared with the original non-dialysed material (Fig. 3.9 b). The reduction in
potency may have been due to a small amount of proteolytic activity during dialysis.
Similarly, dialysed citrated PPP was effective in allowing Mahlavu cell-induced platelet
aggregation (Fig. 3.9 a). These results indicated that both the proaggregatory activity of
Mahlavu cell buffer and the component(s) of plasma required for the expression of the
activity were macromolecules.

3.12

Effect of hepatoma cell membranes

Purified hepatoma cell plasma membranes were tested for their ability to induce platelet
aggregation at concentrations approximately equivalent to those which applied to
aggregation induced by whole cells. lOfig protein.ml^ of membranes (final concentration)
were introduced to platelets in the presence of 1% citrated PPP and ImM Ca^^. Plasma
membrane preparations from none of the hepatoma cell lines caused platelet aggregation
(Fig. 3.10 a-e). In view of the association of HepG2 proaggregatory activity with the outer
cell surface already described (§3.9), it was apparent that activity was either being lost
from the cell membrane during isolation or depended on the 3-dimensional structure of the
membrane being intact. A more gentle approach to cell disruption which maintained
plasma membrane integrity was therefore used. HepG2 cells, previously suspended in
Modified Tyrode’s buffer (2 x 10^ cells.ml'^), were centrifuged (llOg, 2 minutes, at room
temperature, in a Sorvall microspin centrifuge) and resuspended in an equal volume of
hypotonic lOmM phosphate buffer, pH7.4. The cells were allowed to lyse (10 minutes,
room temperature). The lysed cells were then resealed by the addition of a 50-fold excess
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DIALYSIS OF PPP & MAHI.AVIT CF.T .1-CONniTTONED BUFFER
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Figure 3.9
The effect of dialysis of a) cPPP on Mahlavu cell-induced platelet aggregation (hepatoma cell:
platelet ratio 1: 3 x 10'*), and b) Mahlavu cell-conditioned buffer (final concentration 5jLtg.ml *).
Final concentrations of PPP and Ca^^ were 1 % and ImM respectively.
Isolated platelet count was 3 x 10*.ml *.
(n = 3)
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EFFECT OF HEPATOMA CELL MEMBRANES ON ISOLATED PLATELETS
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Figure 3.10
a) to e) The effect of hepatoma cell plasma membranes added to isolated platelets
(3 X lO^ml ') in the presence of 1% cPPP and ImM Ca^^, at a final concentration of
10/xg protein.ml t
f) platelet aggregation in the presence of 1 % cPPP and ImM Ca^^ induced by HepG2
cells (left) and by HepG2 ghosts prepared from the same cells (right) (cell or ghost:
platelet ratio 1: 1.5 x 10"^).
(n = 3)
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of (isotonic) Clare & Scrutton HEPES buffer, and centrifuged (1 lOOg, 20 minutes, at room
temperature, in a Centra 7R centrifuge). The nucleated cell membranes (HepG2 ghosts)
were resuspended to their original volume in Clare & Scrutton HEPES buffer. When
substituted for whole cells in platelet aggregation experiments, HepG2 ghosts caused
platelet aggregation in the presence of low concentrations of plasma (1 % citrated PPP) and
ImM Ca^^. The aggregation proceeded without the lag period which was observed when
whole cells were used (Fig. 3.10 f).

3.13

Release of pro-aggregatorv material from HenG2 cells bv urea

To ascertain whether the pro-aggregatory activity of HepG2 cells was integral with or
peripheral to the cell surface, HepG2 cells in Clare & Scrutton HEPES buffer were treated
with IM urea (final concentration).
To the cells in buffer was added an equal volume of 2M urea dissolved in the same buffer,
and the cells were left at room temperature for 30 minutes with periodic mixing. Cells
were removed by centrifugation (80g, 10 minutes), and the supernatant subjected to
dialysis against Clare & Scrutton HEPES buffer, for 2 hours, at 4°C, with stirring and
frequent buffer changes (every 20 minutes). After dialysis the extract contained 30jng
protein m l^. The urea-extracted material was found to have proaggregatory activity in the
presence of low concentrations of citrated PPP (1%) and ImM Ca^^ (Fig. 3.11 b). The
potency was reduced compared with the original cells. The urea-treated cells were tested
following washing and resuspension in fresh buffer and found to have reduced platelet
aggregating activity (Fig. 3.11 c). The shape of the aggregation trace was similar to that
obtained using ADP as platelet agonist, and was possibly due to ADP leakage from cells
damaged by the urea treatment. This was confirmed by sensitivity to the ADP-clearing
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UREA EXTRACTION OF HEPG2-ASS0CIATED PLATELET
AGGREGATING ACTIVITY
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Figure 3.11
a) Platelet aggregation induced by HepG2 cells
b) Effect of urea-extracted material (filial concentration 3/xg.ml ') from HepG2 cells
on isolated platelets
c) Effect of urea-extracted HepG2 cells on isolated platelets.
Experiments were done using a platelet count of 3 x 10^m l'\ and in the presence of
1% cPPP and ImM Ca^^.
The hepatoma cell: platelet ratio was 1: 1.5 x 10“^.
(n = 3)
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enzyme, apyrase.

3.14

The effect of treating Mahlavu cells with monensin

Mahlavu cells in monolayer culture were treated with monensin (final concentration
5/xg.mr^) for a 24h period. The monensin was removed and the cells rinsed with Modified
Tyrode’s buffer prior to harvesting in the usual way for use in experiments. Monensin is
a fural ionophore with H'^/Na'^ exchange characteristics which acts on intracellular vesicle
compartments and prevents normal secretory release, mitochondrial ATP production (by
depolarising mitochondrial membranes), and endosomal recycling of receptors. The cells
were isolated in the normal way. Treated cells were found to be equally active with respect
to their ability to induce platelet aggregation (Fig. 3.12 b). The cell-conditioned buffer
from the treated cells, however, was less active than that collected from non-treated cells
(Fig. 3.13 c cf Fig. 3.8 a top trace). This suggested that release of proaggregatory material
from Mahlavu cells was partially dependent on normal secretory processes.

3.15

A window into the lag period associated with Mahlavu cell- and HepG2 cellinduced TCIPA

To investigate whether the lag period preceding platelet aggregation was a consequence
of or preliminary to hepatoma cell/platelet interaction, Mahlavu cells or HepG2 cells were
incubated with the plasma and Ca^^ both separately and in various combinations (as
detailed below), prior to their corporate addition to platelets.
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EFFECT OF MONENSIN TREATMENT ON THE PROAGGREGATORY
ACTIVITY OF MAHLAVU CELLS
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Figure 3.12
Platelet aggregation induced by a) untreated Mahlavu cells.
b) Mahlavu cells treated with 5juM monensin for 24h, and
c) cell-conditioned buffer from Mahlavu cells treated with
monensin as in (b).
The platelet count in each case was 3 x lO^.ml % and the tumour
cell:platelet ratio was 1: 3 x 10"*.
(n = 3)
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Preparations of the hepatoma cells were initially tested for proaggregatory activity in the
presence of low concentrations of citrated PPP (1 %) and ImM Ca^^, with a hepatoma cell:
platelet ratio of 1: 3 x 10"^ (1000 hepatoma cells per lOOjul isolated platelets at 3 x 10*ml‘^),
when a normal lag period was observed (Fig. 3.13 a). This confirmed normal platelet
aggregating activity of the cells. Hepatoma cells (lO^cells.ml'^) were then pre-incubated
with 20% PPP or 20mM Ca^^, or both, for 0, 10 and 30 seconds, the incubations being
done at room temperature (20°C) and at 37°C. Quantities were then transferred to stirred
isolated platelets at 37°C, to give the final concentrations of citrated PPP, Ca^+ and
hepatoma cells used in the initial test above. Citrated PPP and Ca^^ were added where
these were lacking in the pre-incubations to make the full tumour cell/platelet aggregation
system. A normal lag period was observed with 0 seconds incubation (Fig. 3.13 b), and
when hepatoma cells were pre-incubated with citrated PPP alone or Ca^^ alone (Fig. 3.13
c). However, pre-incubation of hepatoma cells with citrated PPP and Ca^^ for 10 and 30
seconds, at room temperature and at 37°C, led to removal of the lag period (Fig. 3.13
d). A similar result was obtained when pre-incubated hepatoma/citrated PPP/Ca^^ mixtures
were filtered through 0.22[x filters before being added to isolated platelets. This indicated
that there was some preliminary interaction between hepatoma cells, PPP and Ca^^,
resulting in the production of a soluble extracellular proaggregatory factor, which was a
prerequisite of platelet aggregation.

3.16

Scanning electron microscopv of hepatoma cell-induced platelet aggregation

Scanning electron microscopy revealed two patterns of hepatoma cell induced-platelet
aggregation. When induced by Mahlavu and by SK55 cells platelet aggregation occurred
away from the surface of the tumour cell, the tumour cell being devoid of platelets (Fig.
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EFFECT OF PRE-INCUBATION OF HEPATOMA CF.I.I.S WITH cPPP &/OR Ca'+.
ON THEIR ABILITY TO INDUCE PLATELET AGGREGATION^
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Figure 3.13
Addition of hepatoma cells to isolated platelets a) with Ca^^/cPPP and hepatoma cells added separately,
b) with a mixture of hepatoma cells, Ca^^ and cPPP added together c) with Ca^"^ (or cPPP) added first,
followed by hepatoma cells which had been pre-incubated with cPPP (or Ca^^) d) with hepatoma cells,
cPPP and Ca^^ previously incubated together. All pre-incubations were performed at 20°C for 2
minutes in the absence of platelets. Final concentrations of components were:isolated platelets 3 x lO^.ml ^ 1% cPPP, ImM Ca^^. Hepatoma cell: platelet ratios were:- Mahlavu 1:
3 X 10\ HepG2 1: 1.5 x 10\
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SCANNING ELECTRON MICROSCOPY OF HEPATOMA CELL-INDUCED
PLATELET AGGREGATION

(a)

(b)

I

'k

Figure 3.14 (continued on next page)
Scanning electron m icroscopy of platelet aggregation induced by:
(a) M ahlavu (mag. l,800x) (b) HepG2 (mag. 4,100x) tum our cells.

V?A

SCANNING ELECTRON MICROSCOPY OF HEPATOMA CELL-INDUCED
PLATELET AGGREGATION

(c)

(d)

$

Figure 3.14 (continued from previous page)
Scanning electron m icroscopy of platelet aggregation induced by:(c) A lexander (mag. 1640x) (d) SK55 (mag. 1640x) tum our cells.
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SCANNING ELECTRON MICROSCOPY OF HEPATOMA CELL-INDUCED
PLATELET AGGREGATION

(e)

yi
Figure 3.14 (continued from previous page)
Scanning electron m icroscopy of platelet aggregation induced by:
e) Hep3B (mag. 1640x) tum our cells.

Figure 3 .14 KEY
T = tum our cell
P = platelet aggregates
F = strands of fibrin
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3.14 a,b). In contrast, with HepG2 cell-induced platelet aggregation, platelet aggregates
were seen to have adhered to the surface of the tumour cell (Fig. 3.[14 b).

3.17

Summary & conclusions

Hepatoma cells induced secondary irreversible aggregation of platelets in citrated PRP, in
the presence of added ImM Ca^^, following a lag period of 1 to 2 minutes. Aggregation
was very rapid in the case of HepG2 cell- and SK55 cell-induced aggregation, and less
rapid with that induced by Mahlavu, Alexander or Hep3B cells. These findings concur
with those of workers using other neoplastic cells. In addition to the work of Gasic et al
with murine tumour cells cited above (§3.1), Hamilton et al (1986) reported induction of
platelet aggregation in citrated PRP and heparinised PRP, using hamster pancreatic ductal
ascites tumour cells, Honn et al (1987) using Walker 256 carcinosarcoma from rat, Hara
et al (1980) using cells from a murine renal adenocarcinoma cell line (RAG) and
neuroblastoma cell line (Neuro-2a) tested against hPRP, Pacchiarini et al (1986) using the
murine fibrosarcoma mPS6 and hPRP, Pearlstein et d (1979) using SV3T3 transformed
mouse fibroblasts and hPRP, Mehta et al (1987) using human osteogenic sarcoma (MG-63)
cells tested against hPRP, and Marcum et M (1980) using the human epithelial lung tumour
cell line Hut 20 and hPRP. Procoagulant activity was found associated with platelet
aggregating activity in material purified from murine 15091A mammary adenocarcinoma
cells (Cavanaugh et al, 1985).

Hepatoma cell-induced aggregation of isolated platelets was of two types. ’Plasmaindependent’ aggregation in the presence of ImM Ca^^ occurred with HepG2, Alexander
and SK55 cells. ’Plasma-dependent’ aggregation occurred with all cell lines in the presence
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of low concentrations of citrated PPP (0.5% to 1%), and ImM Ca^+, and was
accompanied by dense granule release. Dense granule release was probably an indicator
of dense and «-granule release (Gordon, 1981). The significance of platelet degranulation
in relation to tumour cell metastasis is discussed in chapter 7. In every case a small
number of hepatoma cells relative to platelets was necessary. At higher concentrations of
citrated PPP (10%) all 5 hepatoma cell lines induced coagulation following initial platelet
aggregation. This indicated that the coagulation cascade or parts of it were being activated
in the presence of tumour cells and platelets. Dialysed PPP was equally effective at
promoting Mahlavu platelet aggregation, whereas heat-inactivated PPP was ineffective.
These findings were consistent with the permissive plasma component(s) being protein in
nature.

When tumour cell-induced aggregation has been studied using washed platelets, other
researchers have similarly found a requirement for plasma (Pearlstein et al, 1979), and
plasma and calcium (Cavanaugh et al, 1985).

Proaggregatory activity was released from Mahlavu, Alexander and SK55 cells, and could
aggregate isolated platelets in the absence of whole cells. The fact that non-viable cells
were inactive indicated that release was an active, energy requiring process and not the
passive loss of cellular constituents. This was confirmed by the observation that monensin
treatment of Mahlavu cells led to reduced levels of released proaggregant activity.
Mahlavu cell-conditioned buffer was found to retain its activity after dialysis but to loose
it after heating at 60°C for 30 minutes. These findings suggested that the proaggregatory
principle released from these cells may be protein in nature. Activity from HepG2 cells
could only be released by extraction with urea. Urea extraction of whole cells has been
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used to prepare enriched peripheral membrane glycoproteins (Yamada et al, 1975). The
HepG2 activity therefore appeared to be a peripheral membrane component. Proaggregant
activity has similarly been removed from SV3T3 transformed mouse fibroblasts (Pearlstein
et al, 1979).

Proaggregant activity was not found in isolated hepatoma cell membrane preparations. In
the case of Mahlavu, Alexander, SK55 and Hep3B cells this may indicate a non-plasma
membrane origin of proaggregatory activity. Alternatively, native disposition of membrane
components may be important in allowing formation and release of the activity. HepG2
cell proaggregatory activity, which is plasma membrane associated, and was found
associated with cells which had been cleared of cytoplasmic components after hypotonic
lysis, may be lost from the cell surface during the more rigorous membrane isolation
procedure. The reduction of the lag period in hypotonically lysed HepG2 cells may be due
to unmasking of external proaggregatory activity due to distention of sections of
invaginated plasma membrane, or accessing of internal components, due to incomplete
sealing of the plasma membrane.

Pre-incubation of Mahlavu cells with citrated PPP and Ca^^ prior to addition to isolated
platelets removed the lag period, and this effect required the presence of citrated PPP and
Ca^^ in tandem. Removal of cellular components by filtration following pre-incubation
yielded a filtrate which also caused instant platelet aggregation. These results demonstrated
that interaction between the hepatoma cells, PPP and Ca^-H, in the absence of platelets,
was producing a soluble platelet activating substance whose activity was then independent
of the hepatoma cells.
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Scanning electron microscopy showed that proaggregatory activity was released from the
hepatoma cell, acting away from the hepatoma cell surface, in the case of Mahlavu and
SK55 cells, and was cell surface-associated in the case of HepG2 cells. This finding
confirmed the platelet aggregation results, where proaggregatory activity was found to be
released from Mahlavu cells but remained associated with HepG2 cells.
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CHAPTER FOUR

CHAPTER FOUR

COMPONENTS OF THE HEPATOMA CELL PROAGGREGATORY MECHANISM

4.1

Introduction

Induction of platelet aggregation by tumour cells has been demonstrated, in vitro, using
cells from a variety of different tissues. Experimental conditions have varied widely
between different groups of workers, making direct comparisons of the mechanism by
which the process occurs in different situations difficult. In a review, Jamieson et ^ (1987)
suggested a seven point strategy for experimenters reporting platelet tumour cell
interactions, which if followed would assist towards rationalisation of the mechanism(s)
of platelet-tumour cell interactions. In the work reported in this chapter and the next, an
attempt has been made to follow those guidelines, and to report additional relevant
findings.

Bastida et ^ have published a series of papers where investigations into the interaction
between platelets and a number of human cell lines have been reported. In 1982 (Bastida
et M (1982)) the cell lines SKBR3 (mammary adenocarcinoma), SKNMC (neuroblastoma),
HT29 (adenocarcinoma) and HT 144 (melanoma) were shown to cause platelet aggregation
through an ADP-mediated mechanism. The process required Ca^^. In contrast, Hut28
(mesothelioma) and U87MG (glioblastoma) showed platelet aggregation through a
coagulation-dependent mechanism, being sensitive to heparin and to hirudin, and also
requiring Ca^^. Both types of effect were sensitive to phospholipase A2, which may be due
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to the inhibitory effect of lysolecithin, released by this enzyme, on platelet aggregation
(Besterman & Gillett, 1971). A requirement for Ca^^ was shown (Bastida et al (1985)) in
both the process of platelet aggregation and platelet-subendothelium interactions induced
by SKNMC cells, operating by an ADP-mediated mechanism, and U87MG cells, operating
by a thrombin-dependent mechanism. It was subsequently shown that the ADP-mediated
proaggregatory activity (SKNMC) and thrombin-dependent proaggregatory activity
(U87MG) is released from the cells as microvesicles (Bastida et al (1986)).

Pearlstein et al (1979) reported extraction of a platelet-aggregating principle (designated
’platelet aggregating material’ ’PAM’) from SV40-transformed mouse 3T3 fibroblasts.
Platelet aggregation by whole SV3T3 cells did not involve the coagulation cascade. PAM
was extractable with IM urea, and its activity was sensitive to neuraminidase, trypsin,
phospholipase-A2, and boiling, suggesting that the activity was due to a sialolipoprotein.
Sonication and non-ionic detergents abolished activity, suggesting that lipid-particle
configuration may also have played a part in its activity. When tested with washed
platelets, hPPP was found to be necessary for activity, implicating a plasma factor(s) in
the process. PAM was sedimentable at 100,000g. In a subsequent study reported from the
same laboratory (Pearlstein et al (1980), Karpatkin et al (1982)) PAM derived from 10
variant cell lines derived from a spontaneously metastatic renal cell sarcoma of rat, PW20,
cell surface sialylation was found to correlate significantly with platelet aggregating activity
and with in vivo metastatic potential of the cells. Platelet aggregation by PAM, which was
inhibited by neuraminidase (and also by phospholipase A2 and by trypsin), was preceeded
by a lag period, events during which involved a heat labile factor (probably an alternative
pathway complement component). The lag period resulted in the formation of a heat stable
plasma-derived factor.
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Hara et M (1980) similarly found platelet aggregating activity in mouse renal
adenocarcinoma cells (RAG) and mouse neuroblastoma cells (Neuro-2a), which was
sensitive to trypsin, phospholipase A2, neuraminidase and non-ionic detergents. This
activity remained bound to tumour cell membranes fragments which were prepared by
gentle hypotonic lysis followed by gentle centrifugation.

Cavanaugh et al (1985) used ion-exchange chromatography and hydrophobic interaction
chromatography to purify the platelet aggregating activity of murine 15091A mammary
adenocarcinoma cells. The activity was trypsin sensitive, and required phospholipid for
activity. The activity was inhibited by the specific irreversible thrombin inhibitors DAPA
and PPACK, but was not much affected by metalloproteinase inhibitors (phenanthroline),
cysteine proteinase inhibitors (iodoacetic acid (lAA)), N-o'-p-tosyl-L-lysyl-chloromethyl
ketone (TLCK)) or serine protease inhibitors (phenylmethylsulphonyl fluoride (PMSF)).
SDS-PAGE of the purified material resulted in a single major band of approximately Mr
51,000. Whether this was under reducing or non-reducing conditions is not specified.
Platelet aggregating activity was found to co-purify with procoagulant activity.

Eche et al (1986) studied metastatic human breast cancer cells collected from a malignant
pleural effusion of a female patient (FAM). These were found to cause platelet aggregation
through the generation of thrombin, and showed parallel procoagulant activity. Thrombin
formation and activation of Factor X were shown to be dependent on the presence of
Factor VII, indicating the involvement of the extrinsic coagulation pathway in this process.
The writers conclude that Tissue Factor is expressed on the surface of these cells.
Expression of Tissue Factor activity was also reported for the human breast carcinoma ZR75-1 (Kadish et al, (1983)).
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Pacchiarini et al (1986) made a comparative study of metastatic (M4) and non-metastatic
(M9) sublines of the benzopyrene-induced mFS6 murine fibrosarcoma, using hPRP for
aggregation studies. The M4 but not the M9 subline caused platelet aggregation in vitro,
and this effect could be inhibited by cysteine proteinase inhibitors (leupeptin, iodoacetic
acid(IAA), p-hydroxymecuriphenylsulphonate (PHMS), N-o'-p-tosyl-L-lysyl-chloromethyl
ketone (TLCK)), but not by serine proteinase inhibitors (Soybean trypsin inhibitor (SBTI),
aprotinin, hirudin). They concluded that platelet aggregating activity correlated with
metastatic potential, and that cysteine proteinase activity appeared to play an important role
in platelet aggregation induced by this cell line. In these studies the lack of effect of
hirudin (100 lU.ml^) suggested that thrombin was not important in the proaggregatory
effect of M4, and the higher procoagulatory activity of the non-metastatic M9 subline
(assessed by fibrinopeptide A release) suggested that coagulation was not a factor in
increased metastatic potential of the M4 subline.

Zucchella et al (1989) reported two distinct mechanisms of platelet aggregation by the
human cell lines: Mo T (lymphocyte), NCI-N592 (small cell lung carcinoma) and 5637
(bladder carcinoma). Mo T and NCI-N592 appeared to cause platelet aggregation through
release of ADP, whereas that induced by 5637 was not released from the cell and appeared
to be due to the generation of thrombin.

4.2

Aim of this chapter

Plasma-independent aggregation, which could be induced by HepG2, SK55, Alexander and
Hep3B human hepatoma cells in the presence of Ca^^, was investigated, with a view to
identifying the factor responsible for this effect.
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Viable hepatoma cells from the Mahlavu, SK55 and Alexander cell lines had been found
to release proaggregatory activity which is expressed in the presence of cPPP with added
Ca^^ (’plasma-dependent’). HepG2 and Hep3B hepatoma cells while able to induce platelet
aggregation do not spontaneously release plasma-dependent proaggregatory activity. This
chapter describes stages in identifying the proaggregatory substance of Mahlavu cell origin,
and the contribution which plasma proteins make to the proaggregatory activity of all five
hepatoma cell lines.

4.3

Methods

The following methods employed in this chapterhave previously been described in detail:
culture of hepatoma cell lines (§2.3.5), growth of hepatoma cells in stirrer culture
(§2.3.6), isolation of hepatoma cell secretion products (§2.3.8), isolation of platelets
(§2.4.2), platelet aggregation (§2.4.4), lumi-aggregometry (§2.4.4.4), linear and gradient
SDS-polyacrylamide gel electrophoresis (§2.6.2 to §2.6.8), plasma fractionation (§2.9).

4.4

Use of ADP-clearing enzvmesin establishing the mechanism of plasmaindependent hepatoma cell-induced platelet aggregation

4.4.1

ADP-clearing enzvmes

Two enzyme systems were used independently as ADP-clearing agents to remove ADP
from suspensions of hepatoma cells and platelets during aggregation experiments. This was
to test whether aggregation was due to ADP which had been released from damaged
hepatoma cells or partially activated platelets in suspension. The first was apyrase (EC
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3.6.1.5) which catalyses the following reaction:ADP + orthophosphate <-= = = =-> ATP + H2O

(K^ (ADP) = 5.8

X

lO'^M,

= 0.13jnmoles.min^/ig protein)

(Vmax measured at 30°C, pH6.9, forward direction (Kalckar, 1944)).
The second was creatine phosphokinase (EC 2.7.3.2.) which catalyses the following
reaction:ADP + phosphocreatine <-= = = = ^ ATP + creatine
(Kjn (ADP) = 8.0

X

lO^M,

= 1.7|imoles.min ^jLtg protein)

(Vmax measured at 38°C, pH7.0, forward direction (Kuby & Noltmann, 1962).
Both enzymes were found to inhibit platelet aggregation by exogenously added ADP, and
were tested against thrombin-induced platelet aggregation and found not to inhibit platelet
aggregation with this agonist (Fig. 4.1).

4.4.2

Effect of ADP-clearing enzvmes on ’plasma-independent’
hepatoma cell-induced platelet aggregation

Apyrase (0.6 lU.ml'^) and creatine phosphate (40mM)/creatine phosphokinase (20 lU.ml'^)
were tested for their ability to inhibit hepatoma cell-induced aggregation found to occur
in the absence of cPPP. Platelet aggregation by the four cell lines which were active in this
respect was inhibited in the presence of either apyrase or creatine phosphate/creatine
phosphokinase (Fig. 4.2). This suggested that ADP was responsible for ’plasmaindependent’ platelet aggregation. However, when tested in the absence of hepatoma cells,
ADP does not require the presence of ImM Ca^^ as was found to be the case with
’plasma-independent’ hepatoma cell-induced platelet aggregation. Possible reasons for the
requirement for calcium are discussed in section 4.8.
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EFFECT OF APYRASE AND CREATINE/PHOSPHOKINASE ON ADP-INDUCED AND
THROMBIN-INDUCED PLATELET AGGREGATION

a)

ADP

t
ADP

ADP

CP/CPK

apyrase

1min

thrombin
thrombin
SQ

thrombin
CP/CPK

apyrase

TIME

TIME

TIME

TIME

TIME

TIME

Figure 4.1
Aggregation of isolated platelets (3 x 10®.ml *) induced by
a) 5/xM ADP was inhibited by 0.6 lU.ml * apyrase and by 20mM
creatine phosphate/40IU creatine phosphokinase, and
b) 0.05IU.ml * thrombin was not inhibited by these enzymes.
(n = 4)
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INHIBITION OF PLASM A-INDEPENDENT HEPATOMA CELL-INDUCED
PLATELET AGGREGATION BY ADP-CLEARING ENZYMES

a)

b)

1
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Figure 4.2
Plasma-independent hepatoma cell-induced platelet aggregation (isolated
platelet count 3 x lO^ml ’): a) in the presence of ImM Ca^^ b) effect of
O.ôIUml ' apyrase c) effect of 20mM creatine phosphate/40 lU ml ‘ creatine
phosphokinase.
(Hepatoma cell concentrations : HepG2 8.8 x 10"^ ml'^; SK55
1 X 10'’.ml'*; HepSB 1.66 x lO'^.ml'*; Alexander 1.2 x lO^.ml *)
(n = 3)
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4.4.3

Lumi-aggregometrv with ’plasma-independent’ hepatoma cell-induced
platelet aggregation

In order to ascertain whether or not the ADP which was mediating ’plasma-independent’
platelet aggregation was derived from the dense granules of platelets, which are known to
harbour high concentrations of adenine nucleotides, lumi-aggregometry was performed.
If ATP could be detected as increasing, over the course of the lag period, the
concentration of ADP external to the platelets might also be presumed to be increasing.
It was found that there was no measurable accumulation of ATP in the lag phase (Fig.
4.3).

4.4.4

Pre-incubation of hepatoma cells with Ca^^

Hepatoma cells capable of causing platelet aggregation through an ADP-mediated
mechanism were incubated with ImM Ca^^ at 37°C for 10 minutes prior to being added
to stirred platelets in the normal way. If the Ca^^ was causing release of ADP from the
tumour cells, the effect of pre-incubation with Ca^^ might have been to reduce or eliminate
the lag period, and to obviate the need for ImM Ca^^ in platelet aggregation.
It was found that the requirement for Ca^^ was the same whether or not the hepatoma cells
had been pre-incubated with Ca^^, and that the lag period was not commuted (Fig. 4.4).

4.5

SDS-polvacrvlamide gel electrophoresis of hepatoma cell plasma membranes

Since it had been shown that the proaggregatory activity of HepG2 cells resides on the
plasma membrane of the cell (§3.9), and is not released into the surrounding medium as
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LUMI-AGGRHGOMRTRY OF PT.ASMA-INDEPENDENT HEPATOMA CELL-INDUCED
PT,ATRI.RT AGGREGATION

■H

in
in

H

^1 minute

time
J 4] jlM

4-

Figure 4.3
Simultaneous measurement of platelet aggregation and dense granule release in
isolated platelets, invoked by SK55 cells in the presence of ImM Ca^^
(’ADP-dependent’). ATP released from dense granules reacted with a
luciferin-luciferase reagent to produce chemiluminescence. Its release was
presumed to reflect release of platelet non-metabolic ADP.
Similar traces were obtained using Hep3B, HepG2, and Alexander cells.
(Isolated platelet count 3 x lO^ml ’: SK55 1.5 x 10^.ml'^).
(n = 3)
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ATP

EFFECT OF PRE-INCUBATION OF SK55 CELLS WITH Ca^+ ON PLASMAINDEPENDENT HEPATOMA CELL-INDUCED PLATELET AGGREGATION

(a)
Ca
hepatoma cells

intermediate
aggregate
/
size
^
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min
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T IM E ^
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incubation-^ hepatoma cells
cells

(b)

small
’
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37°C.
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aggregate -f
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Figure 4.4
Effect of pre-incubating SK55 cells and of pre-incubating isolated platelets with
ImM Ca^^, on the characteristics of plasma-independent hepatoma cell-induced platelet
aggregation. Aggregation a) 'n the presence of ImM Ca^^, b) following pre-incubation of
isolated platelets with ImM Ca^^, c) using SK55 cells previously incubated with ImM Ca^^
at 37°C for 10 minutes: aggregation was performed in the presence of ImM Ca^^. Similar
results were obtained using HepG2, HepSB and Alexander cells.
(Platelet count 3 x 108ml SK55 cells at 1 x 10^.ml'*).

141

is the case with the other hepatoma cell lines (with the exception of HepSB), protein
profiles of the plasma membranes of the five hepatoma cell lines was investigated to
establish whether or not there was a difference between them, detectable by this technique.
A representative gel is shown in Fig. 4.5. As indicated in the figure legend, the protein
profiles of the plasma membranes of the 5 cell lines is similar. It is probable, therefore,
that the component of the HepG2 membrane responsible for proaggregatory activity is
peripheral to the membrane, and is lost during the membrane purification procedure.

4.6.1

Sedimentation of Mahlavu cell proaggreeatorv activitv bv ultracentrifugation
at 100.000s

lOOmls of Mahlavu cell-conditioned buffer, collected in Clare & Scrutton HEPES buffer
over a 3 hour period at 37°C, was centrifuged at 8,000g for 20 minutes in a Sorvall RC5B
medium speed centrifuge at 4°C, to remove debris, and the supernatant subjected to a
further spin at 100,000g for 4 hours at 4°C, in a Kontron Centrikon ultracentrifuge using
a 70.38 angle rotor.
The resulting centrifugate was collected as four 10ml fractions, plus pellet, which was
resuspended in 1ml Clare & Scrutton HEPES buffer. A sample of the original Mahlavu
cell-conditioned buffer, and the four fractions and pellet were tested for platelet
aggregating activity. The original Mahlavu cell-conditioned buffer and four supernatant
fractions were concentrated to a protein concentration of 4 mg.ml'^ by dialysis against 50%
PEG6000, at 4°C. Samples of each fraction and the pellet were analysed by SDS-PAGE,
using rod gels with a polyacrylamide concentration of 10%. Calibration was done by
running as standard a sample of human serum (Fig.4.6 a). The gels were densitometrically
scanned, and qualitative differences were reported with respect to their efficacy in platelet
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SDS-POLYACRYLAMIDE GEL ELECTROPHORESIS OF HEPATOMA
CELL M EM BRANES.

origin

origin

205K

97.4K

97.4K

f
Figure 4 . 5
P rotein profiles of plasm a m em branes from a) M ahlavu cells, b) HepG2 cells,
c) SK55 cells, d) Hep 3B cells, e) A lexander cells.
M em branes were prepared by sonication of washed hepatoma cells, followed
by centrifugation on a Percoll gradient at 18,000g for Ihour at 4 C (for fu ll
details refer to U2.10). Each lane was loaded with 50ug m em brane protein.
A 10% lin ea r SDS-PAGE gel was used.
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aggregation experiments.

4.6.2

Comparison between protein profiles and proaggregatory activitv of
100.000s fractions

The original Mahlavu cell-conditioned buffer (Fig. 4.6 b) was found to be active in
promoting plasma-dependent platelet aggregation. Neither fractions 1 (top) (Fig. 4.6 c) nor
2 (fig. 4.6 d) contained platelet aggregating activity. Fraction 3 (Fig. 4.6 e) was active but
with reduced potency. Fraction 4 (Fig. 4.6 f) and the resuspended pellet (Fig. 4.6 g)
showed full proaggregatory activity. This confirmed that the activity was precipitable at
100,000g.

Optical density measurements at 266nm were made on the fractions to ascertain levels of
nucleotides and nucleic acids. The readings were rather constant and did not relate to
differing levels of proaggregatory activity in the fractions (Fig.4.6).

All Mahlavu cell-conditioned buffer fractions had a major protein peak at M r 104,000
daltons and a second, minor peak at Mr 81,000 daltons (Fig.4.6 b-g). In addition there
was a peak of Mr > 340,000 in the original cell-conditioned buffer, which was present in
increasing amounts in fractions 3, 4 and the pellet (Fig.4.6 b,f,g). This corresponded to
an increase in proaggregatory activity of these fractions, and suggested that a protein of
Mr 390,000 is responsible for the released proaggregatory activity of these cells.

Scanning electron microscopy of the pellet fraction from the 100,000g centrifugation did
not reveal any structures recognisable as plasma membrane-derived microvesicles, or any
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DENSITOMETRIC TRACES OF SDS-POLYACRYLAM IDE GELS OF M AH LAVU
CELL-SECRETED PROTEINS FOLLOWING CENTRIFUGATION AT 100,000s
TROTEIN
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Figure 4 .6
Comparison between protein profiles, A 266 and ability
o f the fraction to induce platelet aggregation, o f Mahlavu cell secretion after
centrifugation at I00,000g. Densitometric traces are as follows: a) plasma,
b) original secretion, c) fraction 1 (top), d) fraction 2, e) fraction 3,
f) fraction 4, g) pellet. The middle column shows platelet aggregation induced
by the fraction. The right column indicates nucleic acid/lipid (Aj^fi) content,
and protein concentration o f the fraction, (n = 3)
Key:

Fg fibrinogen, Ig immunoglobulin, Hap haptoglobin,
Pg plasminogen, TF transferrin, alb albumin, TC transcortin
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other features which could be related to the cells.

4.7

Identification of plasma components in Mahlavu cell-induced platelet
aggregation.

An absolute requirement for low concentrations of PPP had been demonstrated for
Mahlavu cell-induced platelet aggregation. The identity of the obligatory plasma
component(s) was investigated through classical fractionation methods applied to whole
human

plasma.

Two

approaches

were

used.

Fractionation

by

ion

exchange

chromatography, where proteins were eluted from DEAE-Sepharose CL6B by a salt
gradient at constant pH, and by the Cohn method (Cohn et d (1946)) where proteins were
differentially precipitated by ethanol at their isoelectric point after manipulating the pH.
Following fractionation, the proteins were dialysed against Tyrode’s buffer (5 x 21itre)
overnight at 4°C, and in the case of the DEAE-Sepharose CL6B fractionation,
concentrated by dialysis against 50% polyethylene glycol 6000, followed by further
dialysis against Tyrode’s buffer. SDS-polyacrylamide gel electrophoresis was performed
on the fractions,
A third approach was to substitute purified plasma proteins which had been identified as
possible candidates in Mahlavu cell-induced platelet aggregation from the fractionation
studies, for whole plasma.

4.7.1

Mahlavu cell-induced platelet aggregation using DEAE-Sepharose CL6B
eluted plasma fractions.

Four peaks were collected and concentrated (Fig. 4.8). Peaks were tested for their action
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MOLECULAR MASS STANDARDIZATION OF SDS-POLYACRYLAMIDE ROD GEL
ELECTROPHORESIS. USING HUMAN PLASMA.
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Figure 4.7
A SDS-PAGE gel loaded with fresh human plasma, denatured with non-reducing
buffer (see ’Methods’§2.6.2) was run alonside other samples. Densitometric
scanning of the gel after staining was performed. Relative mobility was
calculated as the ratio between the distance travelled by a protein and the
distance travelled by the tracker dye (sample front). Names of major protein
peaks used in construction of the standard curve are shown above with relative
molecular mass in parentheses.
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IJV PROFILE OF PLASM A ELU ATE FROM DEAE-SEPHAROSE CL6B COLUM N
CHROMATOGRAPHY
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Figure 4.8
1ml o f human plasma was eluted with a salt gradient (231m l, CM to 0.5M NaCl,
0.05M Tris-HCl, pH 8.6, flow rate 2 m l.m in *) and Ajgo o f the eluate recorded.
1ml fractions corresponding to the four major peaks were collected and pooled.
The column was washed with high salt (IM NaCl, 0.05M Tris-HCl pH 8.6).
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in facilitating platelet aggregation and for inhibitory action. The protein concentrations
reflected relative recoveries of the peaks from the fractionation procedure, and therefore
relative abundance of those peaks in the original plasma. Their appearance and ability to
support Mahlavu cell-induced platelet aggregation is summarised in Table 4.1.

Peaks 1 and 2 were inactive, both in being unable to support aggregation and as having
no inhibitory activity. It will be seen that peak 3 alone of the four peaks was able to
support Mahlavu cell-induced platelet aggregation in a way analogous to whole plasma.

4.7.2

SDS-polvacrvlamide gel electrophoresis

of DEAE-Sepharose

CL6B

fractionated plasma

Fractions

obtained by ion exchange chromatography were examined by SDS-

polyacrylamide electrophoresis using a 4% to 16% gradient gel (Fig. 4.9). Peak 1 shows
enrichment of fibrinogen (Mr 341,000), immunoglobulins A, B and I (Mr 160,000) and
«iM-glycoprotein (Mr 308,000). Peak 2 shows enrichment of proteins in the approximate
range Mr 250,000 to 400,000. Both peaks show enrichment of immunoglobulins (Mr
160,000), transferrin (Mr 76,500), transcortin (Mr 55,700) and an unidentified band of Mr
17,000. Peak 3 shows enrichment of fibrinogen (Mr 340,000), plasminogen (Mr 87,000),
haptoglobin (Mr 85,000), albumin (Mr 66,000), transcortin and an unidentified protein of
an approximate Mr 39,000. Peak 3 also contains minor bands corresponding to
complement components C4 (Mr 206,000), C3 (Mr 185,000), C5 (Mr 180,000) and C2
(Mr 117,000). Peak 4 contained fewer proteins than the other peaks. Its platelet agonist
activity may be due to the presence of prothrombin (Mr 72,000), which is a possible
assignment to the band corresponding to the position of albumin in the other peaks.
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Table 4.1

C haracteristics o f Plasm a Fractions D erived from DEA E-sepharose CL6B
Chromatography
A ppearance

Peak
P eak
P eak
P eak
P eak

1
2
3
4
5

colourless
orange
yellow
colourless
(column wash)

P rotein
R ecovery
28.8 mg
24.9
90.4
53
5.7

Total Recovery : 155.1mg

23.9%
20.8
75.4
4.4
4.7
129.2%
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F inal conc. with
platelets
0.14 mg.ml'^
0.12
0.45
0.02
0.03

Activity
inactive
inactive
allow ed aggregation
caused aggregation

SDS-POLYACRYLAMIDE GEL ELECTROPHORESIS OF DEAE-SEPHAROSE
CL6B-FRACTI0NATED PLASMA

origin

origin

205K

t

116K
97.4K

t
Figure 4 . 9
Protein profiles of plasm a fractions from DEAE-sepharose CL6B chromatograph
Samples were denatured by heating at 100 C for 5 minutes, and 50ug (protein)
of each applied to the gradient gel (4% (top) to 16%). Lanes 4, 5, 6 and 7 correspond
to the four fractions, in order. Lane 3 is whole plasm a and lane 8 is the column
wash fraction. Low (lanes 1 & 9) and high (lanes 2 & 10) m olecular weight
standards were run alongside.
KEY
Alb
albumin
ApoB apolipoprotein B
C2
complement factor 2
C4
complement factor 4
CP
ceruloplasm in
fibrinogen
Fg
immunoglobulin
Ig
Hap haptoglobin
plasminogen
Pg
PT
prothrom bin
TF
tran sferrin
TC
transcortin
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The major qualitative difference between peak 3, which induced Mahlavu cell-platelet
aggregation, and peaks 1 and 2 is the presence of minor bands in the molecular weight
range 117,000 to 206,000. These bands correspond to complement components (C2, Mr
117,000; C3, Mr 185,000; C4, Mr 206,000; C5, Mr 180,000). Peak 4 caused aggregation
in its own right. This activity may be due to the presence of prothrombin (Mr 72,000),
which in the presence of trace amounts of coagulation factors Va and Xa, would be
converted to thrombin.

4.7.3

Mahlavu cell-induced platelet aggregation using Cohn plasma fractions

Each fraction was tested for its ability to promote Mahlavu cell-induced platelet
aggregation, in vitro, at a concentration equivalent to its concentration in whole plasma.
The appearance and activities of the fractions is summarised in Table 4.2. Fractions II/III,
IV l and V supported Mahlavu cell-induced platelet aggregation in a way analogous to
whole plasma.

4.7.4

SDS-polvacrvlamide gel electrophoresis of Cohn plasma fractions

Cohn fractions were examined by SDS-polyacrylamide electro-phoresis using a 4% to 16%
gradient gel (Fig. 4.10). While all of these fractions contained a fair representation of all
the proteins in plasma, the relative distribution between them varied. Fractions II/III and
IV l contained very little albumin, compared with whole plasma. Fraction II/III contained
only a small amount of transferrin and no transcortin, which suggests that these two
proteins are not involved in Mahlavu cell-induced platelet aggregation. It contained large
amounts of proteins of M r_ 160,000 (IgG, IgF, IgA, inter-a-trypsin inhibitor 160,000; IgD
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Table 4 .2

C haracteristics o f Plasm a Fractions D erived from the Cohn M ethod of
Plasm a Fractionation.
A ppearance

P eak I
Peak II/III
Peak IV l
Peak IV4
P eak V

colourless
yellow
blue
white
cream

P rotein
Recovery
12.5 mg
116.0
22.0
34.0
64.0

0.83%
7.73
1.46
2.27
4.27

Total Recovery : 248.5mg 16.56%
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Final conc. with
platelets
5.0 ug.ml
4.6
8.8
13.6
25.6

Activity
proaggregatory
proaggregatory
proaggregatory
proaggregatory
proaggregatory

SDS-POLYACRYLAMIDE GEL ELECTROPHORESIS OF
COHN-FRACTIONATED PLASMA.

origin

1 2

8 9

origin

205K
116K
97.4K

66K
45K
36K
29K
24K
20.1K
14.2K

9I

66K

#
45K
29K

Figure 4 .1 0
P rotein p rofiles of plasm a fractionated by the Cohn m ethod. Samples were
denatured by heating at 100 C for 5 minutes, and 50ug (protein) of each applied
to the gradient gel (4% (top) to 16%). Lanes 3, 4,5 and 6 correspond to fractions
V, IV4, IVl, II/III. Lane 7 is whole plasma. Lanes 1 and 8, and 2 and 9 contain
low and high m olecular weight standards respectively.

KEY
album in
Alb
C2
complement factor 2
CP
ceruloplasm in
fibrinogen
Fg
im m unoglobulin
Ig
Hap haptoglobin
TF
tra n sferrin
TC
transcortin
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170,000; ceruloplasmin 151,000). Below this size, proteins of Mr 140,000 and 117,000
are well represented, corresponding to C-reactive protein and complement component C2,
respectively. The strong band at Mr 100,000 is probably largely due to haptoglobin,
although there are also complement proteins of this size (complement components C7, Mr
100,000; C l inactivator, Mr 104,000). There is a strong band at approximately Mr
80.000, due mainly to plasminogen (Mr 81,000), and possibly also to complement
component C9 (Mr 79,000). Above Mr 100,000 are four small bands, three of which may
be assigned to the complement proteins C5 (Mr 180,000), C3 (Mr 185,000) and C4 (Mr
206.000). This fraction also contains a substantial amount of high molecular weight
material, which corresponds to fibrinogen (Mr 341,000), coagulation factor XIII (Mr
340.000), apoB (Mr 500,000), apoE (Mr 36,500) and IgM (Mr 1,000,000).

Fraction IV l was similar to II/III except for the virtual absence of proteins above Mr
200.000. As this fraction was active the suggestion is that fibrinogen, coagulation factor
XIII and plasma lipoproteins can be eliminated as candidates for involvement in Mahlavu
cell induced platelet aggregation. These high molecular weight components of plasma were
also absent from fraction V, confirming their lack of involvement.

Fraction IV4 was similar qualititavely to IV l, but contained higher amounts of proteins
of Mr 150,000 (IgG, IgE, IgA, IgD, cemloplasmin, inter-a-trypsin inhibitor), Mr 100,000
(haptoglobin, C7, C l inactivator) and transcortin (Mr 55,700).

Fraction V contained only proteins of Mr 66,000 (albumin, Mr 66,000; antithrombin III,
65.000) and 76,500 (transferrin) in appreciable amounts. However, minor bands
corresponding to complement component C4 (Mr 206,000), immunoglobulins G, A, and
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E, (Mr 160,000), haptoglobin (Mr 100,000) and complement components C7, (Mr
100,000) and C l inactivator (Mr 104,000) were present. The activity of this fraction may
therefore be due to albumin, transferrin, or due to the minor components. The virtual
absence of albumin and transferrin from fraction II/III makes unlikely the involvement of
these proteins in the process of Mahlavu cell-induced platelet aggregation, and suggests
that some of the minor components of fraction V may be involved.

4.7.5

Summary of plasma fractionation studies

The findings from the two different plasma fractionation methods seemed to indicate that
high molecular weight proteins are not involved in Mahlavu cell-induced platelet
aggregation. It should be noted that visualisation of proteins by SDS-polyacrylamide gel
electrophorsesis may not reflect the functional properties of the fractions obtained. Many
of the proteins of the coagulation cascade, and complement proteins, are present in
quantities too small to detect in this way. Also, hormone and cytokine activities which are
present and may contribute to hepatoma cell-induced platelet aggregation would not be
accounted for by this technique. It should be emphasized, therefore, that the bulk isolation
and screening of plasma proteins may have been inappropriate for investigating plasma
components which have high specific activities, or form part of an amplification cascade
and are therefore present individually at very low concentrations.

4.7.6

Plasma substitution bv purified plasma proteins

As a further means of investigating the contribution of plasma proteins to human hepatoma
cell-induced platelet aggregation, purified plasma proteins were used to replace plasma in
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platelet experiments (Table 4.3). The concentration of a protein was chosen as that
reflecting its concentration in 1 % plasma, which was the plasma concentration found to
be effective in previous experiments. The following is a list of proteins investigated in this
way, and the concentrations (mg.ml'^) used (in parentheses):

albumin (0.3, 0.45, 1); fibrinogen (0.045, 0.25, 1); albumin + fibrinogen (0.45a +
0.045f, 0.3a + 0.25f, la + If); IgG (0.18, 1); fibronectin (0.1, 1); IgG + fibronectin
(O.lSIg + O.lf, llg + If); low density lipoprotein (0.01, 1); arg-gly-asp (RGD) tripeptide
(0.1, 1); transferrin (0.01, 0.04, 0.1); haptoglobin (0.01, 0.022, 0.1), ceruloplasmin
(0.006, 0 .01, 0 .1).

Each protein (and combination of proteins where indicated) was tested, in the presence of
ImM Ca^+, for its ability to support hepatoma cell-induced platelet aggregation. All five
cell lines were tested.

4.8

Summarv & conclusions

The purpose of this chapter has been to identify the components of hepatoma cells and
plasma which are responsible for hepatoma cell-induced platelet aggregation. The human
hepatoma cells under study in this thesis have been shown to cause platelet aggregation via
two distinct mechanisms, one of which operates through an ADP-mediated process and
requires no plasma, and the other which has a requirement for plasma.

Plasma-independent platelet aggregation can be prevented by enzyme systems which
remove ADP. However, while this indicated that ADP is responsible for platelet
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Mahlavu

albumin
fibrinogen
alb + fib

fibronectin
IgG
fn + IgG

LDL
LDL + plasma

arg-gly-asp
RGD + plasma

transferrin
haptoglobin
ceruloplasmin

no
no
no

no
no
aggn .'without
h e p .cells

no
yes

HepG2

no
yes-ADP type
no

no
no
a g g n .w/o
h e p .cells

no
yes

yes-ADP type
no
yes
some inhibitn

no
no
no

no
no
no
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Alexander

no
no
no

no
no
no

no
no
aggn.w/o
h e p .cells

no
no
a g g n .w/o
h e p .cells

no
yes

yes-ADP type
yes

no
no
no

no
yes

Hep3B

no
no
no

no
no
a g g n .w/o
h e p .cells

no
yes

no
yes

no
yes

no
no
no

no
no
no

Notes : No
no aggregation in presence of ImM Ca^^ and purified plasma
protein.
Yes aggregation occurred in presence of ImM Ca^^ in presence of
purified plasma protein (no inhi bit io n).
Aggn w/o hep cells - aggregation occurred when purified plasma proteins
were added in the presence of ImM
, without addition of hepatoma
cells.
Some inhibition - an increase in the lag time before onset of
aggregation was observed.
Yes-ADP type - aggregation occurred in the presence of ImM Ca^^ and the
purified plasma protein, and could be inhibited by ADP-clearing
enzymes.

Table 4.3

Substitution of purified plasma proteins for
plasma in Mahlavu cell-induced platelet
aggregation.

Final plasma protein concentrations (mg.ml ') were as follows:
albumin 0.3, fibrinogen 0.25, fibronectin, IgG, low density lipoprotein, arg-gly-asp
(RGD), transferrin, haptoglobin 1.0, ceruloplasmin 0.2.
(Isolated platelet count 3 x 10^ml ')
(n = 3)
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aggregation, the hepatoma cell-induced aggregation requires Ca^^, and is preceded by a
lag period typically of several minutes. It cannot therefore be attributable soley to leakage
of ADP from hepatoma cells or release of ADP from partially activated platelets. The
findings of Bastida et d (Bastida et al, 1982) already cited, where ADP-mediated platelet
aggregation by SKBR3, SKNMC, HT29 and HT 144 cells could only be demonstrated in
hPRP, and where addition of citrate to the hPRP inhibited platelet aggregation by SKNMC
cells (Bastida et al, 1985) similarly revealed a requirement for the divalent cation, Ca^^,
with those cells. ADP-dependent platelet aggregation has been reported for other cell lines
(MoT (human lymphoma) and NCI-N592 (small cell lung carcinoma)), where hPRP was
used, indicating a need for Ca^^ (Zucchella et al, 1989). It is interesting to speculate as
to the origin of the ADP - whether derived from hepatoma cells of from platelets - and on
the role of Ca^^ in this phenomenon. The absence of detectable platelet dense granule
release during the lag period, as determined by lumiaggregometry, indicates that the ADP
is not derived from this source, a fact which is confirmed by the findings of other
laboratories (Jamieson, 1987), and is suggestive of a tumour cell origin for the ADP. Since
high concentrations of Ca^^ ions are not required for platelet aggregation by exogenously
added ADP it would appear that the Ca^^ may be functioning to cause release of ADP
from the hepatoma cells. It may be relevant that removal of 60% of cell surface sialic
acid by neuraminidase treatment of SKNMC cells leads to a reduction in the ability of
these cells to cause platelet aggregation by an ADP-mediated mechanism (Almirall et d ,
1985). Possibly, the binding of Ca^^ to sialic acid on the surface of the tumour cell
represents a mechanism whereby ADP generation by the tumour cell is initiated. Direct
action of Ca^^ on tumour cells to release ADP was tested by incubating tumour cells with
Ca^^ prior to addition to isolated platelet suspensions. It was argued that if Ca^^ was
inducing the release of ADP, then addition of this suspension to platelets should lead to
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platelet aggregation with no lag period and which was independent of Ca^^. This was
found not to be the case. Ca^^ may therefore be acting on the platelet, possibly activating
the plasma membrane ATPase, leading to release of platelet cytoplasmic ADP.

Plasma-dependent hepatoma cell-induced platelet aggregation does not require ADP,
although its presence may result in synergistic action with other agonists (KinloughRathbone and Mustard, 1986). The plasma-dependent platelet aggregating principle
released by Mahlavu cells is sedimented by ultracentrifugation at 100,000g. The activity
corresponds to a protein of Mr > 340,000but not to nucleic acid constituents or to lipid.
Scanning electron microscopy did not reveal membrane derived vesicles, as had been
observed in other laboratories (Bastida et d , 1987).

The plasma membranes of Mahlavu cells (which are unable to cause platelet aggregation
through an ADP-mediated mechanism) have a similar protein profile to that of the other
four hepatoma cell lines. The plasma membrane protein profile of HepG2 cells, whose
plasma-dependent platelet aggregating activity is cell surface bound, appears similar to that
of Mahlavu cells whose plasma-dependent platelet aggregatory activity is released from the
cells. The distinction in properties of these two platelet aggregating cell lines does not
therefore appear to reside in the integral protein composition of the plasma membrane of
the cells.

This is corroborated by the finding that purified hepatoma cell plasma

membranes of the hepatoma cell lines failed to illicit a platelet activation response (§3.12).

The contribution which plasma makes to hepatoma cell-induced platelet aggregation did
not appear to be related to the albumin or to the fibrinogen content of the plasma. Albumin
the most abundant of plasma proteins has no known direct effect on platelets, but may
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influence platelet function through its osmo-protective properties. Fibrinogen binds to the
GPIIb/IIIa plasma membrane complex (Marguerie et al, 1987). Expression of fibrinogen
receptors is induced by ADP in the presence of Ca^^ (Marguerie et d , 1987). Release of
ADP in the tumour cell/plasma/platelet system may therefore be important as a preparatory
step to tumour cell-induced platelet aggregation involving thrombin (vide infra). Despite
the abundance of these proteins in plasma, they were unable, in purified form, to replace
plasma. Under certain circumstances, low density lipoproteins are known to induce platelet
aggregation | (Andrews et d , 1987) and may have been mediators of plasma-dependent
tumour cell-induced platelet aggregation. However, this was shown not to be the case.

The immunoglobulin class, IgG, the Fc portion of which the platelet has receptors (Cheng
and Hawiger, 1979), is able to aggregate human platelets when bound to an ancilliary cell
surface (Henson and Spiegelberg, 1973). However, IgG was unable to support hepatoma
cell-induced platelet aggregation, which suggests that IgG is not directly responsible for
the observed effects. Involvement of adhesion proteins (e.g. fibrinogen, vitreonectin,
fibronectin, von Willebrand factor (vWF)), some of which are known to bind to specific
receptors on activated platelets (fibronectin, vWF: Plow and Ginsberg, 1981; Fujimoto et
al, 1982; Fujimoto and Hawiger, 1982; Ruggeri et al, 1983) was investigated using
fibronectin as a plasma substitute, and by adding the adhesion binding protein site sequence
tripeptide (arg-gly-asp (RGD)) at high molarity in the presence of whole plasma, as a
competitive inhibitor of binding (Gartner and Bennett, 1985; Ginsberg et al, 1985; Plow
et al, 1985). Fibronectin did not have a permissive effect, and no inhibition was seen in
the presence of RGD. Adhesion proteins did not therefore seem to play an important role
in the process of hepatoma cell-induced platelet aggregation.
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Ceruloplasmin, the copper(II)-binding oxidase of plasma was inactive with respect to
hepatoma cell-induced platelet aggregation. Oxidation of tumour cell products by plasma
appeared not to be responsible for the proaggregatory effect. A similar result was found
with transferrin, the plasma protein responsible for sequestering iron(III). Haptoglobin, the
protein responsible for binding haemoglobin released from lysed erythrocytes, was unable
to act as a substitute for plasma. The action of plasma was therefore not simply to remove
haemoglobin which may have been present in the platelet preparations. In summary, the
oxidation/reduction properties of some constituents of plasma were seen not to be
important in hepatoma cell-induced platelet aggregation.

Fractionation of plasma and analysis of protein profiles of the fractions obtained made
possible the tentative identification of groups of proteins involved in hepatoma cell-induced
platelet aggregation. While Cohn fractionation did not lead to segregation of the activity
which supports plasma-dependent Mahlavu cell-induced platelet aggregation, qualitative
differences between fractions made it possible to eliminate albumin, transferrin and
transcortin, as I candidates for involvement in this process. Both fractions IV l and V,
which lacked proteins above M r_200,000, were active, suggesting that proteins above this
size (e.g. fibrinogen, coagulation factor XIII, and plasma lipoproteins) were not involved.
The minor bands of fraction V corresponded to complement components C4, Cl and C l
inactivator, and to immunoglobulins G, A and E, and haptoglobin. Since IgG and
haptoglobin alone had been shown in reconstitution experiments not to be important, the
complement factors in this fraction may be important in Mahlavu cell-induced platelet
aggregation.

Using DEAE-sepharose CL4B fractionation of plasma, Mahlavu cell-induced platelet
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aggregation was found only in peak 3. Peaks 1 and 2, which were inactive, contained
fibrinogen, immunoglobulins, «jM-glycoprotein, proteins of high molecular weight (Mr
250,000 to 400,000), transferrin and transcortin. In addition to plasma proteins already
discounted, «iM-glycoprotein appeared not to play a role in Mahlavu cell-induced platelet
aggregation. Peak 3 contained high concentrations of plasminogen. Additionally, a protein
of Mr39,000 was present which may correspond to thrombin. This is unlikely to explain
the proaggregatory properties of the fraction since there was no platelet aggregation in the
absence of Mahlavu cells, suggesting that if thrombin was present, the activity was
neutralized by other plasma components (e.g. antithrombin I I I ) . Complement proteins C2,
C3, C4 and C4 also appeared in this fraction.

In summary, the major plasma proteins appeared not to be responsible for the plasma
requirement expressed by Mahlavu cells in platelet aggregation induced by this hepatoma
cell line. The possible involvement of plasminogen, or of complement was indicated.

Identification of plasma proteins in this chapter was deduced from relative mobility
measurements on SDS-PAGE gels, and from published data relating to relative abundance
of proteins in plasma. Definitive identification could be achieved by Western blotting,
using specific antibodies against the protein of interest.
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CHAPTER FIVE

CHAPTER FIVE

BLOOD COAGULATION & HUM AN HEPATOMA CELL-INDUCED PLATELET

AGGREGATION

5.1

Introduction

An association between neoplastic disease and thromboembolic events has been recognised
since 1865, when Armand Trousseau first reported a high incidence of venous thrombosis
in a series of patients with gastric carcinoma (Trousseau, (1865)). Recent evidence in
support of a relationship between blood coagulation and tumour homeostasis comes from
clinical, histological and experimental studies.

Clinical Evidence

The increased incidence of thromboembolic disease in cancer has led several investigators
to examine various aspects of the coagulation system in patients with cancer. The most
common clotting abnormalities are elevated levels of the products of fibrinogen degradation
(Sun et al (1979); Hagedom et d (1974)), thrombocytosis (Levin & Conley (1964); Davis
(1969)) and hyperfibrinogenemia (Sun et al (1979)). An increased rate of fibrinogen
turnover (Owen et al (1973); Lynman et al (1978); Yoda & Abe (1981)), an increase in
plasma levels of fibrinogen/fibrin-related antigen (Merskey et al (1980)), and an increase
in plasma levels of fibrinopeptide A have been observed in virtually all patients with acute
leukemia (Yoda & Abe (1981); Myers (1981)) and solid tumours (Yoda & Abe (1981);
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Peuscher et d (1980); Rickies et M (1983)).

Fibrinopeptide A (FPA), a 16 amino acid peptide cleaved from the ’A ’ chain of fibrinogen
by thrombin, has a plasma half-life of less than 4 minutes. Plasma levels of the peptide
reflect ongoing coagulation, and therefore, the presence of intravascular thrombin, or
other, as yet unknown, enzymes capable of generating the peptide.

Peuscher et d (1980) demonstrated elevated FPA levels in 95% of patients with metastatic
disease, 27% in patients with limited primary disease, and only 9% where tumours were
in regression.

Histological Evidence

Immunological and ultrastructural studies have demonstrated the presence of fibrin deposits
in and around tumours, in both animal and human tumours (Spar et al, 1967; McCardle
et d ,

1966; Strauli et al, 1966). In one animal model. Walker 256 mammary

adenocarcinoma in rats, lung tissue was excised following the intravenous injection of
tumour cells. Examination of the lung tissue using immunoperoxidase staining revealed
that small amounts of fibrin accumulated within seconds of tumour cell injection. Electron
microscopy revealed crosslinked fibrin in the tissue within 5 minutes. The fibrin increased
in concentration rapidly, peaking by 1 hour and disappearing within 9 hours (Chew, 1976).

Experimental Studies - Animal Models

Administration of high doses of an antibody to fibrin fragment E resulted in the complete

165

regression of an experimental hepatoma in guinea pig (Schlager, 1975). The immunized
animals were rechallenged with the hepatoma and did not develop tumours. The use of
the enzyme batroxobin to defibrinate mice 11 days after implantation of 3LL tumour cells
resulted in a decrease in pulmonary métastasés.

Defibrination of the animals prior to

tumour implantation, however, produced an increase in pulmonary metastasis.

These

results led to the suggestion of the formation of a putative fibrin capsule around the
primary tumour in the early stages of growth, preventing egress of cells into the
vasculature, in the former case, whilst in the latter, fibrin formation at metastatic sites
favoured implantation (Donati et d , 1978).

The inhibitory effect of anticoagulant drugs on various properties of tumour cells have
been recognised for at least 30 years, since Strauss and Saphir first reported the effects of
the vitamin K antagonist dicoumarol on circulating carcinoma cells in rabbits (Strauss &
Saphir, 1949). Coumarin derivatives can inhibit tumour cell locomotion, metabolism, lung
colony formation, and the development of spontaneous metastasis in various experimental
tumour systems (Thornes et al, 1968; Brown, 1973; Kloch et al, 1974; Hilgard et al,
1977; Poggi et al, 1978; Hilgard, 1977; Hilgard & Maat, 1979; Maat, 1980). Warfarin
anticoagulation in vivo has been shown to reduce the in vitro expression of procoagulant
activity of human monocytes (Edwards & Rickies, 1978; Zacharski & Rosenstein, 1979)
and 3LL tumour cells recovered from C57BL/6J mice, and to protect against metastasis.
Treatment of mice with a prothrombin concentrate which reversed the plasma anticoagulant
effect of warfarin failed to reverse the protection against metastasis afforded to warfarintreated animals (Hilgard & Maat, 1979). This indicated that the effect of warfarin involved
more than just coagulation. In an attempt to find an alternative mechanism for the effect
of warfarin, Maat turned to the macrophage as a potentially important target cell, active
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in both cell-mediated coagulation and tumour cell killing. Inhibition of macrophage
function in C57BL/Rij mice, using carrageenan or silica, was effective in abolishing the
protective effect of warfarin (Maat, 1980). This finding indicated that the anti-metastatic
effect of warfarin may be mediated in part by selective effects of warfarin on monocytemacrophage function. However, other agents which specifically inhibit blood coagulation,
have been shown to have antimetastatic properties in experimental tumour models. Potent
tumour growth suppression has been observed, in rats, following administration of heparin
(Agostino et al, 1961; Boeryd, 1965; Miller, 1974), other sulphated polysaccharides
(Tsubura et al, 1976), and, in humans, fibrinolytic agents (Cliffton, 1974), all of which
act presumably by impairing fibrin deposition or accelarating fibrinolysis. However,
Yudelman and colleagues noted that heparin administered to patients who developed
thromboembolic disease as a result of cancer or inflammatory disorders failed to normalize
their plasma FPA levels (Yudelman, 1982). Similar data have been reported by others
(Peuscher et d , 1980; Rickies et al, 1983), and support an older clinical observation that
such patients may prove refractory to conventional anticoagulant therapy (Myers, 1981).
Such findings indicate that either a heparin-resistant enzyme (rather than thrombin) is
responsible for the cleavage of intravascular fibrinogen in cancer patients (vide infra), or
that thrombin generation occurring within the vasculature of such patients is less
susceptible to inactivation by heparin, or that thrombin generation occurs in the
extravascular compartment with leakage of FPA into the circulation.

Laboratory Studies

Experimental evidence suggesting a relationship between clot-promoting properties of
tumour cells and in vivo thrombogenesis was published by Laurence et al over 35 years
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ago. Suspensions of rabbit V2 carcinoma cells, which produced very short prothrombin
times when substituted for rabbit brain thromboplastin (tissue factor) in vitro, were equally
effective in inducing lethal thrombotic events in vivo when administered intravenously to
rabbits. Of importance, both heparin and dicoumarol treatment were protective of the
animals, suggesting that one of more tumour-associated procoagulant activities were acting
via traditional coagulation pathways (Lawrence, 1952).

Many studies have since been made of tumour cells and associated procoagulant properties,
with a view to describing the mechanism of cancer-associated thromboembolic disease. Of
greater relevance to this thesis are recent reports of evidence for the involvement of blood
coagulation in the metastatic dispersion of malignant disease. Hilgard (1973) observed lung
accumulation of platelets at sites where Walker 256 tumour cells were arrested after
intravenous inoculation. Lung accumulation of platelets was accompanied by significant
thrombocytopenia. While the antiplatelet agent, dipyridamole, was without effect,
thrombocytopenia could be prevented by heparin.

Gasic et ^

(Gasic et al, 1976) assayed 12 mouse transplantable tumours and 29 human

malignancies (28 of which were freshly obtained at time of surgery) for platelet
aggregating, procoagulant and fibrinolytic activities. Procoagulant activity was observed
to varying degrees with all murine, and all human tumour cells. Fibrinolytic activity was
observed in 92% of mouse tumours, and 86% of human tumours. Procoagulant activity
did not correlate significantly with platelet aggregating activity, indicating that the causes
of these effects were unrelated. Antimetastatic effects of coagulation inhibitors were not
reported in these studies.
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Kohga (Kohga, 1978) examined thromboplastic and fibrinolytic activities of 10 rat ascites
tumour cell lines. The line AH-130, which had high thromboplastic and high fibrinolytic
activities, caused prominent thrombus formation in the pulmonary vessels of rats in the
early stage of intravenous inoculation, and induced more prominent decrease in the number
of platelets and fibrinogen levels in peripheral blood than AH-130F(N), a line with low
thromboplastic and low fibrinolytic activities. AH-130 also developed more abundant
pulmonary metastatic foci 3 and 7 days after intravenous inoculation. These findings
suggest that high thromboplastic or fibrinolytic activities may be important in causing
pulmonary thrombus formation and allowing subsequent extravasation of arrested tumour
cells. The fibrinolytic activity of these cells is due to the release of plasminogen activator.

Pacchiarini et al (Pacchiarini et al, 1986) reported differences between mFS6 murine
fibrosarcoma sublines with respect to their ability to cause platelet aggregation in hPRP
and to release fibrinopeptide A (FPA). The highly metastatic M4 subline showed high
platelet aggregating activity with low FPA release, whereas platelet aggregating activity
was low and FPA release high with the Mg subline, which was not metastatic. While both
lines exhibited both activities, metastatic predisposition appeared to be more related to
platelet aggregating potential rather than to coagulation. Furthermore, the platelet
aggregating activity could not be inhibited by the antithrombin compound hirudin. Any
absolute requirement for plasma was not investigated: the effect of ADP-depletion was also
not investigated.

Using the murine 15091A mammary adenocarcinoma cell line, Cavanaugh et al
successfully purified platelet aggregating activity which co-purified with procoagulant
activity (Cavanaugh et al, 1985). The lipoprotein had a Mr of 51,000, and was insensitive
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to inhibitors of both serine and cysteine proteases. Both procoagulant activity and
proaggregatory activity proceeded with a characteristic lag period. The lag period for
coagulation, however, was shorter than that for platelet aggregation by about a factor of
6. Both procoagulant and proaggregatory activity were associated with metastasis in a
murine model investigated by Tanaka et al (Tanaka et al, 1986). Using a lung colonization
model it was found that cells with high procoagulant, thrombin generating and platelet
aggregating activities (B16 cells) caused severe thrombocytopenia and fibrin-rich
thromboembolism in the lungs. Cells whose activities were moderate (3LL cells) caused
only moderate changes, while cells with low procoagulant and platelet aggregating activity,
and which did not generate thrombin (MH134 cells), formed only very few lung colonies.
Hypercoagulopathy caused by thrombin injection was found to enhance lung colonization
by MH134 cells.
Zucchella et al (Zucchella et al, 1989) observed thrombin generating activity by the human
bladder carcinoma cell line, 5637, using hPRP to investigate platelet aggregation by these
cells. Such activity remained firmly attached to the cell surface.

Tissue Factor

The first report of a human tumour cell line with procoagulant activity identified as being
due to expressed tissue factor was by Kingo et al (Kingo et al, 1979). These workers
investigated the thromboplastic and fibrinolytic activities of 14 lines of cultured human
cancer cells of varying tissue origin. Four lines demonstrated high thromboplastic activity,
while 6 showed no such activity. Three lines demonstrated high fibrinolytic activity, but
7 lines showed no activity. The tumour cells could be classified according to their
propensity to release thromboplastic activity into the extracellular medium.
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The

thromboplastic activity was found to be mediated by Coagulation Factor VII, and was
therefore due to tissue thromboplastin in these cells.

F AM, a cell line originating from a pleural effusion of female breast cancer was found by
Eche et al (Eche et al, 1986) to cause platelet aggregation in the presence of plasma. The
reaction was found to involve the production of thrombin, and activation of Factor X. It
could be inhibited by heparin and antithrombin III in concert, but not by either inhibitor
alone. The activities were not observed when Factor Vll-deficient plasma was used. The
results were interpreted as showing that the extrinsic coagulation pathway is activated by
tissue factor expressed by F AM cells.

Kitagawa et al (Kitagawa et al, 1989) demonstrated coagulation-associated platelet
aggregation by M7609 cells derived from colon adenocarcinoma. This activity was shown
to be mediated by factors of the extrinsic but not intrinsic pathway of coagulation. Both
GPIb and GPIIb/IIIa platelet glycoproteins were involved in M7609-induced platelet
aggregation.

Tissue factor activity was also associated with immortalized, tumourogenic fibrosarcoma
in vivo and cultured fibrosarcoma cells in vitro, all of which had been derived from C3H
normal mouse embryo fibroblasts (Curatolo et al, 1988). The fibrosarcoma-inducing cells
demonstrated the highest tissue factor activity. Coagulation caused by the resultant
fibrosarcoma was found to be due to direct activation of Factor X, an effect mediated by
cysteine protease activity, rather than by tissue factor, the activity of which was low in
these tumours. This activity would appear to correspond to that earlier described in F AM
cells, by Gordon et al (vide infra).
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Tissue factor was identified in J82 human bladder carcinoma cells, and its expression
shown to be entirely surface localized. Tissue Factor on lipopolysaccharide-activated
human blood monocytes was also surface expressed (Drake et al, 1989). Factor VII and
Vila binding activity of the J82 cell line was investigated by Sakai et d , who obtained data
to indicate that binding of Factor VII to the tissue factor-bearing cell surface was a
prerequisite to its conversion to Factor Vila, and consequent activation of the extrinsic
coagulation pathway (Sakai et al, 1989).

Procoagulant activity has also been identified in the human breast cancer cell lines MCF-7,
ZR-75-1 and BT-20 (Jung et al, 1991). They were found to cause platelet aggregation via
a thrombin-dependent mechanism, and in the case of MCF-7, additionally via an ADP-like
mechanism.

Factor X Activator (Cancer Procoagulant)

In 1981 Gordon & Cross reported (Gordon & Cross, 1981) the induction of coagulation
by rabbit V2 carcinoma cells due to the direct activation of Coagulation Factor X, in the
absence of Factor VII. The enzyme responsible for Factor X activation was a cysteine
protease, which was subsequently purified (Falanga & Gordon, 1985) and shown to have
a Mr of 68,000 and isoelectric point of 4.8. The amino acid composition was substantially
different from other known Factor X-activating proteinases or other cysteine proteinases
including cathepsin B. This activity has been termed "Cancer Procoagulant". Recent
studies by these workers (Gordon et al, 1989) have been extended to apply analysis of
blood Cancer Procoagulant activity as a diagnostic for the presence of cancer, with a
considerable degree of success. In a blind study 92% of cancer samples were correctly
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identified, and there was an overall accuracy of 85% when controls were introduced into
the experimental regime. Cancer Procoagulant has been isolated from rabbit V2 carcinoma
cells (Falanga & Gordon, 1985), human melanoma (Donati et al, 1986) and human acute
non-lymphocytic leukemia (Falanga et al, 1988), and is also present in amnion-chorion
tissue from normal human placenta (Gordon et al, 1985).

In a sequel paper Falanga et al described the successful inhibition of Cancer Procoagulant
activity by two specific cysteine protease inhibitors, peptidyl diazomethyl ketones, and
peptidyl sulphonium salts (Falanga et al, 1989). While Cancer Procoagulant was inhibited,
the inhibition characteristics differed from those of Papain, a cysteine protease which is
also known to activate Factor X, giving a possible specificity handle enabling treatment
of Cancer Procoagulant-induced coagulation.

Cancer Procoagulant activity has been followed relative to stages in tumour growth, by
Mielicki and Wierzbicki (Mielicki & Wierzbicki (1990)), using the transplantable Guerin
epithelioma, in female Wistar rats. Cancer Procoagulant activity increased dramatically in
parallel with phases of intensive tumour growth. The phases of intensive growth were
accompanied by elevated coagulability.

Tuszynski et al (Tuszynski et al, 1987) isolated a protein having a Mr 17,000 and pi 9.5
from salivary gland extract of the Mexican leach Haementeria officinalis which inhibited
coagulation via Factor Xa, and had potent antimetastatic properties against the lung
colonization potential of T241 sarcoma cells in mice.
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Tissue Factor Pathway Inhibitor (TFPI)

In view of the apparent property of malignant cells to activate Factor X, either directly,
or via Factor VII, the discovery of an endogenous coagulation inhibitor (Tissue Factor
Pathway Inhibitor (TFPI), formerly "Lipoprotein-Associated Coagulation Inhibitor"
(LACI)) which acts through the tissue factor/Factor VII complex (Rao & Rapaport, 1987),
and can also inhibit Factor Xa directly (Broze & Miletich, 1987), may be important in
defining opposing factors which may contribute to the metastatic spread of neoplastic cells.

TFPI derived from the hepatoblastoma cell line HepG2 has been purified and its properties
more closely defined. TFPI inhibition of tissue factor was accelerated by heparin, and
more strongly by heparin and antithrombin Ilia. Antithrombin Ilia had no inhibitory effect
alone (Broze et al, 1988; Wun et al, 1990). This pattern of inhibition reflects that obtained
by Eche et al (vide supra) with F AM cell-induced platelet aggregation, which was inhibited
by heparin and antithrombin III together, but not by either inhibitor alone. Synergistic
action of heparin and antithrombin III may indicate mediation by TFPI.

Coagulation or Coagulation Factors?

While fibrin formation and stabilization is the end result of coagulation, these events may
not in themselves play a key role in metastasis. McCulloch & George (McCulloch &
George, 1988) found that arvin defibrination had no significant effect on pulmonary
seeding in Fischer rats injected with Mtln3 rat mammary carcinoma cells. Injection of
Factors I, IX and X increased pulmonary seeding, and injection of Factor VII alone had
no effect. Factor complex injections did not detectably shorten clotting times. Testing in
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vitro suggested that Mtln3 cells contain little or no conventional Factor X-activating cancer
procoagulant.

5.2

Aim of this chapter

Coagulation had been observed in platelet aggregation experiments with hepatoma cells,
using platelet-rich plasma. It was decided, therefore, to investigate whether or not
procoagulatory activity was generated by the tumour cells, and if so, the pathway
involved. The question as to whether or not activation of coagulation by the tumour cells
was a sufficient explanation for their pro-aggregatory effects was also addressed. Attempts
were made to relate the mechanism of activation of coagulation to the metastatic status of
the cells.

5.3

Methods

The following methods were used in the studies presented in this chapter:-

platelet

aggregation (§2.4.4), chromogenic thrombin assay (§2.13), coagulometry (§2.8).

5.4

Coagulation associated with hepatoma cell-induced platelet aggregation

Platelet aggregation experiments reported in previous chapters were performed in the
presence of l% cPPP and ImM Ca^^. In this chapter I report the additional observation
that where higher concentrations of plasma were used, coagulation was found to occur, in
addition to platelet aggregation. This was true of platelet aggregation induced by all the
hepatoma cell lines (Fig. 5.1).
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COAGULATION ASSOCIATED WITH HEPATOMA CELL
-INDUCED PLATELET AGGREGATION
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Figure 5.1
Clot formation observed with hepatoma cell-induced platelet
aggregation using isolated platelets (platelet count
3 X 10^.ml ’) in the presence of 10% cPPP and ImM Ca^^.
a) Mahlavu b) HepG2 c) SK55 d) Alexander e) HepBB cells,
f) Platelet aggregation does not occur in the absence of hepatoma
cells.
The lower traces of each pair show dependence of aggregation and
coagulation on ImM Ca^+.
The hepatoma cell: platelet ratio was 1: 3 x 10“*.
(n = 3)
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5.5

Inhibition of platelet aggregation bv hirudin and by heparin

In a previous chapter (ch.3) of this thesis, results were described which indicated an
absolute requirement for plasma in hepatoma cell-induced platelet aggregation not mediated
by ADP. Polyacrylamide gel electrophoresis studies suggested that minor components of
plasma, for example, coagulation or complement factors, might be involved (ch.4). In
order to test for the involvement of coagulation, the effects of hirudin and of heparin, two
inhibitors of coagulation, were investigated.

5.5.1

Nature and action of hirudin

Hirudin is a 65 amino acid protein, the highly acidic C-terminalsegment of which confers
specific thrombin neutralizing activity (Chang, 1983). It binds to thrombin with a
stoichiometry of 1:1.

Commercial preparations of this agent are derived from the

medicinal leech hirudo medicinalis and may be contaminated with other activities, for
example, eglin, hyaluronidase, collagenase and apyrase (Rigbi et al, 1987). A recombinant
hirudin, rec y[Tyr63]-hirudin, which lacked the two N-terminal amino acids, but which
had full thrombin neutralizing activity, was available, courtesy Dr. H. Grossenbacher,
Ciba-Geigy Ltd., Switzerland, the use of which circumvented uncertainties due to
contaminating activities.

5.5.2

Nature and action of heparin

Heparin is a highly acidic mucopolysaccharidewith thrombin neutralizing activity. It is
composed of equal amounts of sulphated D-glucosamine and D-glucuronic acid, interlinked
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by sulfaminic bridges (Jaques,

1980). Commercial preparations are functionally

heterogeneous, and heterogeneous in size, with a Mr ranging from 4,000 to 40,000.
Although heparin is produced by lung and gut mucosal cells, there are no detectable
circulating levels in the blood since it is rapidly removed from circulation by endothelium
and reticuloendothelial cells (Jaques, 1979) and is degraded by heparinase, a hepatic
enzyme. However, heparin-like molecules (e.g. heparan sulphate and dermatan sulphate)
have been found on the surface of endothelial cells, which would provide local
anticoagulant effects at the level of the vascular intima. Heparin and heparin-like molecules
are neutralized by platelet factor 4, one of the platelet a-granule release products.

Heparin exerts its anticoagulant activity by binding to lysyl or tryptophan residues in
antithrombin III. This induces a conformational change in antithrombin III, as a result of
which the reactive arginine residue becomes more readily able to combine with and inhibit
the serine active centre of thrombin. Other serine protease coagulation factors are also
inhibited in the same way, namely, Xa, which is totally inhibited, and Xlla, kallikrein, XIa
and IXa, which are inhibited to a lesser degree.

5.5.2.1

Effect of hirudin on hepatoma cell-induced platelet aggregation

The conunercial hirudin used for the following experiments was derived from leech
extract, and had a reported specific activity of 100,000 lU.mg \ It was used as a solution
in modified Tyrode’s HEPES buffer, pH 7.4 to give the final concentrations given below.
Hirudin was introduced into stirred platelet suspensions 1 minute before addition of 1 %
cPPP/lm M Ca^^. After a further minute, hepatoma cells were added. Controls without
hirudin were run concomitantly (Fig. 5.2 a). Sub-inhibitory doses were investigated (Fig.
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EFFECT OF HIRUDIN ON HEPATOMA CELL-INDUCED PLATELET AGGRRGATTON

(a)
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Figure 5.2
Inhibition of plasma-dependent hepatoma cell-induced platelet aggregation
by hirudin.
a) platelet aggregation in the presence of 1 % cPPP and ImM Ca^^
b) effect of 0.05IU.ml'^ hirudin c) effect of O.lU.ml^ hirudin
and O.lIU.ml* rec y[Tyr]-hirudin.
Isolated platelet count 3 x lO^.ml
Hepatoma: platelet ratio 1: 3 x 10"^
(n = 3)
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5.2 b): hirudin concentrations (0.1 lU.mi'^) equivalent to approximately 0.1 lU.ml'^
thrombin were required for full inhibition (Fig. 5.2 c).

5.5.2.2

Effect of rec vlTvrbBl-hirudin on hepatoma cell-induced platelet aggregation

Recombinant hirudin, the activity of which was quoted as 11,500 ATE (anti-thrombin
equivalents) units per mg of solid compound (equivalent to the universally standardised
International Units used in reference to thrombin activity), was used as a solution in
modified Tyrode’s HEPES buffer, pH 7.4 to give the final concentrations given below.
Recombinant hirudin showed similar effects to leech hirudin, inasmuch as inhibition was
observed at similar concentrations (0.1 lU.ml'^) by each inhibitor (Fig. 5.2 c).

5.5.2.3

Effect of heparin on Mahlavu cell-induced platelet aggregation

Heparin (5 lU.ml'^) was introduced at different stages of Mahlavu cell-induced platelet
aggregation, and its effects noted. Inhibition was found to occur when heparin was added
before the lag period (Fig. 5.3 a), after the lag period but before the start of aggregation
(Fig. 5.3 b) and just at the onset of shape change (Fig. 5.3 c). However, once platelet
aggregation had commenced, heparin had no effect on the subsequent passage of events
(Fig. 5.3 d).

180

EFFECT OF HEPARIN ON M AHLAVU CET .1.-TNDUCED PLATELET AGGREGATION
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Figure 5.3
Inhibition of Mahlavu cell-induced plasma-dependent platelet aggregation
by heparin.
Heparin (5 lU.ml *) was introduced at various stages as follows:
a) before the lag period, b) after the lag period, c) at the onset of shape change,
and d) after the shape change.
Isolated platelet count 3 x 10®.ml ’.
Mahlavu cell: platelet ratio 1: 3 x 10'^.
(n = 3)
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5.6

Direct evidence for the generation of thrombin in Mahlavu cell-induced
platelet aggregation, using a specific chromogenic assay

5.6.1

Introduction

Generation of thrombin, which is the penultimate component of the coagulation cascade,
and a potent platelet agonist, was suspected as being the mediator of hepatoma cell-induced
platelet aggregation. It was possible to test for the presence of thrombin by a specific
chromogenic assay, which followed the amidolytic breakdown of the synthetic thrombin
substrate sarcosyl-L-prolyl-L-arginine-p-nitrophenylanilide. Any p-nitroaniline released,
which was yellow in colour, could be measured spectrophotometrically.

5.6.2

Specificity and linearity of chromogenic thrombin assay

A time course (0 to 10 minutes, 37°C) of the hydrolysis of sarcosyl-L-prolyl-L-arginine-pnitrophenylanilide was run, using thrombin (0.1 lU.ml^), a high concentration of trypsin
(3000 lU.ml'^), and trypsin (3000 lU.ml'^) with Soy Bean trypsin inhibitor (SBTI) (200
lU.ml'^). Recorded actiyity was high with thrombin and low with trypsin. Furthermore,
the trypsin actiyity was completely neutralized by SBTI (Fig. 5.4). This showed that the
assay was largely unaffected by trypsin or trypsin-like actiyity, and that the small
contribution from trypsin could be neutralised by SBTI. Thrombin actiyity was measured,
therefore, in the presence of SBTI which preyented interference from trypsin.
The assay was found to be quasi-linear oyer the range 0 to 0.2 lU.ml^ thrombin (Fig.
5.5). SBTI (200 lU.ml'^) was found not to inhibit the actiyity of thrombin oyer the range
0 to 1.0 lU.ml ^ thrombin (Fig. 5.6), and was considered, therefore, not to be interfering
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SPECIFICITY OF CHROMOGENIC THROMBIN ASSAY
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Figure 5.4
Hydrolysis of sarcosyl-L-prolyl-l-arginine-p-nitrophenyl anilide by
a) 0.1 lU.ml ’ thrombin ( a),
b) 3000IU.mI'^ trypsin (^),
c) 3000 lU.ml ' + 200 lU.ml'^ soybean trypsin inhibitor
(SBTI)(.),
d) buffer control ( o).
All incubations were performed 37°C.
(n = 3)
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THROMBIN STANDARD CURVE
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Figure 5.5
Standardization of thrombin activity in the sarcosyl-L-prolyl-l-arginine-p-nitrophenyl
anilide chromogenic assay.
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EFFECT OF SOY BEAN TRYPSIN INHIBITOR ON
CHROMOGENIC THROMBIN ASSAY
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Figure 5.6
Thrombin was assayed in the absence and presence of 200 lU.ml'^ SBTI, for
10 minutes at 37°C.
All determinations were performed in quadruplicate.
(n = 2)
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with the activity of interest.

5.6.3

Measurement of thrombin release under proaggregatorv conditions

Thrombin could not be detected in fresh human plasma (citrated), or isolated platelet
preparations, in the presence or absence of Ca^^ (Fig. 5.7, columns 1 & 2). Freshly
isolated and washed Mahlavu cell suspensions showed some activity, which was inhibited
in the presence of SBTI, showing it to be ’trypsin-like’. In the absence of Ca^^, no
thrombin could be detected when platelets were incubated with plasma or when Mahlavu
cells were incubated with plasma or when Mahlavu cells were incubated with platelets
(column 7). Also, no thrombin generation was observed when Mahlavu cells, plasma and
platelets were incubated together, in the absence of Ca^^ (column 9). However, in the
presence of Ca^^, sub-threshold (non-aggregatory) levels of thrombin (equivalent to
0.025 lU.ml ^ thrombin) were detected when Mahlavu cells were incubated with platelets
in the absence of added plasma (column 8). Supra-threshold levels of thrombin (equivalent
to 0.1 lU.ml ^ thrombin) were generated by incubation of a mixture of Mahlavu cells and
plasma, in the presence of Ca^^ (column 6). Higher levels of thrombin generation
(equivalent to 0.15 lU.ml^ thrombin) were observed when Mahlavu cells, plasma and
platelets were incubated together in the presence of Ca^^ (colunrn 10). Generation of suband supra-threshold levels of thrombin under these latter conditions was found to be
insensitive to SBTI, and was therefore not due to non-specific ’trypsin-like’ activity. These
results demonstrated that thrombin is generated when Mahlavu cells, and plasma are
incubated together in the presence of Ca^^, and that if any one of these three components
is absent, thrombin generation is prevented.
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Figure 5.7
Assay of thrombin released during incubation of Mahlavu cells with plasma and
with isolated platelets, by hydrolysis of sarcosyl-L-prolyl-l-arginine-p-nitrophenyl .
anilide. Thrombin generating activity was tested in the presence of 200 lU.ml'^
Soy Bean Trypsin Inhibitor (SBTI) to eliminate contributions to the assay by trypsin,
(n = 3)
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5.7

Hepatoma cell-induced platelet aggregation, using Factor deficient plasmas

To assess whether or not the coagulation cascade was the source of thrombin, and to
determine the pathway of activation of coagulation by hepatoma cells, platelet aggregation
studies were repeated using Factor-deficient plasmas. Factor V- and Factor X-deficient
plasmas were used to test for prothrombinase activation. Factor Vlll-deficient plasma to
test for intrinsic pathway activation, and Factor Vll-deficient plasma to test for the
involvement of the extrinsic coagulation pathway. In all experiments. Factor-deficient
plasma was used as a direct replacement of normal plasma: Ca^^ dependence and inhibition
characteristics were also investigated.

Factor V- and Factor X-deficient plasmas from the Sigma Chemical Company were found
to be contaminated with ADP which interfered with the platelets in platelet aggregation
experiments. These plasmas were therefore used in the presence of the creatine/creatine
phosphate ADP-depleting system (see § 4.4).

5.7.1

Factor V-deficient plasma

Platelet aggregation induced by hepatoma cells proceeded normally in the presence of
Factor V-deficient plasma, with the exception of the HepG2 cell line where the activity
was reduced (Table 5.1). HepG2 cell-induced platelet aggregation may therefore be
partially dependent on high levels of Factor V. In each case hepatoma cell-induced platelet
aggregation could be inhibited by 0.1 lU.ml'^ rec-hirudin, but not by 20mM creatine
phosphate/40 lU.ml'^ creatine phosphokinase.
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Table 5.1

Proaggregant Properties of Hepatoma cells in Factor-Deficient Plasmas

Factor-deficient
plasma

Cell

line

mediated

by

factor ?

Mahlavu

SK55

Alexander

HepG2

V
VII

No
Yes

No
No

No
Partial

Partial
No

No
No

V lli

No

No

No

No

No

X
C5

Yes
No

Yes
No

Yes
No

Partial
No

Yes
Possibly

Hep3B

Notes
1. No : fu ll aggregation
obtained in absence
of Factor

P artial : delayed
aggregation response
in absence of Factor

Yes : no aggregation
observed in absence
of Factor

2. 1 % Factor-deficient plasm a was introduced with ImM Ca , 1 minute before addition
of hepatom a cells. I f no aggregation response was observed, the experim ent was
repeated with higher concentrations of Factor-deficient plasma, 2% and 10%. If no
response was seen with 10% plasma, that cell line was considered to be mediated by
the m issing Factor.
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5.7.2

Factor X-deficient plasma

Mahlavu, Alexander, SK55 and Hep3B cell-induced platelet aggregation was totally
dependent on the presence of Factor X, there being no platelet aggregation in its absence
(Table 5.1). HepG2 induced-platelet aggregation was found to be partially dependent, with
responses delayed compared to those with normal plasma. In each case hepatoma cellinduced platelet aggregation could be inhibited by 0.1 lU.ml'^ rec-hirudin, but not by
20mM creatine phosphate/40 lU.ml^ creatine phosphokinase.

5.7.3

Factor Vlll-deficient plasma

Aggregation induced by none of the cell lines Mahlavu, Alexander, SK55, HepG2 or
Hep3B showed dependence on Factor VIII, indicating that the intrinsic coagulation
pathway was not involved (see Figure 5.8). In each case hepatoma cell-induced platelet
aggregation was inhibited by 0.1 lU.ml^ rec-hirudin, but not by 20mM creatine
phosphate/40 lU.ml^ creatine phosphokinase.

5.7.4

Factor VII deficient plasma

HepG2-, SK55- and Hep3B-induced platelet aggregation showed no dependence on Factor
VII. Platelet aggregation with these lines was therefore not due to activation of the
extrinsic pathway of coagulation by Tissue Factor. Alexander cells were partially
dependent on Factor VII for platelet aggregating activity, showing there to be a Tissue
Factor component to the events leading to platelet aggregation by these cells. Mahalavu
cell-induced platelet aggregation was entirely dependent on the presence of Factor VII,
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PROCOAGULANT PROPERTIES OF HEPATOMA CELL SUSPENSIONS
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Fieure 5.8
A suspension of hepatoma cells was added to either
(a) normal human plasma, or
(b) Factor VH-deficient plasma, which was then recalcified to
initiate coagulation.
The hepatoma cell density in the final mixture was
cells.ml'^
(n = 3)
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there being no platelet aggregation in its absence. Mahlavu cells therefore express Tissue
Factor, which is able to activate the extrinsic pathway of coagulation by interaction with
Factor VII. (Table 5.1) (see Figure 5.8).

5.7.5

Conclusions from coagulation studies

Plasma-dependent hepatoma cell-induced platelet aggregation was dependent on individual
coagulation factors within plasma, as shown by their obligatory nature in platelet
aggregation experiments. It is clear that in the case of Mahlavu cells there is thrombin
generation, which fact alone is sufficient to account for the platelet activating properties
of these cells in the presence of plasma. The inhibitory effect of the anti-thrombin
compound, hirudin, with all cell lines suggests that they share a common general
mechanism in activating some parts of the coagulation cascade, particularly the common
pathway leading to the formation of the prothrombinase complex.

5.8

Possible inter-relationship between coagulation, complement components and
platelet aggregation

Sims et al (Sims et al, 1988) demonstrated that exposure of gel-filtered human platelets to
sub-lytic levels of the C5b-9 complex of the complement cascade caused secretory fusion
of the a-granule membrane with the platelet plasma membrane and the release of
microparticles enriched in bound C5b-9 complex. This suggested that the particles were
selectively shed from the platelet plasma membrane at the site of C5b-9 insertion. The
microparticles were highly enriched in bound a-granule-derived Coagulation Factor V (or
Va), and provided most of their membrane surface for conversion of prothrombin to
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thrombin by VaXa. Platelet-derived microparticles formed during complement activation
in vivo could provide a membrane surface that facilitates the assembly and dissemination
of procoagulant enzyme complexes.

5.8.1

Hepatoma cell-induced platelet aggregation and complement C5-deficient
plasma

In view of the above report it was of interest to test the dependence of hepatoma
cell-induced platelet aggregation on activation of the complement cascade. Plasma deficient
in complement component C5, the first component common to both classical and alternate
pathways, was tested for its ability to support hepatoma cell-induced platelet aggregation.
Mahlavu, HepG2, Alexander and SK55 cell-induced platelet aggregation occurred in C5deficient plasma in a manner similar to that with normal plasma. The response of Hep3B
cells in inducing platelet aggregation was less rapid, indicating that complement may have
an influence on platelet aggregation induced by this cell line (Table 5.1).

5.9

Procoaeulant properties of human hepatoma cells

The five hepatoma cell lines were tested for procoagulant activity (PCA) in normal and
Factor Vll-deficient plasma. Both cell suspensions and cell-conditioned buffer were tested.

5.9.1

Procoagulant properties of human hepatoma cells in normal plasma

Levels of PCA in Alexander, Hep3B, Mahlavu, and SK55 cells was high. The time for
clot formation to occur was reduced from 600 seconds for the buffer control to 36 seconds
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(SK55 cells) or less (Fig. 5.8 a). Mahlavu and Alexander cells showed the highest PCA
(20 seconds and 19 seconds clotting time respectively). PCA of HepG2 cells was markedly
less than that of the other cell lines, showing clotting time of 200 seconds. These results
reflect the potency of the cells’ platelet aggregating abilities, where the HepG2 response
was characterised by a longer lag period.

5.9.2

Procoagulant properties of human hepatoma cell-conditioned buffer in
normal plasma

To test whether or not PCA was released from the cells, the buffer was removed from a
cell suspension which had been incubated at 37°C for lOminutes, by centrifugation at 200g
for 10 minutes, and added to plasma without dilution. Mahlavu and Alexander cells
showed almost total release of PCA, the activity of cell suspension and cell-free,
conditioned buffer being similar (Fig. 5.9 a). SK55 and Hep3B cells also released PCA
activity but the activity of the cell-free buffer was significantly less than that of the cell
suspension from which it was derived (p < 0.001). The pattern of release of HepG2 cells
was distinct from the other cell lines, there being virtually no detectable PCA in the cellfree conditioned buffer.

5.9.3

Procoagulant properties of human hepatoma cells in Factor Vll-deficient
plasma

To determine whether or not coagulation seen with normal plasma was dependent on
Factor VII and the extrinsic coagulation pathway, whole cell suspensions were tested for
procoagulant activity in Factor Vll-deficient plasma. In all cases, except HepG2, there was

194

PROCOAGULANT PROPERTIES OF HEPATOMA CELL-CONDITIONED BUFFER

700
buffer

Ü
o

600

Alexander

500

' Hep3B

CO

HepG2

400
E
H
C

CO
<LTt

Mahlavu
300

I

SK55
Level of Significance

Ü

between tumour cells
& conditioned buffer

•k k

100

■

** P < 0 . 0 0 1

0
normal plasma

Factor VB deficient

Figure 5.9 '
A suspension of hepatoma cells was incubated at 37°C for 10 minutes, and
centrifuged (150g, Sminutes). The supernatant was removed and used directly
in coagulation experiments.
Supernatant was added to either (a) normal human plasma, or
(b) Factor VH-deficient plasma, which was then recalcified to initiate
coagulation. The final protein concentration of the hepatoma cell-conditioned
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a small but significant increase ( p < 0.001) in clotting time over normal plasma (Fig. 5.8
b).

5.9.4

Procoagulant properties of human hepatoma cell-conditioned buffer in Factor
Vll-deficient plasma

Hepatoma cell-conditioned buffer was added without dilution to Factor Vll-defîcient
plasma, immediately after removal of cells by centrifugation (200g, 10 minutes), to test
whether or not the PCA released from the cells was Factor Vll-mediated. As with whole
cells, there was a significant increase in clotting time over normal plasma (lower PCA)
(p < 0.001), when using cell-conditioned buffer (Fig. 5.9 b), except in the case of HepG2conditioned buffer where the PCA activity was found to be 42% higher in Factor VHdeficient plasma than in normal plasma.

The increase in clotting time seen with Factor VII plasma, while significant, did not
account for all the PCA of the cell-conditioned buffer, there being a substantial amount
of PCA even in the absence of Factor VII.

5.10

Discussion

Platelet Aggregation Studies

When cPPP was used at 10%, platelet aggregation induced by the human hepatoma cell
lines Alexander, Hep3B, HepG2, Mahlavu and SK55 was found to be accompanied by
coagulation. This phenomenon was further investigated by the coagulation inhibitors
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hirudin, which binds to and inactivates thrombin, and heparin which activates antithrombin
III, and thereby inactivates serine proteases of the coagulation cascade.

Hirudin and rec y[Tyr63]-Hirudin inhibited plasma-dependent platelet aggregation induced
by all five hepatoma cell lines. This indicated that the aggregation response induced by the
cells was due to generation of thrombin. Heparin similarly inhibited platelet aggregation
by Mahlavu cells: the other cell lines were not tested. Inhibition was seen when heparin
was introduced at the beginning or end of the lag period, and prior to shape change.
However, once the shape change had occurred, heparin was ineffective in preventing
aggregation. These findings point to the importance of the lag period as an obligatory
preparative phase of platelet aggregation involving plasma coagulation components and
confirm the results reported in §3.15 where pre-incubation of Mahlavu cells with plasma
abolished the lag period.
Direct evidence of thrombin generation resulting from Mahlavu cells interacting with
plasma and with platelets in the presence of Ca^^, was obtained from a chromogenic assay
which involved amidolytic breakdown of the synthetic substrate sarcosyl-L-prolyl-Larginine-p-nitrophenylanilide. The assay was shown to be specific for thrombin: trypsin
activity which was found to interfere at very high concentrations could be specifically
occluded by SBTI, which was shown not to affect thrombin activity detected by the
technique. Individual components of the Mahlavu cell platelet aggregation induction
system, Mahlavu cell suspension, and fresh human plasma, were tested in the presence of
Ca^^: no thrombin activity was detected. When Mahlavu cells were mixed with isolated
platelets, sub-threshold levels of thrombin were generated, in the presence of Ca^^. This
may have been due to activation of surface adsorbed coagulation proteins on both
hepatoma cells and platelets. Alternatively, the hepatoma cells may have been synthesizing
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nascent coagulation proteins, since liver is the site of synthesis of these proteins (Hutton,
1989). A third reason for this high level of thrombin may be release of prothrombin from
platelet a-granules (Alexander, 1986) and its conversion to thrombin by prothrombinase
on the surface of the platelet. Supra-threshold levels of thrombin were generated when
Mahlavu cells were incubated with plasma in the presence of Ca^^. The activity was not
sensitive to SBTI and was therefore not ’trypsin-like’. Higher levels of thrombin were
generated when platelets were included in the incubation. Mahlavu cells are able to
generate sufficient amounts of thrombin in this system to account for the platelet
aggregation responses observed. The thrombin appears to be derived from plasma,
following activation of parts of the classical coagulation pathways.

In order to determine whether or not activation of the plasma coagulation cascade was
occurring, the effect of using Factor-deficient plasmas was investigated. The plasmas had
been derived from patients with congenital factor deficiencies, and level of factors was said
to be less than 1% of normal (Sigma Chemical Company, Technical Services, 1991).

Studies with Factor-deficient plasma on platelet aggregation responses revealed a diversity
of patterns of coagulation activation, despite the common hepatic origin of all the cell
lines. Where platelet aggregation occurred in the presence of Factor-deficient plasma, it
was tested and in each case found to be hirudin sensitive and CP/CPK insensitive, showing
coagulation to be thrombin dependent. Four of the five cell lines showed an absolute
requirement for Factor X. Of those, SK55 and Hep3B showed no requirement for extrinsic
pathway activation (no Factor VII requirement) and no requirement for intrinsic pathway
activation (no Factor VIII requirement). SK55 and Hep3B cells may therefore activate
Factor X directly. HepG2 cells were found to be partially dependent on Factor X, the
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platelet aggregation response being less strong in its absence. Alexander and Mahlavu cells
showed Factor X and Factor VII dependence, and did not show Factor VIII dependence.
These cells appear to activate coagulation through Tissue Factor/Factor VII interaction,
the extrinsic pathway, followed by Factor X activation, the common pathway of
coagulation. Platelet aggregation induced by HepG2 had no Tissue Factor component.
None of the cell lines except HepG2 showed any diminution of platelet aggregating activity
in the absence of Factor V. Rather than there being no requirement for Factor V, this may
simply reflect the presence of Factor V derived from the platelet «-granule pool
(Monkovic & Tracy, 1990) since there would inevitably have been some limited platelet
activation prior to hepatoma cell-induced aggregation.

To summarize, two hepatoma cell lines, Mahlavu and Alexander, showed procoagulant
activity through a Tissue Factor-mediated process, and activation of the extrinsic
coagulation pathway. Two of the lines, SK55 and Hep3B, appeared to activate Factor X.
Coagulation-dependent platelet aggregation by HepG2 cells was found to be independent
of the coagulation factors which were investigated. This may have reflected a high rate of
synthesis of coagulation factors by these cells, or the existence of thrombin forming
activity which is independent of the classical coagulation pathways (Sarode et al, 1990).

In view of a report demonstrating release of VaXa-rich microparticles from the platelet
surface by the complement complex C5b-9 (Sims et al, 1988), complement may play a role
in disseminating tumour cell-induced procoagulant activity. Also the possibility existed that
the complement cascade was directly involved in the process of hepatoma cell-induced
platelet aggregation. Complement component C5 forms the first common component of
classical and alternative complement pathways. C5-deficient plasma was therefore tested
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for its ability to support hepatoma cell-induced platelet aggregation. All hepatoma cells
were active in C5-deficient plasma, with the possible exception of Hep3B, where the
platelet aggregating response was reduced. These results suggest that complement is not
directly responsible for the pro-aggregatory activity of hepatoma cells. It is possible,
however, that it is activated in response to tumour cells in venous circulation, and exerts
a catalytic effect through increasing prothrombinase activity.

Coagulation Studies

Studies of clotting times with whole hepatoma cells indicated that all of the lines had
procoagulatory activity (PCA). This was high in the case of Alexander, Mahlavu, SK55
and Hep3B, and lower with HepG2 cells. Procoagulant activity was released from
Alexander, Mahlavu, SK55 and Hep3B cells, the released activity from Alexander and
Mahlavu cells accounting for the total PCA observed with these lines. The pattern of
release, with Alexander and Mahlavu cells releasing most, and Hep3B and SK55 releasing
least PCA, mirrored the pattern of Factor-dependence found in platelet experiments,
where aggregation by Alexander and Mahlavu cells was found to be Factor Vll-dependent,
whereas that by Hep3B and SK55 was Factor Vll-independent. Contrary to expectation,
when the coagulation studies were repeated in Factor Vll-deficient plasma, these four cell
lines showed similar levels of Factor VII dependence. This disparity may reflect
differences in mechanism between hepatoma cell-induced coagulation and platelet
aggregation, where Factor Vll-mediated activation is more significant for platelet
aggregation, than for coagulation. The findings of Purushotham et

(Purushotham et al,

1991) that activation of specific coagulation factors, rather than fibrin deposition correlated
with metastatic potential of tumour cells, may be relevant to such a proposal. A distinction
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between activation of specific coagulation factors and activation of the coagulation cascade
in total, may be important in explaining why fibrin deposition sometimes appears to favour
metastasis and other times appears to have no relevance: fibrin deposition may simply be
too crude a measurement for analysing a process which involves specific coagulation factor
activation and platelet activation.

Although there was some Factor Vll-dependence of both whole cell and released PCA,
this clearly accounts for only a proportion of PCA. Further studies, using other Factordeficient plasmas would be required to define more closely other mechanisms of hepatoma
cell-induced coagulation.

HepG2 results

The characteristics of HepG2 PCA differed from those of the other four hepatoma cell
lines. The PCA of whole cells appeared not to be Factor Vll-mediated. Using normal
plasma, very little PCA could be detected in HepG2 cell-conditioned buffer. However,
PCA was observed when using Factor Vll-deficient plasma. This demonstrated that HepG2
cells were releasing PCA, but that this was being masked by coagulation inhibitor activity,
which itself was Factor Vll-dependent. With whole cells in normal plasma, with normal
levels of Factor VII, action of the putative inhibitor, was sufficient to prevent coagulation
occurring: surface-associated HepG2 PCA was sufficiently strong to overcome any
inhibitory effect which the cells might be releasing. This result with whole cells might
appear to contradict the finding that HepG2 cells do cause plasma-dependent platelet
aggregation. However, that platelet aggregation requires lower levels of thrombin than
those required to cause coagulation is demonstrated by the fact that exogenously added
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thrombin will induce platelet aggregation even in the presence of the coagulation inhibitor,
heparin: HepG2 cells appear, therefore, to generate sufficient thrombin to illicit an
aggregation response, but not to overcome the effects of the coagulation inhibitor. A
coagulation inhibitor released by HepG2 cells has previously been described (Broze et al,
1988) the activity of which is Factor Vll-dependent. This was originally called the
’Lipoprotein-Associated Coagulation Inhibitor’, but is now termed the Tissue Factor
Pathway Inhibitor. It would appear that the coagulation characteristics of the HepG2 cells
reported in this chapter are due to two opposing activities, one which causes coagulation
and another, which is Factor VII dependent, which inhibits coagulation.

5.11

Conclusion

A consideration of the coagulation properties of the 5 human liver cancer cell lines under
study has revealed that both metastatic and non-metastatic cells are capable of activating
the coagulation cascade. The points at which they do this differ with the cell line, and the
mechanism of activation cannot therefore be related to their metastatic status. There are
two features of the cells which do correlate with the metastatic properties of the cells. The
first is the cells ability to release PCA. The four metastatic cell lines, Mahlavu, SK55,
Hep3B and Alexander, all release PCA from the cell. In contrast, the non-metastatic cell
line HepG2, does not release its PCA. Secondly, HepG2 cells release a coagulation
inhibitor, the effect of which is only visible in the absence of whole cells. This latter
feature makes the non-metastatic cell line distinct from the other metastatic lines. It is
possible that the important difference between metastatic and non-metastatic cells, is in
their ability to release either pro-coagulatory or anti-coagulatory activity.
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CHAPTER SIX

CHAPTER SIX

THE ENDOTHELIUM A ND HEPATOMA CELL-INDUCED PLATELET

AGGREGATION

6.1

Introduction

For a circulating tumour cell to successfully metastasize it must be able to attach to the
luminal surface of the endothelial layer, cause exposure of the subendothelium, and attach
to and digest the subendothelium. Alternatively, metastasis may only occur at sites of
endothelial cell damage, where components of the subendothelium have previously become
exposed, enabling direct tumour cell/subendothelium contact. Areas of dividing endothelial
cells, where repair to damage is in progress may be more susceptible to disruption by
tumour cells in the lumen, since mitotic endothelial cells have been shown to have
increased permeability to macromolecules (Lin et al, 1988). Penetration of tumour cellderived proteases through the endothelium in such areas, may lead to sub-endothelial
disruption resulting in removal of an effective endothelial cell barrier. It is probable,
however, that circulating tumour cells are able to adhere to and destroy endothelial cells,
and do not rely on areas of damaged endothelium for invasion of secondary tissue. The
importance of tumour cell/endothelial cell adherence is suggested by the finding that, in
general, a high rate of tumour cell/endothelial cell adhesion correlates with metastatic
potential of the cells (Korach et al, 1986). Constantinides et al (Constantinides et al, 1989)
demonstrated in an electron microscopic study of the invasion of mouse (adult male Balb/c
strain) liver by a chemically-induced fibrosarcoma that individual tumour cells caused the
endothelial basement membrane to disappear, following which the endothelial layer was
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breached either by the opening of interendothelial junctions or by the induction of
vacuolation and disintegration of individual endothelial cells. Opening of interendothelial
junctions by tumour cells has been observed in vitro with ultrastructural studies of
endothelium and tumour cultures, and in vivo in studies of cancer cell extravasation from
blood capillaries (Kramer & Nicolson, 1979; Almasio et al, 1983; Vlodavsky et al, 1983;
Nicolson & Poste, 1983). In vitro studies have shown that several types of cancer cells
can open interendothelial junctions in endothelial monolayers by inducing retraction of
adjacent endothelial cells and extending pseudopodia, which push open endothelial cell
junctions, enabling the tumour cell to gain access to subendothelial layers (Kawaguchi et
al, 1982).

The exact mechanism by which tumour cells cause endotheliolysis (destruction of
individual endothelial cells) and endothelial retraction has not been elucidated, but
whatever its nature proves to be, endothelial cell to tumour cell contact or at least close
proximity between the two cell types must be required.

There is mounting evidence that the processes of haemostasis strongly influence tumour
cell/endothelial adhesion, and may therefore influence endothelial cell disruption proximal
to blood-bome tumour cells.

Honn et al (Honn et al, 1984) found that addition of platelets (PRP) to Walker 256
carcinosarcoma cells increased adhesion of tumour cells to a monolayer of normal rat
cerebral endothelial cells in vitro. Platelet aggregation was not a prerequisite for
enhancement for tumour cell adhesion by platelets. Marcum et al (Marcum et al, 1980)
demonstrated using the large cell epithelial lung cancer cell line. Hut 20 (human, now

thought to be murine - see Bastida et al, 1981) that adherence of tumour cell/platelet boll
to denuded rabbit aorta was dependent on activation of platelets, their being no adhesion
when platelets were inhibited by PGE2. Futhermore, endothelial cells were shown to
inhibit Hut 20-induced platelet aggregation in a dose dependent manner in PRP.

Tohga et al (1990) investigated the effect of the platelet aggregation inhibitor DN-9693,
a phosphodiesterase inhibitor, on tumour cell attachment to endothelium in vitro, using
bovine pulmonary artery endothelial cells, the murine B16 melanoma BL6 (3LL B2 clone)
and isolated murine platelets. Platelets first adhered to or aggregated on the surfaces of
3LL B2 cells, and the aggregates, composed of tumour cells and platelets, then attached
to the endothelial monolayers. Tumour cell attachment to endothelium was significantly
enhanced in the presence of platelets, an effect which was inhibited by DN-9693.
Inhibition by DN-9693 was also observed when the endothelial cell layer was pretreated
with the drug, indicating that the effect may not have been entirely platelet-mediated.
Detailed microscopic studies of tumour cell/endothelium interactions were made by
Crissman et al (Crissman et

1985) and by Menter et al (Menter et al, 1987) using 3LL

cells and 16C mammary adenocarcinoma cells, who demonstrated in a murine tailinjection/pulmonary entrapment model that platelets, which became associated with tumour
cells forming pulmonary thrombi, within 30 minutes, remained so for 24 hours, after
which the association decreased. At approximately 8 hours, endothelial retraction occurred
and tumour cells initiated attachment to the subendothelial matrix. As the amount of
surface contact between the tumour cell and the subendothelial matrix increased, there was
a loss of activated platelets associated with the arrested tumour cells. By 24-48 hours,
tumour cells were observed adherent to the subendothelial matrix of vessel walls, with
their luminal surface exposed to blood elements including platelets, which did not show
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any evidence of activation. This contrasted with the earlier situation where massive platelet
aggregation occurred. These results suggested that during the process of endothelial cell
displacement and cancer cell association with the subendothelial matrix, there is a loss of
thrombogenicity on the luminal surface of the tumour cell.

The endothelium provides both an anatomical barrier, limiting tumour cell access to the
subendothelial matrix, and a chemical barrier towards the formation of secondary tumours
from tumour cells circulating in the blood, through its secreting of substances which inhibit
tumour cell interaction with the blood. The intact vascular endothelial surface is nonthrombogenic and blood cells (including platelets) and tumour cells normally fail to adhere
to it (Hoak et al, 1982). Damage to the endothelium is a probable result of tumour cellinduced changes within the blood.

The establishment of a secondary tumour depends on activity of blood-bome tumour cells
to neutralize any natural protective functions the endothelium may be providing, and to
dismpt the integrity of the endothelium, allowing access to subendothelial layers.
Generation of thrombin through the interaction of tumour cells with the blood coagulation
cascade and platelets, may provide one mechanism by which tumour cells destroy the
integrity of the endothelium. While low concentrations of thrombin can be adsorbed and
neutralized by the endothelium (Lollar & Owen, 1980), higher concentrations have been
shown to disrupt the integrity of monolayers (Laposata et al, 1983) of human umbilical
vein endothelial cells, an effect which could be completely reversed following removal of
the thrombin: thrombin was not, therefore, cytotoxic (McDonald et

1973).

Thrombin has also been shown to induce adherence of aggregated human platelets to
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monolayers of human umbilical vein endothelial cells (Czervionke et al, 1978)

Such properties may be important where tumour cells form a bolus with platelets, in
holding the surrounded tumour cell proximal to the endothelium. Jorgensen et d
(Jorgensen et d , 1986) demonstrated using monolayers of human umbilical vein endothelial
cells, that thombin stimulated platelets caused loosening of cells, and that endothelial cell
damage occurred in areas of endothelial cell/activated platelet contact. They concluded
that there appears to be an injurious factor or factors made available as a result of the
interaction of thrombin with platelets. Such a platelet-related effect may provide a
sufficient explanation of the observed effect of platelets on metastasis. Several studies have
demonstrated increased tumour cell adhesion to either components of the sub-endothelium
or the endothelial cell layer. Honn et ai (Honn et al, 1989) demonstrated that the platelet
and tumour cell product 12(S)-HETE caused retraction of rat aortic endothelial cells grown
in monolayer culture, and increased tumour cell adhesion (rat Walker 256 cells). 12(S)HETE has been shown to inhibit the synthesis of prostacyclin (PGI2) in endothelial cells
(Hadgiagapiou & Spector, 1986), and may therefore also contribute to the weakening of
the endothelial cell’s chemical defences against metastasis.
Platelet thrombospondin has been shown to promote adhesion and spreading of human
G361 melanoma cells on a thrombospondin-coated plastic substrate (Roberts et al, 1987)
an effect which could be reversed by monoclonal antibodies to thrombospondin.
Thrombospondin may therefore facilitate attachment of tumour cells to either the
endothelium or subendothelial matrix in regions of mass platelet activation and
degranulation. These two pieces of data may be interpreted as showing that the effect of
12(S)-HETE in increasing tumour cell adhesion is due to inhibition of endothelial cell
prostacyclin release, allowing greater platelet activation and hence more thrombospondin
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release.

Adhesion of rat Walker 256 carcinoma cells to a matrix laid down by rat aortic endothelial
cells was found to be enhanced by the presence of rat platelets or platelets and homologous
plasma. This was due to the platelet membrane rather than intra-platelet components, and
required membrane components to be freely fluid.

Honn et al tested three dihydropyridine class Ca^^-channel blockers for antimetastatic
activity using B16 amelanotic melanoma (B16a) and Walker 256 carcinosarcoma cells
(Honn et al, 1985). The Ca^^-channel blockers inhibited platelet aggregation by these cells,
in vitro. They also inhibited platelet-enhanced tumour cell adhesion to rat cerebral
endothelial cells, and significantly reduced lung colony formation and spontaneous
pulmonary metastasis. Whether these latter effects were due to inhibition of platelet
activation, an effect on the endothelium or a wider systemic effect is not possible to say.

6.2

Aim of this chapter

The endothelial cell lining of blood vessels forms a surface which is inert towards blood,
enabling blood to perform its normal circulatory functions. Endothelial pathology is
contributory to conditions such as atherosclerosis, hypertension, vasospastic disorders,
diabetes, acute respiratory distress syndrome, inflammation and autoimmune diseases, and
thrombosis (Anggard, 1990). Endothelial dysfunction may also contribute to the
haematogenous spread of cancer. In order for tumour cells to intravasate from a primary
tumour to the blood stream, the endothelial lining would normally have to be breached.
This may not always be the case, as for example in sarcomas, where blood enters into
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pockets which are lined with tumour cells (Weiss et al, 1988). Disruption of endothelial
cell integrity and function may also be the ’mode operandi’ by which haematogenously
circulating tumour cells extravasate into subendothelial tissue and become established as
secondary tumours. Such disruption may be caused by the products of blood coagulation
(e.g. thrombin) which may in turn be released by interactions between circulating tumour
cells and the haemostasis system. Also, activated platelets may provide adhesive molecules
(e.g. platelet membrane components, thrombospondin) which encourage tumour cells to
stick to the vessel wall. Endothelial cells normally offer inhibitory activity against nonessential activation of haemostasis, which might also operate to prevent their own
destruction by components of the blood coagulation cascade. Endothelial cells bear on their
surface heparans and glucosaminoglycans (GAGS), heparin-like molecules,

and

constitutively release platelet inhibitors (e.g. prostaglandin (PGI2), nitric oxide) which
normally help to maintain blood flow.

The studies presented in this chapter were pursued with a view to establishing whether of
not suspensions of bovine aortic endothelial cells were able to inhibit the in vitro activation
of human platelets by cultured human hepatoma cells previously reported, and whether
therefore such properties might be important in the body’s natural defence against
metastasis.

6.3

Methods

The following methods were used for the studies presented in this chapter;- platelet
aggregation using isolated platelets (§2.4.2, §2.4.4), nitric oxide preparation (§2.4.5),
hepatoma cell culture (§2.3.5), culture of HUVEC (§2.3.10, §2.3.11), culture of EEC in
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monolayer (§2.3.13) and on microcarrier beads (§2.3.14).

Monolayers of HUVEC or BEG (Fig. 6.1 a) were rinsed free of DMEM with PBS. The
cells were scraped from the flasks and rinsed a further three times with PBS by gentle
centrifugation (80g, 5 minutes) and resuspended in Clare and Scrutton buffer, pH7.4 at a
cell density of 1 x lO^cells.ml \ Harvesting of BEC (Fig. 6.1 b) on beads was performed
without centrifugation, since the cell-bearing beads precipitated under the influence of
gravity after resuspension. The cells were washed in PBS until no red colouration (due to
chlorophenol red from the DMEM) could be seen (about 5 or 6 resuspensions). Cell
density was determined by trypsinizing lOOpil of the cell/microcarrier pellet, and counting
the number of released cells with a haemocytometer. BEC/microcarrier pellets typically
contained about 10^ cells per millilitre. The number of cells added to platelet aggregation
experiments (10^ cells) was standardized by varying the volume of pellet added.

6.4

Effect of HUVEC on hepatoma cell-induced platelet
aggregation

HUVECs were tested for their ability to inhibit hepatoma cell-induced platelet aggregation.
HUVECs were harvested 3 days after primary culture, and introduced into stirred platelet
suspensions 1 minute before addition of hepatoma cells (1 x lO'^cells.ml’^). No inhibitory
effect was found, even with high concentrations of HUVECs (up to 5 x lO^cells.ml^).
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CULTURED BOVINE ENDOTHELIAL CELLS

(a )
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Figure 6.1 (continued on next page)
M icrographs of bovine endothelial cells.
( a ) confluent monolayer, ( b ) cells on Cytodex 1 m icro carrier beads.
Phase contrast light microscopy. M agnification 200x.
C ells w ere grow n in M199 (H an k ’s) containing 10% FCS and 50 IU .m r^
p e n ic illin / 50 ug.ml"^ streptom ycin.
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CULTURED BOVINE EN D O TH ELIA L CELLS

(c )

%

Figure 6.1 (continued from previous page)
M icrographs of bovine endothelial cells.
( c ) electron m icrograph of cells on Cytodex 1 m icro carrier beads.
M agnification lOOOx.
C ells w ere grow n in M199 (H an k ’s) containing 10% FCS and 50 TU.ml
p e n ic illin / 50 ug.ml'^ streptom ycin.
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6.5

Effect of bovine endothelial cells on hepatoma cell-induced platelet
aggregation

Plasma dependent hepatoma cell-induced platelet aggregation caused by Mahlavu, and by
HepG2 cells was inhibited in the presence of bovine aortic endothelial cells (Fig. 6.2).
The threshold cell concentration for this effect was 2 x 10^ endothelial cells per ml to
inhibit Mahlavu cells and 6 x 10"^ endothelial cells per ml to inhibit HepG2 cells. HepG2
cell-induced platelet aggregation is therefore more sensitive to inhibition by bovine aortic
endothelial cells than is that induced by Mahlavu.

SK55-induced platelet aggregation, however, was not inhibited by bovine aortic endothelial
cells even at an endothelial cell concentration of 3 x 10^ cells.ml'^ (Fig. 6.2, lower traces).
Increasing the numbers of either Mahlavu cells or HepG2 cells from 1 x 10"^ cells.ml'^ to
2 X 10"^ cells.ml^ had no effect on inhibition, suggesting that the inhibitory effect was not
due to any direct physical effect exerted by the endothelial cells on hepatoma cells.

Similar results were obtained using BFCs grown on microcarrier beads.

6.6

Effect of aspirin-treated bovine endothelial cells on hepatoma cell-induced
platelet aggregation

The effect of the cyclo-oxygenase inhibitor, aspirin, on the inhibitory effect of bovine
aortic endothelial cells on Mahlavu- and on HepG2-induced platelet aggregation was
investigated.

Aspirin prevented release of prostacyclin, and its use would therefore

indicate the relative importance of prostacyclin as an endothelial cell-derived hepatoma
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EFFECT OF BOVINE AORTIC ENDOTHELIAL CELLS ON
HEPATOMA CELL-INDUCED PLATELET AGGREGATION
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at 37°C (b) e ffe c t of bovine
aortic endothelial cells on plasma-dependent hepatoma cellinduced platelet aggregation.
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cell-induced platelet aggregation inhibitor. Aspirinization was found to reverse the
inhibition (Fig. 6.3), although the lag period prior to aggregation was lengthened relative
to the control (Fig. 6.3b).

Similar results were obtained using aspirinised BECs on microcarrier beads.

6.7

Effect of endothelial cell-derived platelet inhibitors on hepatoma cell-induced
platelet aggregation

Two endothelial cell products which are known to influence platelet aggregation, namely,
prostacyclin (PGI2), and nitric oxide (NO) were investigated for their effect on hepatoma
cell-induced platelet aggregation.

6.7.1

Effect of prostacvclin (PGE) on hepatoma cell-induced platelet aggregation

The effect of the endothelial cell product prostacyclin on hepatoma cell-induced platelet
aggregation was investigated as the putative endothelial cell-derived aggregation inhibitor.

Prostacyclin (300nM) was found to completely inhibit platelet aggregation induced by
Mahlavu or HepG2 cells (Fig. 6.4, upper traces). SK55-induced platelet aggregation was
only inhibited by a ten-fold higher concentration of prostacyclin (3/xM) (Fig.6.4, lower
traces).
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EFFECT OF ASPIRINISED BOVINE AORTIC ENDOTHELIAL CELLS
ON HEPATOMA CELL-INDUCED PLATELET AGGREGATION
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EFFECT OF PROSTACYCLIN (PGIo) ON HEPATOMA
CELL-INDUCED PLATELET AGGREGATION
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6.7.2

Effect of nitric oxide (NO) on hepatoma cell-induced platelet aggregation

Nitric oxide, a platelet inhibitor released from endothelial cells, may have been responsible
for the inhibitory effect of endothelial cells on hepatoma cell-induced platelet aggregation.
This was tested by investigating whether solutions of nitric oxide were able to inhibit
hepatoma cell-induced platelet aggregation.

Nitric oxide (220fiM) had only a slight inhibitory action on Mahlavu cell-induced platelet
aggregation.

The effect was to prolong the lag period: in particular the platelet shape

change became protracted (Fig. 6.5 (a)). The rate of aggregation as determined by the
slope of the post-shape change curve was reduced to 26% of the value in the absence of
NO. Nitric oxide added during shape change caused a similar dramatic prolongation of the
shape change, while allowing aggregation to proceed at the same rate as the control (fig.
6.5 (a), right trace).

Inhibition of HepG2 cell-induced platelet aggregation by nitric oxide was slight: the main
effect was to prolong the shape change, as was the case with Mahlavu cells. The rate of
platelet aggregation was reduced to 22% of the value in the absence of NO (Fig. 6.5 (b),
right trace).

SK55 cell-induced platelet aggregation differed from that with Mahlavu or HepG2 cells in
being sensitive to nitric oxide.

Nitric oxide inhibited at a much lower concentration

(22/xM) than the amount required to have an effect with Mahlavu and HepG2. Inhibition
was complete (Fig. 6.5 (c)).
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EFFECT OF NITRIC OXIDE (NO) ON HEPATOMA CELL-INDUCED
PLATELET AGGREGATION
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6.7.3

Summary of responses of hepatoma cell-induced platelet aggregation to
prostacvclin and nitric oxide

The responses of the three hepatoma cell lines tested differed with respect to their
sensitivities to prostacyclin and nitric oxide inhibition. Platelet aggregation induced by
Mahlavu and by HepG2 cells which was inhibited by bovine aortic endothelial cells was
completely inhibited by prostacyclin (Fig. 6.4), with nitric oxide having only a small
inhibitory effect (Fig. 6.5 (a) & (b)). SK55-induced platelet aggregation, on the other
hand, was insensitive to prostacyclin (Fig. 6.4 (c)), but inhibited completely by low
concentrations of nitric oxide (Fig. 6.5 (c)).

6.8

The effect of exposure of hepatoma cells to nitric oxide on their platelet
aggregating activity

Stuehr & Nathan reported cytostatic effects of nitric oxide on human lymphoma cells
(Stuehr & Nathan, 1989), an effect which appeared to be due to an inhibitory effect on the
mitochondrial respiratory chain. The effect of exposing Mahlavu, HepG2 and SK55 cells
to nitric oxide on their platelet aggregating activity was therefore investigated. Suspensions
of hepatoma cells were treated with nitric oxide to a final concentration of 440/xM, at
37°C, and left for 2 minutes. Following this treatment, the cells were used in platelet
aggregation experiments. The plasma-dependent platelet aggregation properties of these
cells were found to be unaffected in the case of Mahlavu and of SK55 cells (Fig. 6.6,
upper traces). The activity of HepG2 cells, by contrast, was impaired (Fig. 6.6, lower
traces) by treating the cells with nitric oxide. However, the activity re-appeared after
incubation of the cells for a further 20 minutes without further addition of nitric oxide.
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EFFECT OF EXPOSURE OF HEPATOMA CELLS TO NITRIC OXIDE (NO)
ON THEIR ABILITY TO INDUCE PLATELET AGGREGATION
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6.9

Inhibition of platelet ageregation bv prostacvclin and bv nitric oxide using
thrombin and ADP as platelet agonists

The effect of the two endothelial cell-derived platelet inhibitors prostacyclin and nitric
oxide were tested for their ability to inhibit platelet aggregation by the two platelet agonists
thrombin and ADP, evidence for the release of which in the hepatoma/platelet aggregation
systems has already been presented in this thesis. Prostacyclin (300nM) inhibited thrombin
(0.1 lU.ml^) and ADP (IG/xM) (Fig. 6.7). This suggested that the inhibitory effect of
endothelial cells on Mahlavu- and on HepG2-induced platelet aggregation could have been
due to a direct effect of endothelial cell-derived prostacyclin on platelets. Nitric oxide
(44^M) similarly inhibited both thrombin (0.1 lU.ml'^) and ADP (lOjuM) platelet
aggregation (Fig. 6.8). This contrasts with the minimal effect of nitric oxide on Mahlavuand HepG2-induced platelet aggregation. Nitric oxide would appear, therefore, not to have
been a significant contributor to inhibition of platelet aggregation induced by these
hepatoma cells, by endothelial cells. SK55-induced platelet aggregation, on the other hand,
was sensitive to the inhibitory effect of nitric oxide, suggesting the importance of nitric
oxide as an endothelial cell product in inhibition of SK55-induced platelet aggregation.
These findings suggest that the proaggregatory properties exhibited by hepatoma cells
involve more than just generation of thrombin and ADP: there appears to be tumour cellderived activity which neutralizes nitric oxide.

6.10

Discussion

Adhesion to capillary endothelium, breaching of the endothelial layer and penetration of
the subendothelium are late events in the processes leading to establishment of secondary
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EFFECT OF PROSTACYCLIN (PGU) ON PLATELET AGGREGATION BY
THE PLATELET AGONISTS THROMBIN AND ADP
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EFFECT OF NITRIC OXIDE (NO) ON PLATELET AGGREGATION BY THE
PLATELET AGONISTS THROMBIN AND ADP
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tumour growth. Migration of tumour cells from the primary growth into the blood stream
and interaction of the released cells with cellular and humoral components of the blood are
early events which may pre-dispose capillary beds of recipient growth organs into
accepting secondary growth. In view of the low success rate of circulating tumour cells
in becoming established as secondary tumours, natural defence mechanisms (e.g. natural
killer (NK) cells, lymphokine-activated killer cells (LAC), anti-tumour cell endothelial cell
activity) must operate efficiently. Only in circumstances where such defence mechanisms
are absent or circumvented is invasion of peri-vascular tissue possible. Inhibition of tumour
cell-platelet interactions by endothelial cell products is one possible means whereby
metastasis is prevented.

Platelet membranes (Menter et al, 1987), platelet membrane

glycoproteins (Chen et al, 1987), the platelet release products thrombospondin (Roberts
et d , 1987) and 12(S)-HETE ( 12(S)-hydroxyeicosatetranoic acid) (Honn et al, 1989) have
all been shown to increase tumour cell adhesion. Thrombin, which is generated from
plasma and platelets in the presence of many different tumour cell types, is known to cause
endothelial cell retraction and consequent exposure of the subendothelial matrix (Laposata
et al, 1983). Together with the formation of networks of fibrin the effect of thrombin
would be to immobilize circulating tumour cells and allow free access to the
subendothelium. Inhibition of platelet activation by the cells of a healthy endothelial lining
of the blood vessel would clearly favour protection against tumour cell invasion.

Bovine aortic endothelial cells were used in experiments to study the effect of endothelial
cells on hepatoma cell-induced platelet aggregation. These studies were made with the
reservation that endothelial cells of different tissue origins have different biochemical
characteristics (Stansby et al, 1991), and the use of aortic cells may not have fiilly
reflected the functioning of the endothelial cells of the venous capillary beds where
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secondary tumour growth occurs.

The experiments reported in this chapter were undertaken with a view to studying how
effectively endothelial cells inhibited hepatoma cell-induced platelet aggregation, with
particular emphasis on the roles of prostacyclin and nitric oxide. The experimental ratios
of endothelial cells to tumour cells and platelets were chosen as an approximation of those
pertaining in capillaries in vivo.

Both prostacyclin and nitric oxide were tested against platelets using thrombin and ADP
as platelet agonists, and were found to inhibit platelet aggregation. These actions are
known to be due to the raising of cAMP levels in the case of prostacyclin (Moncada &
Vane, 1978) and of cGMP levels in the case of nitric oxide (Busse et al, 1987; Alheid et
al, 1989). The same inhibitors were also tested against hepatoma cell-induced platelet
aggregation, where the effects varied according to cell line. Both Mahlavu- and HepG2induced platelet aggregation was inhibited by 300nM prostacyclin. SK55-induced platelet
aggregation, however, was only inhibited by a 10-fold higher dose. With nitric oxide the
pattern of inhibition was reversed. Mahlavu- and HepG2-induced platelet aggregation was
only mildly sensitive to nitric oxide (220/iM), whereas SK55-induced platelet aggregation
was inhibited by a 10-fold lower concentration. There seemed to be no correlation between
the metastatic property of the hepatoma cell (Mahlavu is known to be metastatic, and
HepG2 is non-metastatic) and the responses to prostacyclin and nitric oxide. The individual
phenotype of a hepatoma cell line alone determined sensitivity or otherwise to these
inhibitors.

Nitric oxide had the additional effect of prolonging shape change, when used to inhibit

hepatoma cell-induced platelet aggregation.

When added part way through the shape

change, the effect was to prolong shape change and delay aggregation by about IV2
minutes. This may indicate that hepatoma cell-induced platelet shape change or platelet
shape change in general, is mediated by events in the platelet which govern the activity of
the soluble guanylate cyclase enzyme. Nitric oxide was tested for its ability to induce
latency of hepatoma cell-induced platelet aggregation and found to have no effect on
Mahlavu- or SK55- induced platelet aggregation. HepG2 cells, however, were inactivated
by nitric oxide (440/xM). There was a correlation here between the cytotoxic sensitivity
to nitric oxide and metastatic potential of the cells. Mahlavu cells are metastatic and
resistant to nitric oxide, whereas HepG2 cells are non-metastatic and are inactivated by
nitric oxide. Nitric oxide may therefore provide a defence mechanism against certain types
of tumour should the individual cells cross into the blood vessel lumen.

Bovine aortic endothelial cells were found to inhibit platelet aggregation induced by
Mahlavu cells and by HepG2 cells. The inhibition was reversed by aspirin, suggesting that
a cyclo-oxygenase product was causing the inhibition, probably prostacyclin. However, in
the presence of aspirinised endothelial cells, the lag period prior to the onset of
aggregation was extended, indicating the action of a non-prostanoid inhibitor.

The

increased lag period may, in view of the findings with nitric oxide on Mahlavu cellinduced platelet aggregation discussed above, be due to nitric oxide.

The pattern of sensitivity of hepatoma cell-induced platelet aggregation to inhibition by
bovine aortic endothelial cells reflected the pattern of sensitivty to prostacyclin, which
inhibited Mahlavu- and HepG2-induced platelet aggreation at low concentrations, rather
than the pattern of inhibition by nitric oxide, which inhibited SK55-induced platelet
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aggregation. While the prostacyclin production of the endothelial cells was not measured
directly, this provided further circumstantial evidence for the inhibitory effect being due
mainly to prostacyclin.

Although the inhibitory effect of prostacyclin does not correlate with the metastatic
potential of the hepatoma cells under investigation, prostacyclin has been found to have
potent anti-metastatic properties in some experimental animal systems. Honn et d , using
suspensions of B16a amelanotic melanoma cells injected into syngeneic mice found
reductions in formation of metastatic lung colonies in animals previously treated with
prostacyclin (Honn et al, 1981). This may have been as a result of inhibition of tumour
cell-induced platelet aggregation. It may alternatively have been due to a systemic effect
of the prostacyclin. It should be mentioned, however, that prostacyclin is not universally
effective as an anti-metastatic drug. Karpatkin et al found no effect of prostacyclin on
development of metastatic foci, using CT26, Lewis lung carcinoma or B16 amelanotic
melanoma cells injected into mice (Karpatkin et

1984).

The findings of Alheid et al, that thrombin-stimulated aggregation of human platelets could
be inhibited by HUVECs, and that inhibition was due to both prostacyclin, which raised
cAMP in the platelets, and to nitric oxide, which raised cGMP (Alheid et

1989), are

in keeping with similar effects on hepatoma cell-induced platelet aggregation reported in
this chapter.
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C H A PTER SEV EN

CHAPTER SEVEN

GENERAL DISCUSSION

Introduction

It is now well established that platelets play a facultative role in the metastasis of a variety
of tumour types via the blood. An understanding of the mechanism by which platelets
exert their influence on metastasis is developing as more aspects of the metastatic process
are studied.

In this thesis, mechanisms by which cells from human hepatoma cell lines cause platelet
aggregation have been investigated. The use of isolated (washed) platelets in place of hPRP
used for the majority of previous studies has enabled the platelet-aggregating activities of
hepatoma cells to be closely defined in terms of the requirement of non-cellular
components of the blood in this process.

When Gasic first documented a relationship between platelet aggregation and metastasis
he made the suggestion that platelets, when activated somehow promoted adhesion of
tumour cells to the capillary wall (Gasic et al, 1968). He saw platelet involvement as
having a biochemical basis, rather than a purely physical one: platelets were doing more
than simply occluding capillaries through which tumour cells were passing. The passage
of time has vindicated Gasic’s suggestion.

The early notion of the effect platelets in having a promoting effect towards metastasis was
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of their adhering to the surface of individual tumour cells thereby increasing the effective
diameter of the cell. The bolus thus formed would become trapped in the micro vasculature
of the target organ, leading to secondary growth. However, the detailed ultrastructural
studies by Crissman et al, referred to previously, demonstrated that there was platelet
involvement after the tumour cell had arrested: arrest was not the result of the physical
trapping of a tumour cell/platelet bolus. Overt platelet aggregation was noted generally
from 2 to 10 minutes post tumour cell arrest. Platelet activation was observed soon after
association with arrested tumour cells. Association of platelets with tumour cells at tumour
cell/endothelial cell contact points appeared to trigger tumour cell ’activation’. These
findings indicate an initial tumour cell arrest which does not involve platelets, but which
is subsequently stabilized by platelet activation. Following platelet thrombi formation,
endothelial cell retraction was observed between 30 minutes and 3 hours. Tumour cell
attachment to the basal lamina developed rapidly after, with tumour cell pseudopodia
contacting the subendothelial matrix. At approximately 24 hours post arrest, the tumour
cell-associated thrombus disssipated, thereby allowing resumption of blood flow around
the arrested tumour cell. Subsequently, tumour cell extravasation was observed (Crissman
et al, 1991).

It had also been demonstrated by Constantinides et al, (Constantinides et d , 1989) that
platelet activation occurs at the point of breaching of the vessel wall, when the tumour cell
is entering the blood stream. Furthermore, many tumour cells cause platelet aggregation
in vitro. It appears therefore, that platelets are activated at several points as the tumour cell
travels from the primary tumour to sites of secondary development. The in vitro studies
presented in this thesis must be considered in this context, with platelet involvement being
not merely at the passive physical level, but at an active level in providing cytokines.
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adhesion proteins and other factors necessary for metastasis.

The significance of hepatoma cell-induced platelet aggregation.

All five hepatoma cell lines were originally tested in citrated PRP, and found to aggregate
platelets only when Ca^^ was added exogenously.

This was in keeping with many

previous studies when activity was found using hPRP (where the Ca^^ was "free"), but not
using cPRP (where the Ca^^ was chelated) (see, for example, Steiner, 1982)

All hepatoma cell lines, with the exception of Mahlavu, were also found to cause
aggregation of isolated platelets in the absence of plasma. This effect was mediated by
ADP, since ADP-clearing enzyme systems prevented manifestation of this activity.
However, the absolute requirement for Ca^+ indicated that the ADP was not present in the
extracellular medium, due to simple leakage from damaged cells, but was released through
a carrier mechanism. Possibly, Ca^^ and its counter-ion Cl' is exchanged for negatively
charged ADP, with

exchange providing the ionic balance. ADP could have come either

from the platelet or from the cytoplasm of the tumour cell. It seems unlikely to be the
former since experiments reported in chapter 3 of this thesis indicated that there is no
measurable release of contents of dense granules prior to the normal release associated
with secondary aggregation. ADP release from a series of cloned murine 3methylcholanthrene-induced fibrosarcoma cells was reported by Mogi et

and the amount

released shown to correlate positively with the experimental metastatic potential of the cells
(Mogi et al, 1991). There seems, however, to be no correlation between ADP release and
the metastatic properties of the hepatoma cells used in these studies.
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At the time when the early experiments reported in this thesis were performed, reports in
the literature regarding platelet-aggregating activities of tumour cells were inconsistent, and
correlation between platelet-aggregating activities in vitro and metastatic potential in vivo
were unclear. In hindsight, many of the irrégularités of these early studies were due to the
use of poorly defined platelet aggregating systems. Platelet aggregation experiments with
either hPRP of cPRP led to inconsistencies due to the absence of available Ca^^ in cPRP.
In the present study it came as a surprise that all five hepatoma cell lines caused platelet
aggregation, when Ca^^ and plasma was present. Since some of the cell lines were known
to be non-metastatic, it was evident that platelet aggregating activity of itself was an
insufficiently precise criterion on which to base predictions of metastasis. The mechanisms
by which the hepatoma cells caused platelet aggregation were therefore studied. Platelet
aggregating activity by each cell line was found to differ in one or more respects from the
others.

Metastatic versus non-metastatic platelet aggregation

The primary feature of plasma-dependent platelet aggregation by all cell lines was the
potency of the platelet aggregating activity. One tumour cell per 30,000 platelets was
sufficient to cause platelet aggregation and even at a ratio of one tumour cell to 300,000
platelets (equivalent to about one tumour cell per fi\of blood) a strong response was seen.
Also, a very low concentration of plasma was necessary for manifestation of platelet
aggregating activity, regardless of the cell line used. With each cell line a lag period
preceded the onset of platelet aggregation. In all cases of tumour cell-induced platelet
aggregation reported in the literature a lag period has been observed (Karpatkin et al,
1988). The length of the lag was independent of hepatoma cell: platelet ratio. The lag time
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was longer with HepG2 ceils than with any of the other cell lines. This feature may be an
indicator of metastatic capability: the cell lines with short lag times are strongly metastatic,
whereas HepG2 is non-metastatic. Another way in which HepG2 cells differed from the
four metastatic hepatoma cell lines, was in their inability to release spontaneously plateletaggregating activity and procoagulant activity into their surroundings. Mahlavu, SK55,
Alexander and Hep3B cells were found to shed their activity spontaneously. It is assumed
that this was a feature of the original tumours from which the cell lines were derived
(Curatolo, 1988). The ability of a tumour cell in releasing platelet-aggregating and
procoagulant activity may be the factor which determines whether or not a tumour cell will
successfully metastasize. By releasing the activity into the blood, the capillary beds of
target organs may be weakened, to allow adhesion of circulating tumour cells to the
endothelium and extravasation from venous circulation. A third difference between HepG2
cells and the other four hepatoma cell lines, was in the platelet aggregating activity of their
plasma membrane. None of the cell lines showed any activity when plasma membranes
were prepared by homogenisation. However, HepG2 platelet aggregating activity was
found associated with cell ghosts, indicating a surface-bound activity which was not
dependent on the vitality of the cell. In all other cases the activity was lost by treating cells
in this way, indicating a requirement for the cell to be viable. The surface-associated
platelet aggregating activity of HepG2 cells could be removed with IM urea, showing it
to be loosely surface-associated. In addition, the lag period associated with HepG2-induced
platelet aggregation was lost with using HepG2 ghosts. This gave an indication that the
platelet aggregating activity of the HepG2 cell surface was counteracted, in the living cell,
by an inhibitor activity.
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Components of the hepatoma cell-platelet aggregating system

Efforts were made to isolate and purify the component from Mahlavu cells which was
causing platelet aggregation. This was done by precipitating the activity at high ’g ’ forces,
and comparing a profile of activity of a series of fractions with their protein profiles, as
determined by SDS-PAGE. Since the factor resisted gentle heating and was non-dialysable,
it was presumed to be protein in nature. Platelet aggregating activity from these cells was
found to co-purify with a protein of apparent Mr 390,000 daltons, indicating that this
protein might be responsible for the proaggregatory activity of the cells.

The lag period associated with Mahlavu cells was found to depend on cooperativity
between Mahlavu cells and cell-free blood plasma in the presence of Ca^^. If Mahlavu
cells, plasma and Ca^^ were incubated together briefly and then added to stirred platelets,
platelet aggregation proceeded immediately, with no lag period. Mahlavu cells were
interacting with plasma to produce a soluble factor which caused platelet aggregation. The
lag period appeared, therefore, to be due to time taken for generation of this factor.
Thrombin generation by Mahlavu cells in the presence of plasma and Ca^^ was
demonstrated by use of a specific chromogenic assay. The activity of hepatoma cells
towards platelets appeared, therfore, to be mediated by coagulation.

Coagulation had been observed in some platelet aggregation experiments with all hepatoma
cell lines, as had the inhibitory effect of the thrombin inhibitor, hirudin. Heparin, which
activates antithrombin III and inactivates several coagulation factors, including thrombin,
was found to inhibit hepatoma cell-induced platelet aggregation.
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These results were suggestive of activation of coagulation by hepatoma cells, which
resulted in the generation of thrombin. The thrombin was responsible for activation of
platelets. Platelet aggregation induced by hepatoma cells had certain characteristics in
common with thrombin activation: neither are inhibited by aspirin, both have a similar
rapid shape change followed by a rapid aggregation response, and the activity is only
slowly destroyed by gentle heating.

The generation of thrombin from prothrombin in plasma requires the presence of the
platelet surface to provided negative phospholipid (PF3), an essential component of the
prothrombinase complex. Thrombin has been shown to have important effects on
endothelium in relation to metastasizing activities of tumour cells. Thrombin is an activator
of endothelium, and prolonged exposure to thrombin has been shown to lead to irreversible
endothelial damage (Jorgensen et d , 1986). Thrombin has been shown to increase
monocyte adhesion to endothelial cells, a pre-requisite to their migration into sub
endothelial layers (DiCorleto & de la Motte, 1989). Such a mechanism could be shared
by metastatic blood-borne tumour cells. As well as causing platelet-mediated endothelial
cell retraction (Jorgensen et al, 1986) thrombin causes endothelial cell activation and
causes activation not only of platelets but also of tumour cells (Wojtukiewicz et al, 1990).
The importance of thrombin involvement in metastasis is shown by the fact that
administration of a thrombin inhibitor prior to injection of tumour cells in an experimental
animal metastasis system drastically alters the tumour cell organ distribution (Honn et al,
1992). Thrombin generated by the combined action of tumour cells and platelets, binds to
specific receptors on the platelet surface and activates several signalling pathways via
different G-proteins. Thus activation of the phospholipase C pathway via Gp, of
phospholipase A2 pathway via G^, and of the adenylate cyclase pathway via
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G j,

leads to.

among other responses, drastic morphological changes and increased arachidonate
metabolism in platelets, and functional activation of «ubBj (for reviews see Honn et al,
1992a; Manning & Brass, 1991).

As well as attempting to identify the factor secreted by Mahlavu cells, and the components
of plasma involved in the response were also investigated. Bulk protein fractions from
plasma were prepared by anion-exchange chromatography, and by the Cohn procedure,
and the degree of fractionation was assessed by SDS-PAGE. The plasma component
involved in hepatoma cell-induced platelet aggregation was not identified by this approach,
since all fractions showed activity to a greater or lesser degree. Fraction 4 (lane 7,
Fig.4.9) itself caused platelet aggregation which was probably due to prothrombin in this
fraction.

A second approach, where major plasma proteins were substituted for plasma, yielded little
by way of clues as to the role of plasma. None of the major protein fractions in plasma
supported hepatoma cell-induced platelet aggregation in a way analogous to whole plasma.

In a third approach, involvement of blood coagulation factors and complement proteins
was considered. Using preparations of factor-deficient human plasmas, it was shown that
hepatoma cell-induced platelet aggregation was mediated by the coagulation cascade.
However, the mechanism was not uniform, each of the cell lines having differing platelet
aggregating characteristics in factor-deficient plasmas. All of the cell lines showed
dependency on factor X. Falanga and Gordon described a cancer-specific cysteine protease
from rabbit V2 carcinoma (Falanga & Gordon, 1985), which causes direct activation of
factor X, resulting in procoagulant activity. The hepatoma cell lines under study in this
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thesis might also act in this way, although it is not possible to distinguish this and
activation of other intrinsic pathway components from the data presented. No dependency
on factors V or VIII was apparent. It is probable that the deficiency of these factors in the
plasma preparations was offset by their release from platelets, since these factors are found
in platelet «-granules : only small amounts of either of these factors are required for
coagulation to proceed. Further testing of dependency should be carried out using
monoclonal antibodies against the relevant factor.

Studies using factor Vll-deficient plasma yielded some interesting results. Platelet
aggregation induced by Mahlavu cells and by Alexander cells was mediated by factor VII,
indicating activation of the extrinsic coagulation pathway. However, HepG2 (non
metastatic), Hep3B and SK55 cells were not dependent on factor VII for their platelet
aggregating properties. The route by which hepatoma cells cause platelet aggregation via
coagulation seems therefore to be unrelated to their metastatic potential.

Coagulation could be induced by hepatoma cells in the absence of platelets. This was
demonstrated in normal plasma, and in factor Vll-deficient plasma. Clotting times were
increased in factor Vll-deficient plasma for all cell lines, except HepG2, showing some
mediation of coagulation by the extrinsic (factor Vll-mediated) pathway. There was still
a significant amount of coagulation in the absence of factor VII, due either to trace
contamination of the plasma with the factor or to activation of other routes of coagulation.
A similar pattern of dependency on factor VII was seen with cell-free supernatants
prepared from the hepatoma cell suspensions. HepG2 cells behaved differently in
coagulation tests. Factor Vll-dependent inhibition of coagulation was found with these
cells, due, probably to the Tissue Factor Pathway Inhibitor (TFPI) (formerly called the
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lipoprotein-associated-coagulation-inhibitor (LACI)) first described by Broze et al (Broze
et al, 1988).

Complement component C5 was considered as a possible mediator of hepatoma cellinduced platelet aggregation since it is one of the components of the membrane attack
complex; any activation of complement by tumour cells might be considered part of a
defence mechanism against tumour cell survival in circulation. Complement activation
might also lead to release of platelet activating compounds from target cells, for example,
ADP. The C5b-9 complex has been shown to cause release of prothrombinase activity
from the platelet surface, and may therefore have had involvement in hepatoma-induced
platelet aggregation (Sims et al, 1988). There was slight dimunition of activity in the case
of Hep3B cells, when tested in C5-deficient plasma. However, all other cell lines showed
similar platelet aggregating activity. It is possible that complement activation is occurring,
but it appears not to be responsible for hepatoma cell-induced platelet aggregation.

The influence of endothelial cells on hepatoma cell-induced platelet aggregation

Endothelial cells were shown to be capable of inhibiting hepatoma cell-induced platelet
aggregation. Prostacyclin and nitric oxide (two anti-thrombotic compounds released by
endothelial cells) were both capable independently of inhibiting hepatoma cell-induced PA,
suggesting that these compounds might be mediating an inhibitory effect of endothelial
cells. For a circulating tumour cell to become established as a secondary metastatic
growth, the endothelium must of necessity be breached.
While the intact and healthy endothelial layer will resist platelet aggregation by the
production of inhibitors (PGI2, nitric oxide), and inhibit coagulation by production of
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Protein C, damaged or biochemically compromised endothelium may be ineffective against
these processes. If metastatic hepatoma cells are constitutively releasing procoagulant and
pro-aggregatory substances into the blood stream ahead of cellular migration, as suggested
by the results in this thesis, such activity could lead to damage to the endothelial layer, and
set the scene for extravasation of blood-circulating tumour cells. The possible significance
of nitric oxide in repelling extravasation is suggested by the pattern of inhibition against
different hepatoma cell lines. So far as platelet aggregation was concerned, nitric oxide
showed no selectivity between metastatic and non-metastatic cell lines. However, nitric
oxide did eclipse the proaggregatory activity of the non-metastatic cell line HepG2, when
the cells were challenged with the inhibitor prior to platelet aggregation tests. It was
ineffective in masking platelet aggregating activity of the other four (metastatic) cell lines.
Sensitivity to nitric oxide may therefore be a determinant of a tumour cells’ ability to
activate platelets: if tumour cells are de-activated by nitric oxide such that platelet
activation does not occur, the events downstream of platelet activation which enable
attachment to and penetration of the endothelium may be prevented.

Prostacyclin inhibited platelet aggregation by both metastatic and non-metastatic hepatoma
cells. While prostacylin and its analogues have been shown to be important anti-metastatic
compounds (Grossi et d» 1991), in the context of this thesis the pattern of inhibition does
not explain why some tumour cells metastasize and others do not.

The significance of the platelet release reaction.

In response to agonists such as ADP, platelets exhibit an increase in the number of
adhesion protein receptors, which are the basis for the formation of platelet homotypic and
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heterotypic aggregates. The major adhesion protein receptor expressed on the platelet
surface is the integrin «HbBs, which forms the major binding site for fibrinogen. Integrins
represent a family of transmembrane proteins comprising monovalent heteromers of a and
B subunits. These proteins function in cell-matrix and cell-cell interactions and are usually
associated with the adhesion of cells to basement membrane components (Ruoslahti, 1991).
Integrins are divided into subfamilies, on the basis of a common B subunit. Specificity for
ligand is determined by the particular combination of a- and B- subunits. Fibrinogen, in
common with some other adhesion proteins (e.g. fibronectin, vitronectin) contains an aspgly-arg (RGD) sequence at its binding site, which interacts with the «HbBj integrin
receptor. By virtue of its divalent structure, fibrinogen is able to form bridges between
integrin receptors on one cell and on adjacent cells, thereby creating aggregates of platelets
and other cells.

RGD was tested as a putative inhibitor of hepatoma cell-induced platelet aggregation, and
found to have no inhibitory effect. However, RGD-containing adhesion proteins may have
significance for metastasis, in events following tumour cell-induced platelet aggregation.
Of importance in relation to platelet involvement is the fmding that some tumour cells
themselves possess «nbBj receptors, and can therefore bind platelets via this receptor (Chen
et d , 1987). Since activated platelets bind to collagen of the subendothelial matrix via the
membrane GPIV and von Willebrand factor, the evidence is strong to suggest that
activated platelets may form bridges and anchor tumour cells to the vessel wall. Evidence
for the involvement of soluble adhesion proteins in metastasis has come from studies,
where adhesion molecule receptors were blocked by injection of RGD-containing peptides.
Humphries et ^ (1986) first reported that a synthetic RGD-containing peptide from the
fibronectin sequence could inhibit experimental metastasis of murine melanoma cells.
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Experimental metastasis was inhibited by poly RGD and poly YIGSR peptides (derived
from the laminin recognition sequence) inhibited lung metastasis more effectively than the
corresponding oligopeptides when co-injected with tumour cells intravenously into mice
(Sakai et al, 1989). In both cases TCIPA and tumour cell adhesion to fibronectin were
prevented by these peptides, which demonstrated an important role for adhesion processes
in tumour cell/platelet/extracellular matrix interactions and in metastasis.

Prostacyclin, which was found to inhibit hepatoma cell-induced platelet aggregation, has
been shown to inhibit tumour cell expression of the «nbBs receptor and cause inhibition of
stimulated tumour cell adhesion to the endothelium (Honn et al, 1989). Conversely,
thrombin causes the rapid mobilization of « 1^83 receptors from the intracellular pool to the
cell surface, a process dependent on the cytoskeleton (Wojtukiewicz et al, 1990). Clearly,
for metastasis to be successful the factors which promote the phenomenon must overcome
the factors which impede it.

Experiments reported in chapter 3 of this thesis demonstrated release of both dense and
a-granule contents from platelets following hepatoma cell-induced activation. Dense
granules contain highly concentrated adenine nucleotides, Ca^^ and vasoactive amines such
as serotonin (5-HT). 5-HT may also enhance tumour cell adhesion to the endothelium, and
lodgement in the microvasculature (Skolnik et d , 1989). The significance of a-granule
release is two fold. Firstly, platelet a-granules release a number of proteins which would
assist in hepatoma cell interaction with the coagulation cascade (e.g. factor V, factor VIII)
and hepatoma cell adhesion to platelets and to the vessel wall (e.g. fibrinogen,
thrombospondin, fibronectin, vWf). Thrombospondin, the most abundant «-granule
protein, has been shown to mediate tumour cell-induced platelet aggregation through
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adhesion to platelet GPIV and specific high affinity TSF receptors on tumour cells
(Parmertier et d , 1990).

With osteosarcoma cells, binding of the TSP to the tumour cell surface correlated with
TCIPA (Clezardin et d , 1991; Yabowitx & Dixit, 1991). Soluble peptides homologous to
CSVTCG and CSTSCG present in the type I repeats of TSP inhibited TCIPA and
metastasis (Tuszynski et d , 1992). Fibronectin released from platelets becomes rapidly
associated with the tumour cell surface (Turner et d , 1985), and forms bridges with
platelet

receptors. The fibronectin receptor 0:^83, and vitronectin receptor are the

major RGD-dependent integrins expressed on endothelial cells (Lafrenie et d , 1992).
Platelet a-granules therefore supply the molecules through which tumour cells adhere to
endothelial cells. The second aspect of «-granule release which is important is the transfer
of P-selectin from the «-granule membrane to the platelet plasma membrane through fusion
of the granule with the platelet surface. This occurs rapidly (within minutes) following
tumour cell-platelet contact and subsequent thrombin stimulation. Mounting evidence
indicates that this swift cell surface expression of P-selectin bears a tremendous biological
significance for TCIPA and cancer metastasis. In thrombin-induced platelet aggregation
«iibBg, fibrinogen, fibronectin, vWf and thrombospondin are involved in the early stages
of stimulation (5 to 60 seconds). Five to 15 minutes after stimulation, P-selectin was the
only protein to be detected between platelet-platelet contact zones (Parmertier et d , 1990),
suggesting a role for P-selectin in stabilizing platelet-platelet aggregates. P-selectin also
mediates rapid neutrophil adhesion to endothelium during inflammation. It has been
hypothesized that platelet membrane P-selectin may be involved in tumour cell-platelet
interactions, since various tumour cells express abundant carbohydrate ligands for Pselectin. The increased expression of sialyl dimeric Le* antigen, a P-selectin ligand was

2
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detected in the liver metastasis of human colorectal carcinoma (Hoff et al, 1989) and the
surface expression of this P-selectin ligand was positively related to the metastatic potential
of colorectal carcinoma cells in human samples and experimental metastasis models
(Inufusa et al, 1991). The expression of these carbohydrate structures may enhance tumour
cell interactions with endothelial cells as well as with platelets. Suppression of 0-linked
carbohydrate chain extension in both leukaemia and solid tumour cells greatly diminished
expression of sLe* and sLe^ on these tumour cells and reduced tumour cell adhesion to
activated EC or platelets mediated by E and/or P-selectin (Stone et al, 1992). Aruffo et
al, recently demonstrated that P-selectins bind to a wide variety of human cancer cells
(Aruffo et al, 1992), and since E-selectin supports tumour cell adhesion to activated
endothelial cells (Tiemeyer et al, 1991; Phillips et al, 1990; Chopra et d , 1991), it appears
that selectins play an essential role in localizing tumour cell/platelet aggregates to the
vessel wall.

Platelet-derived IL-1 can induce the expression of ICAM-1 and E-selectin on the
endothelial cell surface (Hawrylowicz et al, 1991), both of which can mediate tumour cell
adhesion to the endothelium.

Future Investigations

Recent major advances in understanding platelet involvement in metastasis have come from
studying the effects of soluble platelet release products on tumour cell adhesion and
proliferation. Tumour and platelet surface adhesion receptors are clearly important in the
initial attachment of tumour cells to capillary vessel walls. However, when platelets are
inhibited by agents which do not cause their physical removal from circulation, as for
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example, with PGI2, reduced metastasis is observed. Clearly platelet activation is involved
in either priming blood vessels to accept tumour cell adhesion, and in causing tumour cell
"activation", leading to vessel wall attachment, trans-vascular migration and tumour cell
proliferation.

Upon activation, platelets release a host of vasoactive substances in addition to adhesion
and coagulation proteins: growth factor (PDGF), cytokines (ILl), arachidonic acid
metabolites (TxAz, 12(S)-HETE, prostaglandins), vasoactive amines (such as 5-HT).

Arachidonic acid metabolites have been shown to be important mediators of plateletplatelet aggregation as well as TCIPA. Platelet aggregation induced by some tumour cells
appears to be dependent on the production of the cyclo-oxygenase product TXA2, and a
positive correlation has been observed betweeen TXA2 production, TCIPA and the degree
of malignancy (Grignani et d , 1984; Pacchiarini et al, 1991). Early work implicated only
cyclo-oxygenase metabolites in TCIPA (Honn et al, 1987). More recently lipoxygenase
products have been shown to be important in modulating tumour cell-platelet-endothelial
cell interactions and cancer metastasis (Bastida et al, 1987; Honn et

1987). Platelet

aggregation induced by W256 carcinoma cells was dependent on the concomitant
production of both TXA2 and 12(S)-HETE, a lipoxygenase product. 12(S)-HETE can be
derived from a variety of normal cells including platelets, as well as tumour cells (Mamett
et al, 1990), and has been shown to enhance TCIPA, tumour cell adhesion to endothelium
(Honn et al, 1988; Lui et al 1991), to endothelial cell matrix, and tumour cell spreading
on adhesive glycoproteins (Timar et d , 1992), induce reversible and non-destructive
retraction of both large vessel and microvessel endothelium (Tang et al, 1992), stimulate
tumour cell release of cathepsin B (Sloane et al,{l991), increase integrin surface expression
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on both tumour cells and endothelium (Timar et d , 1992a; Honn et d , 1988); promote
tumour cell motility by increasing autocrine-motility factor receptor expression (Timar et
1992b); and augment tumour cell metastatic potential (Honn et al, 1992). 12(S)-HETE
effects demonstrate very high stereospecificity (i.e. the 12(R) enantiomer is ineffective)
and potency (the effects are demonstrable at O.OlpiM or lower). The effects are mimicked
by TP A, suggesting that this fatty acid works through activating protein kinase C.
Activated Protein kinase C subsequently phosphorylates the major cytoskeletal proteins in
both tumour cells and endothelial cells (Tang et al, 1992; Taylor et al, 1992).
Rearrangement of cytoskeleton, coupled with enhanced integrin surface expression which
itself may be dependent on cytoskeletal reorganisation, leads to the variety of responses
described above, thereby contributing to cancer metastasis. The effects of 12(S)-HETE are
opposed by those of PGI2. At the molecular level, PGI2 activates adenylate cyclase through
membrane-bound Gs-protein. Elevated intracellular cAMP activates PKA, which
subsequently phosphorylates MLCK. Phosphorylated MLCK loses its ability to catalyze
the phosphosphorylation of MLC; therefore cytoskeleton-driven cell shape change is
inhibited (Lamb et al, 1988). Activation of adenylate cyclase leads therefore to disruption
of vimentin filaments and to blocking of the functional activation of

Interestingly,

many of the 12(S)-HETE effects have been demonstrated to be antagonised by a 15LOX
metabolite of linoleic acid 13-HODE (13-hydroxyoctadeca-dienoic acid).

The current state of knowledge of the involvement of platelets in metastasis is summarised
in figure 7.1.

No investigations have yet been made into the influence of arachidonic acid metabolites
on hepatoma cell metastasis. The action of both cyclo-oxygenase and lipoxygenase
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Schematic representation of the involvement of platelets in metastasis.

derivatives of arachidonic acid on platelet, hepatoma cell and endothelial cell activation,
and interactions between these three cell types, would lead to a fuller understanding of
hepatoma metastasis, and possibly to the development of therapies effective at reducing the
risk of the spread of neoplastic hepatic disease.

From the evidence presented in this thesis and from work of others in this field, it is clear
that the platelet-aggregating ability of tumour cells is one of the main determinants of
successful cancer metastasis.
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