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Abstract
A fluorescence based in vitro adhesion assay has been developed to study the
adhesion molecules involved in tumour cell interactions with endothelial cells, as
such interactions are an important step in the metastatic cascade. The adhesion
of two human tumour cell lines, the RPMI-7951 malignant melanoma and the MDAMB-231 breast carcinoma, to human endothelial cells has been investigated. The
tumour cell lines employ multiple adhesion molecules to interact with large vessel
endothelial cells (HUVEC). The two lines share adhesion pathways as well as
employing separate adhesion mechanisms.

Both lines demonstrate calcium- and temperature- dependent adhesion to HUVEC.
MDA-MB-231 cells display greater adhesion to microvessel endothelial cells than
to HUVEC, while RPMI-7951 cells display no preference. B1 integrins expressed
by the tumour cells and HUVEC mediate basal adhesion via unidentified
heterophilic ligands. Adhesion is upregulated by treatment of HUVEC with TNFa.
In the melanoma line this enhanced adhesion is due to the interaction of VLA-4
with VCAM-1 expressed by HUVEC. This mechanism is not employed during
adhesion to resting HUVEC, or by MDA-MB-231 cells.

Glycosaminoglycans (GAGs) on the tumour cell surfaces are anti-adhesive. The
exception is hyaluronic acid (HA) expressed by the melanoma line, which acts as
a ligand for CD44 on HUVEC. Endothelial cell CD44 is not involved in the
adhesion of MDA-MB-231 cells. Endothelial chondroitin sulphate (CSA/C) mediates
the adhesion of both tumour cell lines via unidentified ligands. Endothelial
dermatan sulphate (DS) and heparan sulphate (HS) inhibit adhesion.

In conclusion, RPMI-7951 employs pi integrins, HA and VLA-4 to adhere to
HUVEC. MDA-MB-231 employs pi integrins and additional, unidentified adhesion
molecules. For both lines tumour cell surface CS and HS, and HUVEC DS, are
anti-adhesive. In addition, both lines interact with endothelial CS molecules via
unidentified ligands.
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1: General Introduction
1.10

Metastasis

Tumours can be broadly separated into two types: benign tumours which do not
invade surrounding tissues or break through barriers, and malignant growths which
are more poorly differentiated and can invade and destroy local tissue. Malignant
growths can also spread to distant sites, either through surface implantation or via
the lymphatic or blood systems. It is these metastatic deposits which pose the
greatest problems to clinicians as they are both difficult to detect and to treat
effectively. Métastasés can prove lethal by causing critical obstructions, organ
failure and paraneoplastic syndromes such as hypercalcaemia. Chemotherapy,
which is required for the treatment of such dispersed tumours, is less effective than
the complete removal of large growths by surgery or radiotherapy. A thorough
understanding of the metastatic process is therefore essential to the development
of effective cancer therapies. If distant métastasés are already in place at
diagnosis antimetastatic therapy can only be useful in preventing the further spread
of disease, thus helping to keep the patients' tumour burden as low as possible.
However, it appears that for several types of malignancy, including breast cancer
and melanoma, the proportion of patients presenting with métastasés already in
place may be less than ten percent (Weinstat-Saslow and Steeg, 1994). The
Swedish Two County study found that in their control group of women who were
not routinely screened for breast cancer, 54.4% of patients presented with no
métastasés. In these cases successful antimetastatic therapies would be a major
advance in treatment. Of the rest, 40.5% had métastasés in their lymph nodes,
while only 5.1% had distant métastasés (Day, 1991). Even if a proportion of those
diagnosed as metastasis-negative carried undetectable micrometastases, there is
still room for preventative therapy.

1.11

The metastatic cascade

Metastasis is a complex, multi-stage process (Fig. 1.1) which can only be
successfully completed by a sub-population of cells within the primary tumour
(Poste and Fidler, 1980), although this sub-population may dominate the primary
tumour at early stages of growth (Waghorne et a/., 1988). Metastatic cells tend to

be genetically more unstable and phenotypically more heterogenous than non
metastatic cells. Steeg, in a review of the metastasis suppressor gene nm23, listed
six oncogenes that induced or augmented metastasis, and four metastasis
suppressor genes (Steeg et a/., 1991). Such genes do not always exert the same
effects; the induced phenotype may be dependent on such factors as cell type and
state of differentiation. Properties which have been associated with metastatic cells
include the ability to be more growth-autonomic, the production of matrix digesting
enzymes, increased motility and the altered expression of a range of adhesion
molecules (Honn and Tang, 1992). Such changes serve to make metastatic cells
more efficient at migrating through tissues, surviving within the blood stream and
growing at distant sites; all vital steps in the metastatic cascade.

Individual cells within a tumour can be heterogenous with respect to many
characteristics, such as genetic make-up, morphology, growth properties, antigen
expression and drug resistance. This great variety complicates treatment and
allows the emergence of populations of aggressive, metastatic cells. Neoplastic
growth starts with the transformation of a cell and its subsequent uncontrolled
growth into a benign lesion. Although the growth may be unlimited the cells remain
as a single mass and do not move away from the primary tumour. Angiogenesis,
the formation of new capillaries from pre-existing blood vessels, is necessary
before a solid tumour can expand beyond 2-3 mm (about 10® cells; Folkman,
1985). After this point the process of diffusion is insufficient to provide enough
nutrients and remove waste from the proliferating cells. Folkman found that in a
transgenic rat model of tumorigenesis the acquisition of angiogenic capacity in
hyperplastic pancreatic islets correlated with tumour formation, not islet hyperplasia
itself (Folkman, 1990). The newly formed vessels within tumours are generally
poorly formed with incomplete basement membranes, and can provide malignant
cells with an easy entrance to the blood system (Liotta et al., 1974). Indeed,
positive correlations have been found between the number of microvessels within
invasive breast adenocarcinomas and malignant melanomas, and their ability to
metastasize (Weidner et a!., 1991). Additionally, angiogenesis involves the
production of growth factors and matrix proteins by capillary endothelial cells, and
such products can stimulate tumour cell growth (Folkman, 1995).

Transformation allowing
growth up to 2 mm.

Angiogenesis allowing growth
beyond 2 mm.

Malignancy leading
to invasion and
intravasation.

Intravascular interactions
less than 1 in 10,000 cells
survive.

Trapping w ith in the
microvasculature of an
organ.

Escape through the endothelial
junction follo w e d by degradation
of the basement membrane.

Growth of the secondary tumour.

Figure 1.1 A schematic representation of the steps involved in the blood-borne
metastasis of a solid tumour. The ability to invade local tissues and metastasize
to distant organs is the hallmark of malignant cells. The secondary deposits thus
formed are often difficult to detect and treat so that metastasis poses a serious
problem for the clinician. The multi-step nature of metastasis allows the possibility
of therapeutic intervention at numerous stages of the process.

Invasion of local tissues by a tumour may be due to the mechanical pressure of
rapidly proliferating cells pushing along planes of low resistance within the tissue.
However, invasion can occur in the absence of such pressures as is shown by in
vitro experiments where tumour cells, but not normal cells, are able to cross normal
tissue barriers such as the chick chorioallantoic membrane (Mareel, 1983). In such
cases the malignant cells need to produce motility factors and degradative
enzymes as well as demonstrating alterations in adhesion molecule expression.
The production of degradative enzymes such as collagenases, glycosidases and
metalloproteases is required for the cells to breach tissue boundaries such as
basement membranes during their entrance and exit from blood vessels (Nakajima
et a/., 1990). Correlations have been made between the production of such
enzymes and metastatic potential. For instance, there is a positive correlation
between the ability of tumour cells to degrade type IV collagen and their ability to
form lung métastasés (Nakajima eta!., 1987). Inhibition of tumour cell collagenase
activity by the addition of excess levels of 'tissue inhibitors of metalloproteinase'
(TIMPs) can block invasive behaviour in vitro (Albini at a/., 1991). As endothelial
basement membranes and ECM consist of collagens, elastin, glycoproteins and
proteoglycans cells that can adhere to and degrade these substances have an
advantage.

Altered expression of tumour cell adhesion molecules can lead to reduced
adhesion within the primary tumour and altered interactions with extracellular
matrices (van Roy and Mareel, 1992), allowing the malignant cells to break free
from the primary mass. At later stages adhesion molecules mediate interactions
with components of the blood and endothelial cells (Johnson, 1992). Metastasizing
tumour cells may first enter lymph capillaries adjacent to the tumour mass before
entering the blood system. Within the lymphatic system the cells can be
transported to, and trapped within, the proximal lymph nodes. Here they can
survive and grow, shedding further cells into the system. The shed cells can then
gain access to the blood system via lymphatic-vascular connections such as the
thoracic duct, or by intravasation through intranodal blood vessels. Another mode
of metastasis is surface implantation which can occur on internal linings such as
the pleurum and the peritoneal lining. As well as leading to surface implantation the
shedding of neoplastic cells directly into the body cavities can lead to the formation

of ascites, where the cells grow in suspension within the cavities (Sugarbaker,
1981; Nicolson, 1988a).

Tumour cells which enter the blood system are subjected to a variety of potentially
lethal stresses, such as deformation within capillaries, immune attack and turbulent
blood flow. Metastasis is therefore an inefficient process. Estimates of metastatic
"inefficiency" range from 10^-10®, thus if 10® cells are released into the system only
one deposit may result (Weiss, 1990). Tumour cells which do gain access to the
blood-stream are able to bind homotypicaliy to each other and heterotypically to
platelets (Gasic et a/., 1977), lymphocytes (Fidler, 1975), monocytes (Starkey at
a/., 1984) and soluble blood components (Kinjo at al., 1979). Such intravascular
interactions lead to the formation of clumps of cells which are probably better able
to survive and lodge non-specifically within the microcirculation. On the other hand
interactions with host defence cells may lead to the destruction of the tumour cells
before they have a chance to extravasate.

Extravasation, the exit of cells from the lumen of a blood vessel into the tissues of
an organ, is proceeded by the lodging or arrest of cells within the
microvasculature. This could simply be due to size restrictions, with large cells or
aggregates being unable to pass through the small lumens of capillaries (Zeidman,
1961 ; Weiss, 1992). Alternatively, there may be more specific interactions between
the cell surface molecules expressed on the tumour cells and endothelial cells
(Honn and Tang, 1992). Extravasation occurs within hours of the initial arrest of the
tumour cells. It may occur through naturally occurring gaps in the endothelial
monolayers, or more probably the tumour cells may cause retraction of the
endothelial cells thus gaining access to the basement membrane (Honn at al.,
1994). If the cells can divide within the vessel lumen they may be able to break
through the vessel in a destructive manner (Evans, 1991). Alternatively the cells
may simply follow migrating white blood cells or extravasate in an analogous
manner, without damaging the vessel wall (Koop at a/., 1994). Subsequent
penetration of the basement membrane and invasion into the underlying tissue can
take around 2-3 days.

Crissman et al. (Crissman et al., 1988) studied the time course of events during
the extravasation of murine tumour cells into the lung by injecting the cells into the
tail vein. At various time points the mice were sacrificed and sections made of the
lungs for analysis by light and electron microscopy. Initial attachment to the
endothelial cells occurred during the first 8 hours. Within 1-4 hours of attachment
the tumour cells underwent interactions with platelets causing the occlusion of the
vessel. About 4 hours post-arrest the neoplastic cells caused the endothelial cells
to retract at their junctions, subsequent to which the tumour cells were able to
attach to the vessels basement membrane. By 24 hours all lodged cells had made
contact with the sub-endothelial matrix and the tumour cell-associated thrombus
had broken down. Within the next 4-24 hours the cells had begun to divide whilst
attached to the matrix and thus formed an intravascular nodule. It was after the
formation of these nodules that degradation of the basement membrane was
observed. The intravital microscopy work of Morris et al, which was performed in
mouse liver and chick embryo, shows that initial arrest in their model is due to size
restriction (Morris etal., 1993). Extravasation had occurred by 24-48 hours with the
tumour cells often accumulating near blood vessels and extending pseudopodia
around them. In this case no tumour cell division within the vessel lumen was
noted.
After extravasation tumour cells must be able to survive and proliferate within the
new environment in order to form a metastatic deposit. Proliferation is dependent
on a variety of factors such as the availability of nutrients, growth factors and
regulatory factors. For instance métastasés, like primary tumours, require
angiogenesis to grow beyond 2 mm in size. New "micrometastases" may remain
dormant and undetectable, often for years, before undergoing a period of rapid
growth leading to patient relapse (Folkman, 1995). This phenomenon frequently
occurs in melanoma and breast cancer patients. It is becoming apparent that these
micrometastases may not actually be dormant but rather maintain balanced levels
of cell division and apoptosis (Holmgren etal., 1995). In addition, in animal models
this state can be imposed upon the metastatic deposits by the primary tumour
through the secretion of anti-angiogenic factors such as angiostatin (O'Reilly et al.,
1994). In such cases the removal of the primary leads to the subsequent
proliferation of the métastasés. In cases where a patients' métastasés appear

many years after removal of the primary it is postulated that a new population of
tumour cells capable of producing angiogenic factors has arisen within the
secondary. Once established, secondary tumours may be able to repeat the whole
metastatic cascade leading to tertiary tumour formation.
1.12

Organ specific colonization

It has been noted that certain tumours have the ability to colonize specific organs
(Nicolson, 1988a; Rusciano and Burger, 1992). This ability has been explained in
two ways. The anatomical-mechanical hypothesis proposes that patterns of spread
are simply due to the conditions under which the cells are distributed. Organ
colonization thus depends upon parameters such as which vascular bed is reached
first, the number of viable cells reaching that organ and the blood flow rate through
the organ. Circulating cells might be expected to lodge within the capillary beds of
the first organ encountered; indeed, many neoplasms colonize the lungs which are
the first organs encountered by cells entering the venous circulation. Most epithelial
cancers initially spread to the nearest lymph nodes draining the primary site. For
instance, squamous cell carcinomas of the head and neck tend to colonize the
regional lymph nodes (Lindberg, 1972). However, métastasés also form in organs
which are distant to the primary and which bear little direct anatomical relationship
to it (Nicolson, 1988a). Examples include breast adenocarcinomas which tend to
metastasize to the brain, adrenals and bone; and metastatic melanoma which
colonizes the brain, bone, liver and bowel (Bonadonna etal., 1976; Einhorn et ai.,
1974). Also, some sites appear to be protected against métastasés despite
receiving a large proportion of the cardiac output. These include the skin, intestine,
muscles and the kidneys, which together receive most of the systolic output of the
heart (Nicolson, 1988a). This would argue against a purely anatomical theory of
metastasis.

In 1889 Stephen Paget (Paget, 1889) put forward his "Seed and Soil" theory to
explain the non-random patterns of metastasis he observed during autopsies. He
found that breast carcinoma preferentially metastasized to the liver and bone while
the spleen was spared. Paget's explanation was that certain organs (the soil)
possessed characteristics that made them a suitable environment for the growth
of certain tumour cells (the seeds). Clinical support for such targeting of tumour

cells has come from patients with a variety of tumours who have received
peri-venous shunts during palliative care. In these patients malignant ascites are
introduced into the circulation from the body cavities yet many do not develop
metastatic deposits in the first organs encountered (Tarin et a/., 1984).

In 1981 Sugarbaker (Sugarbaker, 1981) found that regional métastasés could
mainly be explained by efferent circulation patterns and lymphatic drainage
patterns. He concluded that the mechanistic theory of spread explained early
patterns of metastasis, while the seed and soil theory explained tumour distribution
at later stages. The ability of secondary tumours to give rise to further métastasés
can make the situation more complicated. Sometimes the first organ encountered
acts as a "generalizing site" allowing further spread. The lungs and liver can act
as generalizing sites for some adenocarcinomas. Also, during lymphatic spread the
draining lymph nodes can serve to establish further métastasés as already
mentioned. However, not all patterns of metastatic spread can be explained in this
manner. The theories described are not mutually exclusive and it is probable that
a combination of mechanical and site specific interactions occur during metastasis.
1.13

Tumour cell Interactions with endothelial cells

The trapping of tumour cells within the microvasculature may either be due to size
restrictions, or the more specific recognition of cell surface molecules expressed
by microvascular endothelial cells. The former scenario may be true of metastasis
to organs situated immediately downstream of the primary, but it may not be
enough to explain the spread to more specific, distant organs. It has long been
postulated that tumour cells are capable of recognizing organ-specific adhesion
molecules on the lumenal surface of endothelial cells (EC). This capability would
allow them to home in to certain organs in much the same way as lymphocytes do
when they recirculate between the blood and lymph systems via specific lymphoid
tissues. Although it is true that the evidence points towards an initial trapping of
large cells and cellular aggregates within small calibre vessels, it is also the case
that passive trapping may not be sufficient to lead to colony formation. Often the
cells are re-released into the circulation to form colonies in organs downstream
from where they were initially lodged. The early experiments of Zeidman showed
just such a release of cells from the first capillary bed encountered, with
8

subsequent colonization of other organs. This release was due to the ability of the
tumour cells to change their shape in order to pass through capillaries (Zeidman,
1961). It therefore appeared that the lodgement of cells for long enough to allow
extravasation would require firmer adhesive interactions than those provided by
simple trapping.

Later studies confirmed that there can be specificity in the colonization of organs
by malignant cells. Sugarbaker injected cell suspensions from different tumours
into the left ventricles of rat hearts and obtained different patterns of spread
(Sugarbaker, 1952). In the sixties Kinsey investigated the spread of melanoma
cells to murine lung tissue (Kinsey, 1960). He found that cells injected into the
animals via the tail vein, tail artery and left ventricle all formed tumours only within
the lungs, not the first organ encountered. In addition, they were also able to
colonize lung tissue which had been ectopically grafted onto the thigh, but not
grafts of other organs. Later, Hart and Fidler obtained the same results using
B16-F10 melanoma cells. They further demonstrated that tumour formation in the
ectopic lung tissue was not due to metastasis from foci previously formed in the
lungs in situ, but to the immediate arrest of circulating cells (Hart and Fidler, 1980).
These experiments

illustrated both the ability of tumour cells to specifically

colonize lung tissue, and their release from the first organ encountered with
subsequent trapping in another tissue. Tarin and Price (Tarin and Price, 1981) also
found that anatomical factors were unable to fully explain the metastasis patterns
of spontaneous mammary tumours injected into syngeneic animals. They
concluded that the patterns of metastatic spread which they observed with different
tumour types were dependent upon properties of the tumour cells as well as the
microenvironment of the organ within which they lodged.

Although these early studies confirmed that tumour cell homing to certain organs
occurred, they gave little indication of the factors controlling such behaviour.
Netland and Zetter used the B16-F10 cell line, as well as sarcoma cells, to
demonstrate in vitro organ specific adhesion. The binding of the cells to cryostat
sections of host organs reflected their metastatic distributions in vivo (Netland and
Zetter, 1984) showing that malignant cells were recognized determinants within
their favoured tissues. Subsequent in vitro work indicated that the organ specific

expression of adhesion molecules by EC could play a role in such events. It was
shown that tumour cells which metastasized to a particular organ could display
significantly greater adhesion to endothelial cells derived from that site, than to
cells from alternative sites. Alby and Auerbach initially demonstrated that teratoma
and glioma cells adhered to microvessel EC isolated from the organ from which
they were derived (Alby and Auerbach, 1984). Having shown that tumour cells
were capable of distinguishing between EC of differing origins Auerbach extended
the study using eight types of tumour cell. He found that some, but not all of the
adhesive preferences of the tumour cells correlated with their metastatic behaviour
(Auerbach et al., 1987). Similarly, Haq demonstrated that adenocarcinoma cells
which colonized bone were capable of adhering preferentially to marrow-derived
EC (Haq et al., 1992). Again, a correlation was found between the dissemination
patterns of B16 melanoma sublines to the lung or brain, and their ability to adhere
to EC in vitro (Nicolson, 1988a).

Such experiments lead to the conclusion that endothelial cells in different organs
have different adhesive properties which are utilized by metastasizing tumour cells.
However, tumour cell surface properties are also important in metastatic homing.
Recently Gioanni used three MAbs to immunotype 61 breast adenocarcinomas,
and found strong associations between the antigens expressed and the secondary
sites colonized by the cells. It appears that the tumour cells tend to colonize sites
where the normal cells express the same surface antigens as the tumour cells
(Gioanni et ai., 1994).

1.14

Endothelial heterogeneity

The endothelium is a highly specialized, extensive organ. It consists of a simple,
squamous epithelium which lines the vascular and lymphatic systems. Endothelial
cells form an active barrier between blood components and the tissues. The blood
vessel network includes large vessels such as arteries and veins, as well as the
microcirculation.

Microvessels comprise arterioles,

precapillary sphincters,

capillaries, postcapillary venules and muscular venules, so that there is great scope
for heterogeneity even within the microcirculation. The endothelium has a wide
range of functions, besides regulating the transport of nutrients and waste products
between tissues and blood, with most reactions occurring within the capillaries. The
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system takes part in the regulation of blood haemodynamics, immunosurveillance,
the synthesis of active molecules and the transport and control of vasoactive
hormones.

As a consequence of this range of functions, microvessels within different organs
display varying ultrastructures. Although the cells themselves are morphologically
similar in vivo, there are regional differences in their size and thickness, number
of organelles, types of junction and surface receptors for hormones, as well as the
presence of Weibel-Palade bodies (Belloni and Tressler, 1990). Also, when
cultured In vitro EC from different sites exhibit varying morphologies and
responses. Capillary EC are more plastic then those from large vessels, adopting
different morphologies according to the matrix on which they are grown, or the
growth factors present. They also form tubes when grown on basement membrane
mimics such as Matrigel, and take on a fibroblastic morphology in the presence of
fibroblast growth factor, behaviour which is rare in large vessel endothelial cells
(McCarthy etal., 1991). Functional and morphological differences between EC are
accompanied by biochemical and antigenic differences (Obrig et al., 1993).
Internally, there can be large differences in the presence of cytoskeletal proteins
within capillary EC from different organs (Dodge et al., 1991). Also, not all EC
contain Weibel-Palade bodies so that the expression of von Willebrand factor
(vWF) by microvessel cells can be variable (Kuzu et al., 1992). Another classic
marker for EC is angiotensin-converting enzyme (ACE). ACE is also
heterogeneously expressed by cells from different locations, being more highly
expressed in arteries than veins, and in microvessel derived EC than in human
umbilical vein EC (Hewett, 1994).

Studies by Nicolson and Belloni identified five glycoproteins on endothelial surfaces
which were capable of binding tumour cells and leucocytes. They were differentially
expressed in various organs and tumour cells bound to cell lysate containing these
molecules in a manner that reflected their organ preference during metastasis
(Belloni and Tressler, 1990; Belloni and Nicolson, 1988; Nicolson, 1988b). The In
situ labelling techniques used indicated that the differences in tumour cell adhesion
were dependent upon quantitative rather than qualitative differences in the
endothelial expression of these molecules, and that a combination of glycoproteins
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was responsible for the binding. Lectin mapping further demonstrates differences
in glycoprotein expression, with some lectins being specifically bound by different
organs, and even by different vessels within one organ. There are also differences
in binding due to the age, species and even strain of animal tested.

Auerbach demonstrated that capillary EC from the brain, ovary and lung expressed
organ-associated antigens. These antigens were shared with other cell types from
each organ but not with cells from other organs (Auerbach et a/., 1985). He also
showed, using a panel of five lectins, that EC from different organs could be
distinguished by their pattern of lectin staining (Auerbach, 1991). However,
differences between microvascular EC derived from a single site have also been
reported; in one study five different microvascular EC strains were isolated from
bovine corpus luteum (Spanel, 1991). As well as displaying different phenotypes
and ultrastructures these cells promoted different levels of adhesion of
polymorphonuclear granulocytes, indicating that functional specialization can occur
even within the microvasculature (Ley at al., 1992). Simionescu found that
microvessel cells have differentiated cell surface domains which can be identified
by differences in negative charge and glycoconjugate expression (Simionescu at
a/., 1982). These domains corresponded to structures such as transendothelial
channels and plasmalemmal diaphragms. Kuzu at al. performed a comparative
study of endothelial staining using fourteen normal tissues as well as a wide range
of vascular tumours (Kuzu at al., 1992). They tested four surface markers and
found that CD31 (ENDOCAM or PECAM-1) was the only universal marker of
endothelium. Such differences in expression of cell surface molecules may be
relevant to tumour metastasis. A good example of this is Lu-ECAM-1, a
lung-specific adhesion molecule expressed constitutively by venules. It is not
expressed in other tissues or upregulated by activation of the cells. This molecule
mediates the metastasis of melanoma cells, but not carcinoma cells, by allowing
the cells to lodge specifically within the lungs (Zhu at al., 1992).

The specificity of tumour cell adhesion to EC derived from different organs does
not necessarily have to be mediated by the organ specific expression of cell
surface molecules. EC may simply display quantitative, rather than qualitative,
differences in the expression of a restricted set of adhesion molecules (Nicolson,
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1988b). Tumour cell interactions with EC, like those of leucocytes (section 1.3),
are probably mediated by multiple ligands acting in a precisely choreographed
adhesion cascade (Honn and Tang, 1992). The expression of varying combinations
and levels of adhesion molecules, both by EC and tumour cells, might therefore
modulate the ability of tumour cells to adhere to EC within different organs.

1.2

The families of adhesion molecules

Cell-cell recognition is an important part of many physiological processes such as
embryogenesis, immune defence and fertilization. Similarly cell-matrix adhesion
plays a role in the modulation of cellular morphology, proliferation, migration and
differentiation. Not surprisingly there is a range of molecular families which mediate
such interactions. Failures in function, or inappropriate use of these molecules, can
cause problems in any of the processes mentioned. Several families of adhesion
molecules may be involved in various stages of tumour metastasis. On the basis
of their primary amino acid sequences the different types can be classified as
members of: 1) the integrin family, 2) the cadherin family, 3) the immunoglobulin
superfamily, 4) the selectin family or 5) the hyaladherins. In addition, there are
other classes of molecule emerging which do not fit into any of these categories,
but which also appear to be important.

Cells often use multiple adhesion molecules to bind to one ligand, or conversely,
they may employ one molecule to recognize multiple ligands. Many adhesion
molecules have more than one function in vivo and they may also co-operate with
other adhesion molecules to perform other roles. In addition, not all interactions are
direct. For example, the bridging of two adhesion molecules by a third molecule is
possible. Further complexity is introduced by the expression of multiple forms of
molecules due to alternative splicing. Not all adhesion molecules are constantly or
constitutively expressed or functional; their presence, and location on a cell
surface, can be regulated according to a variety of parameters such as the cells’
differentiation state, stage of cell cycle or activation by cytokines. Most cells
express a diverse range of different adhesion molecules making any one family
difficult to study in isolation.
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1.21

Integrins

Integrins are heterodimeric, type I (carboxy domain in the cytoplasm)
transmembrane glycoproteins. The name derives from the fact that these
molecules are considered to integrate the extracellular and intracellular
environments with the transmission of information in both directions. They are
composed of two non-covalently associated subunits which are termed a (150 200 kD) and p (90-210 kD). The a subunits can associate with more than one type
of p unit, and vice versa, leading to a wide range of integrin dimers (Hynes, 1992;
Albelda and Buck, 1990). There are around twenty known associations of the
vertebrate subunits, some of which are shown in Fig. 1.2 (derived from Hynes,
1992). Ligand binding is dependant upon divalent cations such as calcium and
magnesium, with most integrins preferentially using magnesium (Gailit and
Ruoslahti, 1988). The extracellular domain of the a subunit carries three or four
binding sites for divalent cations. Both subunits are required for interactions with
extracellular ligands (Smith and Cheresh, 1990; Buck et al., 1986).
The ligand recognized by an integrin depends upon the particular a and p subunits
which are associated. Many integrins bind the specific tripeptide sequence
Arg-Gly-Asp (RGD; D'Souza eta!., 1988) which is especially important in adhesion
to ECM proteins. The best characterized binding sites such as RGD, Leu-Asp-Val
(LDV) and GIn-Ala-Gly-Asp-Val (QAGDV) contain critical aspartate residues, the
mutation of which abrogates adhesion (Humphries et a!., 1993). Both LDV and
QAGDV peptides inhibit the function of RGD binding sites and conversely, RGD
peptides inhibit the function of LDV/QAGDV binding sites (Mould et a/., 1991;
D'Souza eta!., 1990). However, while RGD-binding sites occur on both the a and
p integrin chains, only the a subunit binds QAGDV peptides (D'Souza eta!., 1990).
The fact that all three peptide motifs appear to be functionally analogous could
explain the multi-ligand binding exhibited by many integrins. Indeed, many integrins
recognize a large number of different ECM proteins and most integrins are capable
of recognizing more than one ligand (Fig. 1.2), with the exact specificity being
determined by the cell type in which they are expressed (Elices and Hemler, 1989).
Conversely, several different integrins can bind a given ECM protein, often at
different sites.
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Figure 1.2 The integrin family of adhesion molecules. Different combinations of a and
p units form dimers capable of mediating cell-cell and cell-matrix adhesion. Some
dimers recognize more than one ligand, and conversely, some ligands interact with a
number of integrins.
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Many cells express more than one integrin, allowing adhesion to more than one
matrix molecule. Integrins also bind non-matrix proteins, such as members of the
immunoglobulin superfamily expressed by EC. For instance, the integrin LFA-1
(CD11a/CD18, aip2) can interact with intercellular adhesion molecules-1, 2 and
3 (ICAM-1, 2, 3; Staunton et a/., 1989; Springer, 1990), while a4pi and a4p7
recognize vascular cell adhesion molecule (VCAM-1; Elices at a/., 1990).

As transmembrane receptors, integrins link actin-associated proteins (talin, vinculin,
a-actinin) to the ECM and are thus considered to "integrate" the extracellular and
intracellular environments. Binding of the cytoskeleton is mediated by the p subunit
while both subunits are required for interactions with extracellular ligands (Luna
and Hitt, 1992). Signal transduction into cells transmits forces to the cytoskeleton
as well as information about the composition of the ECM. Changes in conformation
mediated by internal, cytoplasmic events can alter the cells ability to interact with
the ECM and other cells (inside-out signalling; Burridge at a/., 1988). Signalling in
each direction employs the same systems i.e. second messenger pathways and
cytoskeletal interactions (Humphries at ai, 1993). Such interactions can lead to
gene induction and alter cellular proliferation (Juliano and Varner, 1993). For
instance, the interaction of platelet GP llb-llla regulates the activity of NaVH^
antiporters and the calcium dependant protease calpain. Signal transduction
inwards may be due to phosphorylation of the p subunit cytoplasmic domain (Hibbs
at ai, 1991). This domain appears to be constitutively active in the absence of the
a-unit cytoplasmic domain, and dimerization with different a-units may serve to
initiate different intracellular events. Integrin ligand binding has been associated
with

various intracellular phosphorylation

events,

including the tyrosine

phosphorylation of focal adhesion kinase (FAK) which is itself a tyrosine kinase
(Lipfert at ai, 1992). Fibronectin stimulation of NIH-3T3 cells promotes FAK
association with the tyrosine kinase ppBO*^"". This forms a signalling complex
which may promote the activation of the Ras signal transduction pathway
(Schlaepfer at ai, 1994). Generally integrin mediated adhesion requires activation
of the integrin receptor, with conformational changes leading to ligand binding (Du
at ai, 1991).
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Integrins have been implicated in the metastatic cascade, both as positive and
negative regulators. These molecules mediate cell-cell and cell-matrix adhesion,
interactions which can regulate a broad range of cellular activities such as
migration, proliferation and differentiation. They can thus influence tumour
progression and metastasis at a number of stages. For instance, transformed and
malignant cells tend to show a reduced expression of the aSpi (VLA-5) fibronectin
receptor (Juliano and Varner, 1993), which can lead to enhanced proliferation.
There can be an upregulation of the a4p1 (VLA-4) fibronectin receptor and p2
integrins in small cell lung carcinomas (Feldman et al., 1991). The expression of
VLA-4 by melanoma cells can inhibit the invasiveness of these cells and thus
reduce their metastatic potential (Qian at a/., 1994). Conversely, the expression of
VLA-4 by melanoma, osteosarcoma and kidney carcinoma cells has been related
to their ability to adhere to cytokine activated EC via VCAM-1 (Taichman at a!.,
1991), an interaction which may be expected to promote metastasis to sites of
inflammation. Similarly, VLA-5 can also mediate the adhesion of osteosarcoma,
melanoma and carcinoma cells to IL-1 activated EC (Lauri at a/., 1991b).
Molecules which block the function of integrins, such as snake venom disintegrins,
can inhibit metastasis in murine models (Trikha at a/., 1994) while antibodies
against avp3 have been shown to promote tumour regression by inducing EC
death in angiogenic blood vessels (Brooks at a!., 1994). Increased expression of
avp3 on EC also leads to the enhanced adhesion of carcinosarcoma cells (Tang
at a/., 1993b). This integrin, which interacts with a wide range of ECM proteins, has
also been positively correlated with increased malignancy in melanomas (Albelda
at a/., 1990). The role of pi integrins in tumour cell adhesion to endothelial cells
is investigated in Chapter 5

1.22

Cadherins

Cadherins are calcium- and temperature-dependent adhesion molecules of which
around a dozen have so far been identified (Suzuki at a!., 1991). All with the
exception of T-cadherin (truncated) are transmembrane glycoproteins. T-cadherin
is anchored via glycosyl phosphatidylinositol groups (Ranscht and DoursZimmerman, 1991). Cadherins generally mediate homotypic cell-cell adhesion i.e.
a molecule on one cell type mediates adhesion to another cell of the same type.
However, interactions between different cadherin subclasses can mediate
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heterotypic adhesion between different cell types. Different subclasses have
distinct tissue distributions, for instance E-, N-, L- and P-cadherins occur in
epithelial, neural, liver and placental tissues respectively. During development their
spatio-temporal regulation correlates with morphogenetic events involving cellular
aggregation or disaggregation. In the adult they are responsible for the formation
of tight cell-cell associations within tissues and the induction of cell polarity
(Nagafuchi et a/., 1987). Cells can express multiple sub-classes at the same time
and it is thought that adhesion properties can be regulated by varying cadherin
combinations. Endothelial cells may express more than one cadherin including the
endothelial specific V-cadherin (Liaw et a/., 1990).

Cadherins tend to be concentrated at cell-cell junctions, especially at zonula
adherens junctions, where they are structurally associated with cortical actin
bundles (Hirano eta!., 1987). It is possible that tyrosine kinases are involved in the
function of cadherins in these junctions (Matsuyoshi eta!., 1992). Some cadherins
are linked to microfilaments via catenins, or to intermediate filaments via
plakoglobin and desmoplakins (Ozawa et a/., 1990; Honn and Tang, 1992). The
cytoplasmic domains are highly conserved and essential for function, with deletion
of the carboxy region preventing cell-cell aggregation (Ozawa et a/., 1990). The
extracellular domains contain five homologous repeats and six proposed calcium
binding motifs. The ligand binding site has been localized to 113 amino acids in the
N-terminal region (Nose eta!., 1990) and the cadherins appear to use a his-ala-val
motif in the first extracellular domain to initiate homophilic binding.

Loss of cadherin activity, leading to reduced homophilic cell-cell adhesion within
solid tumours, is thought to correlate with increased invasiveness (Takeichi, 1993).
The transfection of E-cadherin cDNA into highly invasive epithelial tumour cell lines
was found to reduce their invasiveness into collagen matrices (VIeminckx et a/.,
1991). In addition, treatment of the transfected cells with E-cadherin antibodies
reinduced invasive capabilities. The drug tamoxifen is able to restore E-cadherin
function in breast cancer lines with an associated suppression of their invasive
phenotype (Bracke et a/., 1994).
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1.23

Immunoglobulin superfamily

Since the immunoglobulin (Ig) superfamily was defined in 1982 it has grown to
include over 70 members. It is thought that the Ig domain structure has been
widely used through evolution because its conformation is adaptable, protease
resistant and stable enough for the presentation of recognition determinants in
hostile extracellular environments (Williams and Barclay, 1988). These molecules
are characterized by the presence of one or more Ig homology repeats. These
domains are composed of 90-100 amino acids arranged in a sandwich of
anti-parallel p-pleated sheets, which are usually stabilized by a disulphide bond
(Williams and Barclay., 1988). There are three types of Ig-related domains in
non-lg molecules, namely the V-set, Cl-set and 02-set. The proteins involved in
adhesion generally contain domains from the 02-set. The non-lymphocyte
members of the Ig superfamily characteristically express a number of Ig-like
domains, as well as repeats of another domain, the fibronectin type III repeat.
These repeats are similar to the Ig-like domains in that they consist of pairs of p
sheets. Ligand specificity in the members N-OAM and IOAM-1 has been mapped
to the two most distal Ig-like repeats. The functions of any extra Ig-like repeats,
and the fibronectin type III repeats in these molecules, are unknown at present
(Oole et al., 1986; Staunton et al., 1990). Some receptors are transmembrane
proteins while others are linked to the membrane via glycosylphosphatidyl inositol
groups. Others, such as NOAM and LFA-3, can occur in both forms (Cunningham
et ai, 1987).
Cell adhesion mediated by members of the Ig-superfamily can be homophilic or
heterophilic, with variable dependency on calcium ions (Rojas et ai, 1990). The
homophilic receptors are generally those expressed within the nervous system
such as N-OAM and LI (Cunningham et ai, 1987), although PEOAM-1 expressed
by EC mediates adhesion via a homophilic mechanism (Muller et ai, 1989).
However, heterophilic ligands for N-OAM and 0D31/PEOAM-1 have been
identified. The Ig-superfamily members NOAM and LI, when co-expressed by the
same cell, can interact in a heterotypic fashion to enhance LI-dependent cell-cell
interactions (Kadmon et ai, 1990). This L1-N0AM interaction may be mediated by
the binding of NOAM to carbohydrate side chains on LI (Feizi, 1994). N-OAM has
two distinct binding sites within the N-terminal domain. One site is a
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heparin/heparan sulphate binding domain while the other is homophilic NCAM
binding domain (Cole et al., 1986; Reyes at ai, 1990). The data therefore suggest
that the heterophilic interactions of NCAM are mediated by the GAGs
heparin/heparan sulphate, or by related molecules.
The most notable heterophilic molecules are those expressed on activated EC
(ICAM-1 and VCAM-1) which interact with integrins on leucocytes, thus mediating
firm adhesion to sites of inflammation under conditions of flow (Lawrence and
Springer, 1991; Osborn, 1990). It is interesting to note that the expression of
VCAM-1 on tumour-infiltrating EC is repressed in vivo, while the in vitro co-culture
of melanoma and carcinoma cells with EC suppresses endothelial VCAM-1 gene
transcription (Piali at a/., 1995). This suppression of EC VCAM-1 within tumours
may explain the observation of diminished leucocyte adhesion to tumour
microvessels (Wu at a/., 1992), and lead to reduced invasion of the tumour by
cytotoxic cells of the immune system. VCAM-1 is also an important molecule with
respect to metastasis in that it is capable of mediating the adhesion of a range of
tumour cells, especially melanoma cells, to EC (Rice and Bevilacqua, 1989;
Taichman atal., 1991). MAdCAM-1, which is expressed by EC in mucosal lymph
nodes, can support the adhesion of lymphocytes through interactions with either
the integrin a4p7 or L-selectin (Berlin atal., 1993; Berg atal., 1993). PECAM-1 Is
constitutively expressed on endothelial cells, being concentrated at cell-cell
junctions in monolayers (Muller at ai., 1989), and can also mediate adhesion via
heterophilic interactions, probably through use of a GAG binding domain which can
recognize heparin/HS molecules (Muller at a!., 1992; de Lisser at ai, 1993).
PECAM-1 is widely expressed by human solid tumour cell lines (melanoma and
carcinoma) and it can mediate the adhesion of unstimulated colon carcinoma cells
to microvascular endothelial cells (Tang atal., 1993a). The most recently identified
endothelial member of the Ig-superfamily isAAMP. This mediates heparin-sensitive
melanoma cell adhesion, and is also expressed by metastatic melanoma cells
(Beckner at a/., 1995). It is thought that this molecule plays a role in cell migration.

Other members of the Ig-superfamily have been found to act as dominant or
recessive metastasis-related oncogenes; for instance, 'carcino-embryonic antigen'
(CEA) and deleted in colon carcinoma’ (DCC). CEA is developmentally regulated,
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being present during embryogenesis with only small amounts expressed in normal
adult tissue. However, it is strongly re-expressed on most colo-rectal carcinomas
(and many other carcinomas) and this expression may be involved in the ability of
such cells to arrest in hepatic sinusoids (Thomas et al., 1990). DCC, which
encodes a NCAM-like molecule, acts as a tumour suppressor gene and was
identified through analysis of a region of chromosome 18q which is deleted in over
seventy percent of colorectal cancers (Fearon at a/., 1990).
1.3

Carbohydrates as recognition moiecules

Carbohydrates are found on the surface of every cell in the form of glycoproteins,
glycolipids (lacto-, ganglio- and globo- series) and proteoglycans (section 1.34).
It is thought that they have a variety of functions including the maintenance of
protein conformation and stability. They can protect proteins against proteolysis
and appear to be involved in the secretion of some proteins such as IgA and
ag-macroglobulin (Olden at a!., 1985). Although the glycan moieties are not
essential for some glycoprotein functions, such as the mitogenic effect of
colony-stimulating factor (Olden at a/., 1985), in others they are necessary for full
activity. For instance, mouse lgG2b antibodies which are lacking in carbohydrate
chains are unable to activate complement, bind macrophage Fc receptors or
induce antibody-dependent cellular toxicity (Nose and Wigzell, 1983). As well as
modulating the properties of proteins these molecules have biological activity in
their own right as carriers of information. Even a small number of monosaccharides
can be linked together to form a huge range of structures with variation deriving
from the linear sequences, as well as the position and anomeric configuration (a
or P) of any branch points. Thus only four saccharides can combine to form 35,560
tetrasaccharides (Sharon and Lis, 1989). In addition, extra variation can be added
through the covalent attachment of sulphate, phosphate and acetyl groups to the
carbohydrates. Carbohydrates are known to be involved in a range of recognition
phenomena. These include the binding of viruses and bacteria to eucaryotic cells
during infection, fertilization, hormone binding and the trafficking of lymphocytes
(Sharon and Lis, 1993). This knowledge opens up the possibility of developing
novel pharmaceuticals based on carbohydrate structures. The range of such drugs
could include anti-inflammatories, preventatives of viral infection and anti-metastatic
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agents. Candidate adhesion molecules for the development of carbohydrate
antagonists include the selectin family (1.31) and CD44 (1.32).

1.31

Selectins

Selectins are glycoproteins which mediate heterophilic interactions between blood
cells and EC (Bevilacqua etal., 1991). They are usually transmembrane molecules
but there are also some glycosyl phosphatidylinositol linked and secreted forms.
They are characterised by three types of protein domain (Fig. 1.3) The N-terminus
is related to the calcium-dependant (C-type) lectins which interact with
carbohydrate moieties (Cummings and Smith, 1993). Next is an epidermal growth
factor (EGF)-like domain. This is thought to contribute to binding, possibly by
helping to maintain conformation (Kansas etal., 1991), although Siegelman et al.
found evidence that in mouse L-selectin this domain may be directly involved in
lymphocyte binding to HEV (Siegelman et al., 1990). Proximal to the cell
membrane are two to nine short consensus repeats which are related to the
repeats in complement binding proteins. Their function is unknown but they may
be involved in extending the ligand recognition domains away from the cell surface
(Watson et al., 1991a). The three known selectins are E- (endothelial), L(leucocyte) and P- (platelet) selectin.

Selectins are involved in the low avidity, transient binding of leucocytes to EC
under conditions of flow (Lawrence and Springer, 1991; von Andrian etal., 1991).
They have rapid association and dissociation constants and can thus mediate the
'rolling' process which occurs before the firmer, integrin-mediated adhesion. These
molecules are temperature independent and appear not to require membrane or
intracellular metabolic events. The cytoplasmic tail of P-selectin allows sorting to
storage granules (Disdier et al., 1991) but no function has been ascribed to the
tails of the other selectins. Each selectin can recognize a number of ligands which
have different binding properties according to the context of their expression. Their
activity appears to be regulated by their appearance and disappearance from cell
surfaces. Sialyl Lewis X (sLe’'), which acts as a ligand for E- and P-selectins, was
characterized as a tumour-associated antigen, and is generally highly expressed
by carcinoma cells (Fukushima et al., 1984). Highly metastatic carcinoma cells
express more sLe’' (Saitoh et al., 1992) than those of low metastatic potential, and
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this antigen (and Sialyl Lewis A) can mediate the adhesion of tumour cells to
E-selectin expressed by cytokine activated EC (Iwai et al., 1993; Takada et al.,
1993). E-selectin appears to primarily bind colon-derived carcinoma cells via sLe\
while P-selectin binds to a range of carcinoma cells (colon, lung, breast), possibly
via tumour cell sulphatides (Aruffo et al., 1992).

Complement regulatory protein-like
domains

Epidermal growth factor-like
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Cytoplasmic
domain
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Î
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Requires calcium

Figure 1.3 A schematic diagram of a member of the selectin family of adhesion
molecules. The members vary in the number of complement regulatory protein-like
domains which they contain (2, 6 or 9). There is no significant homology between
the cytoplasmic tails of the selectins.

I)

E-selectin

E-selectin is involved in the recruitment of neutrophils and monocytes to
inflammatory sites. It can also bind some non-myeloid cells such as human
memory T cells, eosinophils and basophils (Shimizu et al., 1991; Bochner et al.,
1991). It is expressed by EC which have been activated by inflammatory cytokines
and requires de novo RNA and protein synthesis. Peak expression occurs 4-6 h
post activation and returns to normal within 24 h (Bevilacqua et al., 1989). It
appears to promote the arrest of cells under conditions of flow (Abbassi et al.,
1993). E-selectin can recognize the tetrasaccharide sialyl Lewis X (sLe^), and it's
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isomer sialyl Lewis A (sLe^), as well as related structures where the sialic acid is
replaced by a sulphate group. Several leucocyte structures modified with sLe^ or
related structures can bind E-selectin, including L-selectin, CD66 and p2 integrins
(Bevilacqua and Nelson, 1993; Carlos and Harlan, 1994).

ii)

P-selectin

P-selectin is stored in the a-granules of platelets and the Weibel-Palade bodies of
EC (Hattori et a!., 1989). Endothelial cells activated by thrombin, histamine and
oxygen radicals express this selectin within minutes, leading to the binding of
neutrophils and monocytes. Expression is rapid but short lived due to shedding
(Bevilacqua and Nelson, 1993). Expression on platelets is rapidly induced by
thrombin and once expressed P-selectin binds multiple leucocyte types. As with
E-selectin this molecule binds sLe^and sLe^, although it recognizes a wider range
of oligosaccharides, including non-sialylated forms. P-selectin may also bind some
sulphated polyanionic polysaccharides such as fucoidin and heparin (Bevilacqua
and Nelson, 1993). Also, it recognizes sulphatides (heterogenous 3-sulphated
galactosyl ceramides) on myeloid and tumour cell surfaces (Aruffo et a/., 1991).
P-selectin appears to recognize carbohydrate moieties carried by L-selectin.
Ligands for both L- and P- selectins include sialo-mucins (section 1.36); mucins
which express terminal sialic acid residues such as sLe^and sLe^. PSGL-1 is one
such ligand for P-selectin (Moore et a/., 1995).

ill)

L-selectin

L-selectin is constitutively expressed by all leucocytes and is critical for the
adhesion of lymphocytes to HEV during lymphocyte recirculation (Gallatin et a/.,
1986). It recognizes several ligands on HEV; the sialomucin CD34 (broad EC
distribution; Baumhueter et a/., 1993), a secreted sialomucin termed GlyCAM-1
(PLN; Lasky et a/., 1992), and carbohydrate moieties on MadCAM-1 (mucosal
HEV; Berg et a/., 1993). L-selectin also mediates the adhesion of neutrophils,
monocytes and lymphocytes to activated endothelium at inflammatory sites
(Watson et a/., 1991a; Spertini et a/., 1991). It is shed from neutrophil surfaces
after activation. When expressed by PMN, but not lymphocytes, it carries ligands
for E-selectin and P-selectin (Picker et al., 1991), and in mice it binds sLe^ and
sLe^. It also binds endothelial heparin/heparan sulphate chains and the
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mannose-6-phosphate containing polysaccharide PPME (Imai et al., 1993;
Norgard-Sumnicht etal., 1993; Bevilacqua and Nelson, 1993).

L-SELECTIN
ALTERNATIVE
NAMES

Leu 8, Lam-1,
Lecam-1, mLHR
gp90“ ^'-, TQ-1

E-SELECTIN
ELAM-1

P-SELECTIN
PADGEM,
GMP-140

EXPRESSION

Lymphocytes,
Monocytes,
Neutrophils

Endothelium

Endothelium,
Platelets

FUNCTION

Lymphocyte
homing and
recognition of
activated EC.

Adhesion of
PMN, monocytes
and a subset of
T cells.

Recognition of
monocytes and
PMN.

Constitutive, shed
after cellular
activation.

Cytokine
inducible
Max. at 4-6 h.

Released from
granules by
thrombin and
histamine (min).

CONTROL

MW

90-110 kD

% SUGAR
LIGANDS

Table 1.1

1.32

- 50 %
sLe^ and sLe^,
PPME, sulphated
polysaccharides.

115 kD

140 kD

- 50 %

- 30 %

sLe^ and sLe^ ,
L-selectin.

sLe^ and sLe^,
L-selectin,
sulphated
polysaccharides.

The selectin family of adhesion molecules.

CD44

CD44 (H-CAM, Pgp-1, ECRM III, Hermes antigen) is a transmembrane
glycoprotein, which is often decorated with N- and 0-linked carbohydrates, as well
as the glycosaminoglycans chondroitin sulphate (CS) and heparan sulphate (MS;
Underhill, 1992; Jalkanen et al., 1988; Brown et al., 1991). CD44 also exists in
soluble forms. This molecule is involved in cell-matrix and cell-cell interactions.
CD44 has been shown to play a role in lymphocyte recirculation, prothymocyte
homing, haematopoiesis, lymphocyte and monocyte activation, cell migration and
metastasis (Günthert, 1993; Haynes etal., 1991). It has a broad distribution being
found on some haematopoietic cells, as well as on epithelium, fibroblasts, glial
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cells and myocytes. CD44 exists in a large number of isoforms generated by the
alternative splicing of 10 "variant" exons (Iv-IOv) which are located on
chromosome 11p13 in humans (Screaton etal., 1992). Alternative splicing occurs
in two regions; those coding for the cytoplasmic tail and the membrane proximal
extracellular domain. This splicing can lead to functional changes in the molecule.
Further complexity is introduced by exon-internal splice sites in the regions flanking
vl-vlO.

The standard or haematopoietic form (CD44s or CD44H) has a molecular weight
of 85-95 kD, depending on the degree of glycosylation (Brown at a/., 1991). The
variant or epithelial forms (CD44v or CD44E), which include different combinations
of 10 alternative exons, are in the range of 110-250 kD (Fig 1.4). CD44H is the
most abundant form and is present on cells of mesodermal origin such as
fibroblasts, leucocytes and haematopoietic cells. This form mediates lymphocyte
homing (Picker at a/., 1988). It is the smallest isoform as it contains no regions
from variant exons. Another common form is CD44E which is associated with
dividing epithelial cells and some carcinomas. This contains three variant exons
(Cooper at a/., 1992). Both CD44H and E may be decorated with CS chains
(Stamenkovicef a/., 1991). In addition, CD44E commonly carries a HS chain. The
v3 exon, when expressed, may provide the primary site for H5

attachment

(Jackson at a/., 1995). The alternative exons encode a mucin-like domain which
may serve as an attachment site for sugars or extend the ligand binding domains
beyond the glycocalyx. Around 20 combinations of the variant exons have been
detected in human, rat and murine cell lines.

The N-terminal region of CD44 is structurally related to several hyaluronic acid
(HA) binding proteins such as the cartilage link protein, aggrecan and versican
(Knudson and Knudson, 1993). Together they form part of the family of molecules
termed hyaladherins. Although CD44H is able to bind to HA (Aruffo at a/., 1990;
Stamenkovic at a/., 1991) there is some doubt as to whether the variant forms of
CD44 retain this ability (Stamenkovic atal., 1991; He at a/., 1992). CD44 isoforms
containing GAG-modified regions from the v3 exon only weakly bind HA (Jackson
at ai, 1995). The binding of HA is a weak interaction which does not require
divalent cations, and is inversely related to temperature. Also, binding can be
26

multivalent with several CD44 molecules interacting with one HA chain (Underhill
and Toole, 1980). Other GAGs do not interfere with the CD44-HA interaction
(Underhill and Toole, 1979). Variants with CS or HS side chains bind to other
components of the ECM such as fibronectin, laminin and collagen (Jalkanen and
Jalkanen, 1992; Faassen et a/., 1992), as well as the growth factors bFGF and
EGF (Bennett et al., 1995). Finally, recent work by Droll et el. has shown that
CD44R1 (an isoform that differs from CD44E by three amino acid substitutions;
Dougherty etal., 1994) can bind homotypically to both CD44R1 and CD44H (Droll
et al., 1995). In addition, the determinant recognized by CD44R1 appears to be
distinct from the HA binding domain of CD44.

(Actin filam ents)

Lymphocyte homing
Ankyrin

HA recognition

Variant exon peptides
- V10 V9

V8

V7

Cytoplasmic
domain
Not in human CD44

V6

V5 V4

V3

V2

VI

E x tr a c e llu la r domain

Figure 1.4 A schematic diagram of a CD44 molecule. The simplest structure
(CD44H) is shown by the shaded regions. Splice variants contain sequences coded
for by one or more additional exons (V1-V10).
The cytoplasmic tails of all the CD44 variants are highly conserved. CD44 interacts
with actin filaments via ankyrin-like molecules (Lacy and Underhill, 1987; Kalomiris
and Bourguignon, 1988). In fibroblasts CD44 can interact with the intermediate
filament vimentin (Carter and Wayner, 1988). The cytoplasmic domain can be
phosphorylated at two serine residues, but phosphorylation does not regulate
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membrane localization or cytoskeletal interactions (Neame and Isacke, 1992).
Deletion of the cytoplasmic domain reduces the half-life of CD44, as well as its
distribution in polarized epithelial cells. However, it does not appear to alter the
association of CD44 with the cytoskeleton (Neame and Isacke, 1993). The role of
cytoskeletal associations during ligand binding are unclear. Ankyrin accumulation
beneath CD44 which has been capped by soluble HA, has been linked to Ca^"^
mobilization, suggesting that cytoskeletal interactions may be involved in
HA-mediated lymphocyte activation (Bourguignon etal., 1993). Also, the deletion
of the ankyrin binding domain in CD44 abolishes cell adhesion to immobilized HA
(Lokeshwar et a/., 1994). Lesley at al. found that the cytoplasmic domain is
necessary for the constitutive binding of soluble HA, but not immobilized HA
(Lesley at a/., 1992). However, when lymphocytes expressing CD44 molecules with
truncated cytoplasmic domains, were treated with an "activating" anti-CD44 MAb,
they regained the ability to adhere to soluble HA. Murakami at al. found that when
lymphocytes were activated to bind immobilized HA by phorbol myristate acetate
(PMA), the binding was dependent upon protein synthesis, rather than association
with the cytoskeleton (Murakami atal., 1994). The role of cytoskeletal interactions
in HA binding may be related to a number of factors such as whether the adhesion
is constitutive or requires activation. If activation is involved there could be
differences due to whether it is caused by chemicals such as PMA acting
internally, or by CD44 ligands (HA or antibodies) acting externally. In addition, the
state of the HA (soluble or immobilized, high or low MW) may be important.

CD44M (190-200 kD) has been associated with metastatic tumour cells and
contains seven variant exons (Günthert atal., 1991; Herrlich atal., 1993). This rat
isoform contains v4-v7 and its transfection into non-metastatic rat carcinoma and
sarcoma lines has been correlated with metastasis. CD44 exons in addition to v6
also appear to be associated with tumours and metastasis as transfection of
human CD44H into a B-cell lymphoma enhanced métastasés (Sy atal., 1991), and
an up-regulation of CD44v9 expression was reported in primary gastric tumours
(Heider at al., 1993). Many tumour cells have increased levels of CD44 protein or
mRNA and this may be related to increased invasiveness (Haynes at al., 1991;
Culty atal., 1994). However, it is still unclear how the expression of different CD44
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isoforms mediates tumour progression and metastasis. The role of CD44 in tumour
cell adhesion to endothelial cells is investigated in Chapter 6.

1.33

Glycosyitransferases

Glycosyltransferases
oligosaccharides

are

and

enzymes
can

which

behave

as

synthesize
adhesion

complex
molecules.

N-linked
B1,4-

galactosyltransferase (GalTase) has been detected on the surfaces of nearly all
cells examined (Shur, 1993). It is a 54-60 kD type II transmembrane glycoprotein
(amino terminus in cytoplasm). Two closely related types are coded for by one
gene (Russo etal., 1990). The larger form has an extra 13 amino acid residues in
the N-terminal domain which directs it to the plasma membrane for cell surface
expression, and which may interact with the cytoskeleton (Russo etal., 1990). The
shorter, more abundant form occurs in the trans-Golgi. Both contain identical
C-terminal catalytic domains.

Cell surface GalTase mediates cell-cell and cell-matrix adhesion, though in somatic
cells this function requires association with actin-containing microfilaments (Evans
etal., 1993). GalTase has thus been implicated in a range of cell adhesion events.
It is involved in fertilization, tissue morphogenesis and adhesion/migration on the
ECM (Shur, 1993). During morphogenesis it is expressed by virtually all migrating
cells in mouse and chick embryos, and its surface expression correlates with the
onset of migration. It is expressed on the growth cones of developing neurites, and
the adhesive interactions of Galtase with laminin mediate neurite outgrowth and
elongation, and neural crest cell migration (Hathaway and Shur, 1992). Laminin
itself induces GalTase expression at the cell surface during migration (Eckstein and
Shur, 1989). It is localized to the leading/trailing lamellipodia on migrating
mesenchymal cells where it mediates spreading and migration (Eckstein and Shur,
1989; Runyan et al., 1988) by binding N-linked oligosaccharides within the E8
domain of laminin (Begovac et al., 1991). However, it is not yet clear whether cell
surface GalTase acts in a non-enzymatic, lectin-like manner during adhesion or
whether it is also employs its catalytic abilities.

There is evidence that GalTase may elicit intracellular signals as cell proliferation
can be inhibited by modulating its activity (Humphreys-Beher et al., 1987). In
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addition, anti-GalTase antibodies have been shown to induce a pertussis
toxin-sensitive acrosome reaction in sperm (Macek etal., 1991 ). Other transferases
may also have adhesive roles. For example, N-acetyl-galactosaminylphosphotransferase is found on neural retina cells where it modulates N-cadherin
dependant adhesion by regulating its association with the cytoskeleton (Balsamo
et al., 1991). This enzyme has also been shown to modulate pancreatic islet cell
aggregation by interacting with cadherins (Bauer et al., 1992). In addition, the
presence of sialyl- and fucosyltransferases on some cell surfaces has been
detected although the function of these enzymes Is unknown (Paietta etal., 1987).

The role of GalTase as a cell-cell and cell-matrix adhesion molecule raises the
possibility that it may be involved in invasion and metastasis. For instance, its
activity as a laminin receptor allows it to mediate interactions such as the
spreading of B16-F10 melanoma cells on laminin substrates (Runyan etal., 1988).
Indeed, the cell surface activity of this enzyme has been shown to increase with
the metastatic potential of B16 melanoma cells (Passaniti and Hart, 1990), and
with the invasiveness of adrenal carcinoma cells (Penno etal., 1989). In these, and
other carcinoma cells, GalTase interacts with a substrate which may be similar to
LAMP-1 (lysosome-associated membrane protein-1; Maillet and Shur, 1993).
LAMPS are membrane components of lysosomes. They are thought to protect
lysosomal membranes from digestive enzymes and may have a similar protective
function when present on the cell surface (Fukuda, 1991). LAMPs have been
correlated with metastatic invasion, for instance highly metastatic carcinoma cells
express more LAMP-1 and LAMP-2 than those of low metastatic potential (Saitoh
et al., 1992). These molecules are carriers of sialyl Lewis X structures and may
therefore contribute to tumour cell adhesion to endothelial selectins (Saitoh et al.,
1992). As well as interacting with LAMPs, GalTase interacts with the adhesion
molecule E-cadherin (Maillet and Shur, 1993), the activity of which is also related
to the invasiveness of carcinoma cells (section 1.22).
1.34

Glycosaminoglycans and proteoglycans

Glycosaminoglycans (GAGs) are long, linear polysaccharides which are
ubiquitously distributed amongst animal cells. They are made up of repeating
disaccharide units of amino sugars linked to a hexuronic acid moiety. The amino
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sugars

are

the

hexosamines,

N-acetylglucosamine

(GlcN)

and

N-

acetylgalactosamine (GaIN). The hexuronic acid (HexA) is either glucuronate, or
following epimerization, iduronate (GlcA/ldoA; Esko, 1991). There are four main
types of GAGs; 1) hyaluronic acid, 2) chondroitin and dermatan sulphates, 3)
heparin and heparan sulphates and 4) keratan sulphate. On the basis of their
structure

these

are

divided

into galactosaminoglycans

(Fig.

1.5)

and

glucosaminoglycans (Fig. 1.6). The galactosaminoglycans include chondroitin4-sulphate and -6-sulphate (CSA, CSC), and dermatan sulphate (DS) which is also
known as chondroitin sulphate B. For these the repeating dimers consist of [HexA
- GaIN]. DS differs from CSA and CSB in containing IdoA units as well as GIcA
units.

carboxy

Chondroitin
sulphate C

D-Gluc

sulphate

1-3

Gal-NAc

^ 1-4

amine

carboxy

Dermatan
sulphate

sulphate

D-Gluc
L-ld u r

Gal-NAc

p 1-4

(X, I “ 3

amine

Figure 1.5 The disaccharides identified in galactosaminoglycans (chondroitin
sulphates). In these glycans the repeating dimers consist of hexuronic acid linked
to N-acetylgalactosamine. Dermatan sulphate is the only galactosaminoglycan to
contain iduronic acid moieties.
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The glucosaminoglycans include heparin (HN), heparan sulphate (HS), keratan
sulphate (KS) and hyaluronic acid (HA). KS is unusual as the repeating dimers
consist of [galactose - GlcN] while the other glucosaminoglycans contain [HexA GlcN]. HN and HS are very similar in structure except that HN has higher levels
of sulphation and iduronic acid. GAGs are highly negatively charged molecules due
to the presence of HexA and a high sulphate content (Kjellen and Lindahl, 1991;
Jackson et a/., 1991). This high negative charge allows GAGs to associate
electrostatically with a large number of ligands. The epimerization of GIcA to IdoA,
as well as great variability in the degree and positioning of sulphate substitutions
along the carbohydrate backbones, means that there is great heterogeneity in GAG
structure.

No sulphation

Hyaluronic
acid

1-3

D-Gluc

G1c-NAc

amine
carboxy

Heparan sulphate,_
heparin
Also get D-Gluc w ith
6-sulphate.
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sulphate
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Glc-NAc

1-4

amine-sulphate

Figure 1.6 The structure of glucoseaminoglycans. The repeating dimers consist
of N-acetylglucosamine linked to hexuronic acid. Heparin contains more iduronic
acid moieties and higher levels of sulphation than heparan sulphate.
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All of the GAGs, with the exception of HA, can be covalently linked to proteins to
form proteoglycans (PG). The majority are linked via a serine (0-linked) in the core
protein although keratan sulphates can also be attached via an asparagine residue
(N-linked; Sunblad et al., 1988). A large number of core proteins have been
identified but most do not appear to fall into any clearcut families, and some do not
always express their GAG chains (Jalkanen at a/., 1988). Also, some proteins can
carry more than one type of GAG. PGs are found intracellularly, as secreted forms
within the ECM, or as cell surface components. Those on the cell surface may be
transmembrane PGs (Saunders etal., 1989), or be linked to phosphatidylinositol
groups (Ishihara et al., 1987), or they can interact non-covalently with surface
components via their protein or carbohydrate chains (Hook et al., 1984). The
protein core may simply provide a structural scaffold for the correct spacing of the
attached GAG chains or for anchorage to the plasma membrane.

Alternatively, the core protein may actively mediate adhesion and cellular
responses such as the reorganization of the actin cytoskeleton (Kjellen and
Lindahl, 1991). The core protein of perlecan, a basement membrane HSPG,
mediates integrin based cell adhesion. However, the HS side chains of this
molecule appear to be inhibitory to cell adhesion, and may act as regulatory
ligands with their removal being a pre-requisite for cell adhesion to perlecan
(Hayashi et al., 1992). Similarly, it is the core protein of a fibroblast HSPG which
anchors the PG to the ECM via fibronectin (Heremans et al., 1990). One CSPG
termed versican has a protein core which may be related to the selectin family of
adhesion molecules as it contains the complement regulatory protein-like domain,
lectin-like domain and EGF-like domain (in that order; Zimmerman and Ruoslahti,
1989). This molecule also contains a potential HA binding domain in the
amino-terminal region. The adhesion molecule CD44 is a 'part-time' PG in that it
is not always decorated with GAG chains. However, when GAG side chains are
present CD44 gains the ability to adhere to the ECM components fibronectin and
collagen. Some GAG/PG functions such as the anticoagulant activity of heparin,
the binding of basic fibroblast growth factor, and the binding of hepatocyte growth
factor by HS, are due to the presence of specific GAG motifs (Lindahl et al., 1984;
Turnbull et al., 1992; Lyon et al., 1994).
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PGs and GAGs have a wide range of roles including the maintenance of
connective

tissue

integrity,

the

suppression

of

coagulation

and

the

sequestration/presentation of growth factors. They can modulate cell-cell and
cell-matrix adhesion, motility, division and differentiation (Ruoslahti and Yamaguchi,
1991; Jackson et al., 1991; Wight et al., 1992). For instance, a HSPG termed
cerebroglycan is specifically expressed in the nervous system where it is thought
to regulate the motility of developing neurons (Stipp etal., 1994). GAGs, especially
HS, are highly expressed by EC (Oohira et al., 1983) where they are involved in
processes as diverse as providing an antithrombogenic surface (Marcum and
Rosenberg, 1984) and the presentation of cytokines to leucocytes (Tanaka et al.,
1993b). Cell surface HSPG can mediate attachment to a number of ECM
molecules such as type V collagen, thrombospondin and fibronectin. Although
these are usually low affinity interactions they appear to be mediated by specific
carbohydrate structures, as modified forms of HN, HS and CS interfere with
adhesion less effectively than intact heparin (Esko, 1991). As well as interacting
with proteins, GAGs which contain IdoA are capable of self-association. Generally
the chains associate with chains of the same type. For instance, a DS with a
certain content of IdoA and sulphate will interact with a similar DS chain, but not
with DS or HS chains with a different IdoA/sulphate content (Fransson et al.,
1982). Misevic et al. found that a novel sponge cell PG was able to mediate
calcium-dependent cell-cell adhesion through self-aggregation. These homophilic
interactions were of very low affinity but very high polyvalency, being mediated by
over a thousand copies of the glycan chain attached to each PG molecule (Misevic
and Burger, 1993).

Cell surface HSPG has been associated with the formation of tight junctions with
the ECM, and can mediate cell attachment and spreading by binding to ECM
proteins. Intercalated HSPGs which interact with the cytoskeleton are enriched at
focal adhesion sites (Woods et al., 1986) while the HS moieties of cell-surface
HSPG have been shown to mediate adhesion to fibronectin (Drake et al., 1992).
Conversely, CSPGs may be involved in weakening cell-matrix interactions and
enhancing cell motility (Brennan et al., 1983; Faassen et al., 1993). A CSPG
related to CD44 was shown to be involved in mediating the mobility of murine
melanoma cells on collagen I (Faassen et al., 1992). However, it must be
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remembered that CS can also mediate adhesion and that HS can be anti-adhesive
(lida et al., 1992; Hayashi et ai., 1992). GAG moieties have also been shown to
be involved in the ligand binding of various adhesion molecules such as PECAM-1
(de Lisser ef a/., 1993), L-selectin (Norgard-Sumnicht ef a/., 1993) and CD44 (East
and Hart, 1993). Additionally, GAGs and related sulphated polysaccharides
interfere with the interactions of leucocytes with blood vessel walls (Brenan and
Parish, 1986; Tangelder and Arfors, 1991), a process which is considered a
paradigm for tumour cell arrest (section 1.4) In addition, GAG fragments can
interfere with tumour metastasis in in vivo models, such as lung colonization by
mammary adenocarcinoma cells which have been co-injected via rat tail veins
(Coombe et ai., 1987). The role played by GAGs in tumour cell interactions with
endothelial cells is the subject of Chapter 7.
1.35

Thrombospondins

Thrombospondin-1 (TSP1) is a trimeric ECM glycoprotein, which was first
described as a component of platelet a-granules (TSP-1 ; Lawler et ai., 1985). Each
subunit of the IS P trimer has multiple domains. The TSP family consists of five
members which vary in how many of these domains they contain. At least three
of the members are generated by alternative splicing. However, in the mouse (and
possibly in humans) there are two related but not identical genes for TSP (La Bell
et ai., 1992). TSP is present in many tissues and cells including endothelial cells.
It is essential for platelet aggregation, and is an important regulator of cell
migration and proliferation during tissue repair. For instance, it causes increased
proliferation of fibroblasts and smooth muscle cells (Frazier, 1991). TSP is an
inhibitor of angiogenesis in vivo (Good et ai., 1990), and it inhibits EC migration
and proliferation in response to basic fibroblast growth factor in vitro (Taraboletti
et ai., 1990). It thus has different effects on the proliferation of different cell types.

TSP is able to bind to other matrix molecules as well as at least five distinct cell
surface receptors (including two integrins). The uptake of TSP by cells for
internalization and degradation during receptor-mediated endocytosis appears to
be mediated by cell surface HSPG (Schon et ai., 1992). The amino terminus of
TSP contains a heparin binding region which can bind to soluble heparin, cell
surface HSPG and possibly to CSPG (Schon et ai., 1992; Winnemoller et ai.,
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1992). The interactions of this region with HSPG or sulphatides modulates cell
shape and motility. Adjacent to the amino terminus is a region which is similar to
procollagen. This is followed by type I, type II and type III 'thrombospondin
repeats'. Type I repeats are homologous to certain complement proteins and
contain a major cell binding region. Candidate receptors for this region are cell
surface PGs or sulphatides (Guo etal., 1992). Type II repeats resemble epidermal
growth factor (EGF) and may bind to soluble macromolecules such as plasminogen
and TGF-p (Frazier, 1991). Type III repeats consist of calcium binding loops which
are able to mediate conformational changes and thus alter the binding affinity of
TSP to some ligands such as collagen (Dixit at al., 1986). Contained within the last
type III repeat is a RGD sequence peptide which interacts with several cell types,
including EC, via integrins (avps and allbpS; Lawler at al., 1988). Finally, the
carboxy terminal domain of TSP contains two homologous cell binding regions
which resemble regions within laminin, fibronectin and vWF. These areas can bind
to a variety of cells including melanomas, fibrosarcomas and erythroleukemias
(Kosfeld and Frazier, 1993). The cell surface receptor for this region of TSP is
undefined but may involve sulphated glycoconjugates. The most conserved regions
within TSP subunits are the carboxy-terminal domain and the 'type III TSP repeats'.
The role played by TSP in tumour progression and metastasis is not straight
forward. It has been suggested that the expression of TSP may be controlled by
a tumour suppressor gene, the loss of which reduces the production of TSP (Good
at al., 1990). As TSP is an antiangiogenic molecule its loss might lead to increased
vascularization of tumours and enhanced tumour growth. Indeed, it has been
reported that the transfection of TSP-1 cDNA into carcinoma lines reduces capillary
density, growth and metastatic potential in the tumours which these lines form
(Weinstat-Saslow atal., 1994). Conversely, TSP overexpression in NIH-3T3 lines
confers serum and anchorage independent growth (Castle atal., 1993), attributes
normally associated with the transformed phenotype. TSP has also been found to
promote the initial sequestering of sarcoma cells into mouse lungs, possibly by
causing increased trapping in clots (Tuszynski at al., 1987). It has been reported
that TSP expressed by mammary carcinoma cells mediates adhesion to endothelial
cells, laminin and fibronectin (Incardona at al., 1993; Incardona at al., 1995);
activities which would be expected to enhance metastasis. As a component of the
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ECM TSP can Interact with PGs, sulphated glycolipids and integrins on tumour
cells, and has been shown to induce the in vitro migration of human melanoma
and carcinoma cells (Roberts, 1988; Walz, 1992). The data therefore suggest that
TSP can be viewed as both a positive and a negative regulator of metastasis
depending on which stage of the metastatic process is involved.
1.36

Mucins

Mucins are highly glycosylated glycoproteins found on the apical surfaces of many
epithelial cells. The non-globular core proteins carry numerous glycans which are
predominantly 0-linked to the amino acids serine or threonine. These glycans vary
greatly in their length and degree of branching. They have been postulated to
provide lubrication and to shield the cells from damaging agents such as
microorganisms, toxins or proteolytic enzymes (Devine and Kenzie, 1992).
Mucin-like domains on some receptors may lift the ligand-binding site clear of the
glycocalyx to enhance binding (Jentoft, 1990). The lymph node HEV ligand for
L-selectin is a mucin-like molecule which acts as a scaffold to present carbohydrate
moieties to the selectin (Lasky et al., 1992). Conversely, the mucin episialin is
thought to be anti-adhesive and to mask other adhesion molecules because of its
extended, rigid structure (Ligtenberg et al., 1992). It is thought that altered
glycosylation of such molecules leads to many of the antigenic differences between
carcinomas and normal tissue (Singhal and Hakomori, 1990) and may be
associated with increased invasiveness (Bolscher et al., 1986). The sialomucins
MAdCAM-1, GlyCAM-1 and CD34 present carbohydrate ligands to L-selectin, while
PSGL-1 does so for P-selectin (section 1.31).
1.37 Glycosphingolipids
Glycosphingolipids (GSL) are tumour-associated carbohydrate antigens which are
expressed by specific types of human cancer. For instance, GM3 molecules are
expressed by melanoma and neuroblastoma, while fucosyl GM1 is expressed by
small-cell lung carcinoma (Hakomori, 1991). In renal-cell carcinoma the increased
expression of long-chain GSLs is associated with high metastatic potential (Saito
et al., 1991). GSLs on opposing surfaces can interact with each other to mediate
cell adhesion; BIB melanoma cells employ the GM3 ganglioside during adhesion,
spreading and motility on plates coated with Gg3 or lactosylceramide (LacCer;
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Kojima and Hakomori, 1991). Such interactions contribute to cell-cell interactions
between tumour cells and endothelial cells as the levels of GM3 expressed by
melanoma variants correlates with the cells' metastatic potential, and their ability
to adhere to human endothelial cells (Hakomori, 1991). Again the melanoma cells
interact with LacCer on the EC. These GSL-GSL interactions mediate the adhesion
of B16-melanoma cells to resting, endothelial cells under conditions of flow (Kojima
etaL, 1992). Additionally, these Interactions appear to initiate cell-cell adhesion as
they are effective under high shear stresses.

GSLs can also mediate adhesion through the presentation of sialyl Lewis X
determinants (gangliosides) to selectin adhesion molecules, while a family of
sulphated glycolipids (sulphoglucuronyl GSLs) can support the binding of L- and
P-selectin in the absence of sialyl Lewis X (Needham and Schnaar, 1993). GSLs
can also mediate homophilic Lewis X-Lewis X interactions (Kojima et al., 1994a).
Tumour cell GSLs (GM3) appear to be able to regulate the affinity of the aSpi
integrin for fibronectin, with increased GM3 expression leading to enhanced
adhesion to fibronectin, and LacCer suppressing function (Zheng at a!., 1993).
Glycolipids within the membrane may be clustered into patches, with their effects
upon the organization of membrane components influencing receptor activity, and
therefore cellular characteristics such growth, morphology and adhesion (Barbour
etal., 1992).
1.4

Inflammation: a paradigm for metastasis

It has been noted that the behaviour of tumour cells, when extravasating from the
vasculature of a particular organ, is comparable to that of leucocyte recruitment at
sites of inflammation and during recirculation between the blood and lymph (Zoller
at a/., 1992). Leucocytes need to cross from the circulation into tissues both during
an inflammatory reaction and during the normal "homing" of lymphocytes
(Stoolman, 1993; Osborn, 1990). These processes show specificity in terms of
which leucocytes react to an inflammatory stimulus, the stage of inflammation, and
the tissues involved. Within minutes of endothelial activation by cytokines,
neutrophils infiltrate the tissues, to be followed a few hours later by the relevant
subset of lymphocytes. If the infection is chronic monocytes are finally recruited
and may remain within the tissue for days. During lymphocyte homing, where there
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is no endothelial activation, cells continuously circulate between the blood and
lymph systems, passing through specialized EC in regions termed "high endothelial
venules" (HEV). HEV are present within lymph nodes which drain the skin and the
lymphoid tissues of the mucosa (Payer's patch, tonsil and appendix). Such
trafficking through tissue compartments gives these cells a greater opportunity to
encounter foreign antigens and to launch the appropriate response.

The EC recognized by the lymphocytes within the HEV are morphologically
distinguished by their raised, columnar appearance. It is known that certain subsets
of lymphocytes always re-enter the lymphatic system via the same route. For
instance, they may enter through the intestinal Payer's Patch, peripheral lymph
nodes (PLN) or mesenteric lymph nodes (MLN). B-cells preferentially adhere to EC
from Payer's Patch whereas T-cells prefer PLN HEV (Stevens et a/., 1982). This
organ-directed trafficking, or "lymphocyte homing", allows specific lymphocyte
subsets to be efficiently targeted to where they would be of most use. In addition,
antigen driven changes in lymphocyte expression of adhesion molecules permits
the cells to be re-directed as required. At sites of inflammation lymphocytes can
also extravasate through activated postcapillary EC which morphologically
resemble the HEV.

It is hypothesized that lymphocytes are capable of recognizing molecules termed
"vascular addressins", which are specifically and differentially expressed by the
various HEV. Adhesion to PLN requires lymphocyte L-selectin to recognize the
mucins GlyCAM-1 or CD34 on the EC (Tamatani et a/., 1993). CD44 is also used
by lymphocytes to bind to determinants on PLN HEV (Gallatin et al., 1983), and
it appears that the integrin VLA-4 on T-cells may also be involved in the binding
of lymph node HEV (Tanaka etal., 1992). However, adhesion to intestinal Payer's
Patches and MLN requires the lymphocyte integrin a4p7 (L-PAM-1), which
recognizes an Ig-like molecule termed MAdCAM-1 (Berlin etal., 1993). MAdCAM-1
mucin side-chains can also interact with L-selectin (Berg etal., 1993). Lymphocyte
adhesion to synovial HEV and mucosal PLN can also be mediated by vascular
adhesion protein-1 (VAP-1), a novel type of vascular adhesion molecule (Salmi and
Jalkanen, 1992). Another novel EC adhesion molecule for lymphocytes is L-VAP-2
which is constitutively expressed on venules and HUVEC (Airas etal., 1993). It has
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been suggested that metastasizing tumour cells use the same addressins when
"homing in" on specific organs.

Malignant cells may also mimic the behaviour of neutrophils in the process of
extravasation, as well as in homing. At sites of acute inflammation neutrophils
become marginated and travel along the lumenal surface of post capillary venules.
Such cells are observed to travel more slowly and are described as "rolling" along
EC surfaces (Raud and Lindbom, 1993). This behaviour drastically reduces their
velocity and increases transit time through the vessels by a factor of 10 to 100.
This rolling is mediated by transient, reversible interactions which may allow the
cells to "sample" the local microenvironment. If they become activated by
inflammatory stimuli such as cytokines the rolling cells come to a halt, spread and
subsequently extravasate between the endothelial cells to reach the underlying
tissue.
The sequence of events in leucocyte recruitment is highly co-ordinated and
involves several different adhesion molecules. Rolling is mediated by L-selectin on
the leucocytes (Ley et al., 1991a; Abbassi et ai, 1991), and P/E-selectins on
activated EC (Luscinskas et ai, 1991). L-selectin is constitutively active and ready
to recognize activated EC, whereas P-selectin is transferred to the endothelial
surface from Weibel-Palade bodies within seconds of cell activation (Hattori et ai,
1989). Endothelial expression of E-selectin requires protein synthesis and peaks
within 4 to 6 h before returning to baseline levels after 24 h (Bevilacqua et ai,
1987). Following the early selectin-mediated interactions, a second wave of
adhesion events comes into play. Firmer cell-cell adhesion is mediated by
leucocyte P2 or pi integrins (LFA-1, Mac-1 and VLA-4). The integrins undergo
conformational changes during cell activation before binding their ligands which are
members of the Ig-superfamily (VCAM-1 and ICAM-1; von Andrian et ai, 1991).

The endothelial Ig-superfamily members, VCAM-1 and ICAM-1, reach peak
expression on cytokine activated EC at 6-10 h and 12-24 h respectively, and can
remain elevated for days (Elices et ai, 1990; Osborn et ai, 1989; Rothlein et ai,
1986). ICAM-1 interacts with p2 integrins and mediates the adhesion, flattening
and extravasation of monocytes, lymphocytes and neutrophils. VCAM-1 recognizes
40

VLA-4 (P1 integrin) and performs the same role for monocytes, lymphocytes,
basophils and eosinophils. Unlike the selectins the p2 integrins are unable to
mediate adhesion under conditions of shear stress. However, it was recently
demonstrated that leucocyte a4 integrins can initiate adhesion, mediate rolling and
mediate firm adhesion under conditions of flow (Berlin et a/., 1995). They do so via
interactions with VCAM-1 and another member of the Ig-superfamily MAdCAM-1
(Briskin et a/., 1993). When the leucocytes cease rolling and have attached firmly
to the endothelium the selectins are proteolytically shed (Luscinskas et al., 1992;
von Andrian etal., 1991). During extravasation leucocytes employ integrins (Furie
etal., 1991) and another member of the Ig-superfamily termed PECAM-1 (CD31)
which is constitutively expressed by EC (Muller et al., 1993). As mentioned in
section 1.2 many of these adhesion molecules which are involved in leucocyte
recruitment and recirculation have been associated with the metastatic spread of
tumour cells.

1.5

Project outline

The high mortality rate of cancer patients due to the metastatic spread of tumours
makes the development of anti-metastatic therapies a critical area of research. For
melanoma, breast, prostate and bladder cancer it has been estimated that over
90% of patients are metastasis-free at diagnosis, presenting the clinician with an
opportunity for useful intervention (Weinstat-Saslow and Steeg, 1994). This figure
of 90% could be an overestimate if these patients are carrying dormant,
undetectable micrometastases. However, even for such patients the prevention of
further spread with an increase in tumour burden, especially during clinical
procedures which might have an associated risk of producing métastasés, would
be beneficial (Milas et al., 1988; Orr et al., 1986). The multi-step nature of the
metastatic process opens up the possibility of intervention at one or many stages.
A promising stage for intervention is the interaction of circulating tumour cells with
the endothelial cells which line the microvasculature. Prior to this stage, over 99%
of the malignant cells which entered the circulation have already been destroyed
within the blood system (Weiss, 1990). Additionally, the tumour cells are being
targeted before they extravasate, thus avoiding the difficulty of specifically treating
malignant cells within normal tissues. There is some controversy as to whether the
initial arrest of malignant cells within microvessels is due to non-specific trapping,
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or due to specific interactions between cell-cell adhesion molecules. However, even
for tumour cells which are initially trapped due to their large size, the activity of
adhesion molecules may be required to mediate the subsequent firm adhesion and
transmigration through the endothelial barrier (Weiss, 1992; Honn and Tang, 1992;
Morris et a/., 1994).

The primary aim of this project was to investigate the nature of the adhesion of
tumour cells to quiescent endothelial cells. In order to study the role of various
adhesion molecules in tumour cell interactions with EC, the development of an
adhesion assay was essential. Having confirmed that tumour cells do adhere to
quiescent EC, the role of previously characterized adhesion pathways for
leucocytes was investigated. This was done by flow cytometric analysis of cell
surface antigen expression, and by the use of blocking antibodies against a range
of adhesion molecules. The development of an in vitro adhesion assay and the
characterization of adhesion molecules expressed by the tumour cell lines are
described in Chapter 3. The role of the cell-cycle in the adhesion of tumour cells
to EC was then investigated and the results reported in Chapter 4. In Chapter 5
the role of pi integrins was assessed. These molecules are of interest as they are
located at endothelial cell-cell junctions; the favoured site of tumour cell adhesion
in this model.

Chapter 6 concentrates on the role of CD44 in adhesion. This adhesion molecule
is a cell surface receptor for the GAG HA, and it's expression has been linked to
increased tumour aggressiveness and metastatic ability. However, its role in the
metastatic process remains unclear. The aim of this chapter was to assess whether
CD44 is capable of mediating the adhesion of tumour cells to endothelial cells.
This was done by testing the effects of various CD44 antibodies, and enzyme
digestion of HA, on the extent of cell-cell adhesion. In Chapter 7 the role of the
other cell-surface GAGs in adhesion was investigated. This was done via several
routes. Firstly, the ability of tumour cells to adhere to plastic dishes coated with
purified GAGs was assessed. The cells were also pretreated with GAG fragments
in order to block receptors for GAGs which may be present on the cell surface. The
most specific approach used to address this problem was the removal of cell
surface GAGs by incubation of the cells with GAG digesting enzymes such as
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hyaluronidase and heparlnase. The potential contribution of GAG sulphation to the
molecules abilities to promote or inhibit adhesion was investigated using sodium
chlorate which is a metabolic blocker of sulphation. B-D-xylopyranoside was also
employed to metabolically reduce the levels of cell surface CSPG expression.
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2: General materials and methods
2.1

Isolation and culture of ceils

Tumour cell lines

The following human cell lines were used for these studies. MDA-MB-231 breast
adenocarcinoma cell line, derived from a pleural effusion (a kind gift of E. Hamilton,
Zeneca Pharmaceuticals), and RPMI-7951 malignant melanoma cell line, derived
from a lymph node metastasis (ATCC HTB 26: American Tissue Type Culture
Collection, Rockville, MD). They were grown in Eagle's minimal essential medium
(EMEM; Sigma, Poole, Dorset. UK) supplemented with 10% foetal calf serum
(PCS; Gibco/BRL, Burlington Canada), 2 mM L-glutamine, 100 U/ml penicillin, 100
pg/ml streptomycin, 1 mM sodium pyruvate and MEM non-essential amino acids
(Sigma). Cells were maintained at 37°C in an atmosphere of 5% COg and routinely
subcultured using 0.25% trypsin (Sigma) in 1 mM ethylenediamine tetraacetic acid
(EDTA) solution.

Human Umbilical Vein Endothelial Cells

Human umbilical vein endothelial cells (HUVEC) were isolated according to the
method of Jaffe et al (Jaffe at al., 1973a). Umbilical veins were collected and
stored at 4°C for up to three days. Their outer surfaces were washed with 2%
activated glutaraldehyde solution (ASEP; Galen Ltd, Graigavon, UK) and their
ends were trimmed off to maintain sterility. Each cord was cut into lengths of over
12 cm long which had no obvious signs of damage. Undamaged lengths of cord
were used to prevent contamination of the cultures by smooth muscle cells. The
vein in each cord was cannulated with a three way stop-cock (Nipro Medical
Industries, Tokyo, Japan), which was tied in place using ligature, and then placed
into a sterile plastic tray (Nunc, Naperville, IL, USA). The cord was then washed
through with 15 ml of calcium-magnesium free Hanks' balanced salt solution (CMFHBSS; Sigma), followed by 5 ml of 200 U/ml collagenase I (Worthington
Biochemical Corporation, Freehold, NJ, USA) made up in CMF-HBSS containing
0.2% N-[2-hydroxyethyl] piperazine-N-[2-hydroxypropane sulphonicacid] (HEPES;
Sigma). The end of the cord was clamped to allow the vein to fill up with ~ 5 ml of
collagenase I solution. The tray of treated cords was incubated at 37°C for 25 min.
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The clamps were then removed and 10 ml of CMF-HBSS containing 10% PCS was
washed through the veins while the cords were gently massaged. The cells thus
collected were pelleted by centrifugation at 1200 rpm for 5 min. The pellets were
resuspended in growth medium and plated onto 25 cm^ flasks (T25; Costar
corporation, Cambridge, MA, USA) which had been pre-incubated with 0.2% v/v
gelatin solution (Sigma) for 30 min at 37°C. After 12 h at 37°C in an atmosphere
of 5% COg the adherent cells were washed with Dulbecco's calcium-magnesiumfree phosphate buffered saline (PBS/A; Oxoid, Hampshire, U.K.) and grown to
confluence. The growth medium was Medium 199 (M l99; Gibco BRL, Paisley, UK)
with 0.014 M HEPES , 2 mM L-glutamine, 100 U/ml penicillin, 100 pg/ml
streptomycin, 90 pg/ml heparin (Sigma), 15 pg/ml endothelial cell growth
supplement (Boehringer-Mannheim, Mannheim, Germany) and 20% PCS. Primary
cultures of HUVEC which had grown to confluence were subcultured with
trypsin/EDTA in the same manner as the tumour cell lines. They were split 1:3 into
gelatinized 75 cm^ flasks (T75; Costar) and used in experiments at passage three.
Their endothelial phenotype was ascertained by their morphology as well as their
expression of Platelet-Endothelial cell adhesion molecule (PECAM-1) and von
Willebrand Factor (vWP). The monoclonal antibodies used to phenotype the
endothelial cells were mouse anti-human PECAM-1 (CD31, clone LI 33.1; Becton
Dickinson, Cowley, Oxford, UK) and rabbit polyclonal anti-vWP (Dako, High
Wycombe, Bucks, UK).

Préparation of Ulex europaeus I derivatized Dynabeads

Microvessel endothelial cells were isolated using tosyl-activated superparamagnetic
polystyrene beads (Dynabeads M450; Dynal, Merseyside, UK) which had been
covalently conjugated to Ulex europaeus-1

lectin (UEA-1;

Sigma). The

derivatization was carried out according to the method of Jackson et al. (Jackson
etal., 1990). UEA-1 was made up to 0.2 mg/ml in 0.17 M sodium tetraborate buffer
(pH 9.5) and sterile filtered. This was added to an equal volume of Dynabeads and
mixed for 24 h on a rotary stirrer at room temperature. The beads were washed
four times, for 10 min each time, and then incubated overnight at 4°C in 0.1 % (w/v)
bovine serum albumin (BSA; Sigma) in PBS/A. The UEA-1 coated beads were
stored at 4°C for up to four months.
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Microvessel endothelial cells

Microvessel endothelial cells were isolated from human mammary adipose tissue
(HuMMEC) or abdominal adipose tissue (HuAMEC) by the method of Hewett et
al. (Hewett at a!., 1993). The tissue was obtained from reductive surgery at the
Plastic Surgery Centre, Mount Vernon Hospital, Middlesex. It was washed in 2%
antibiotic/antimycotic solution (Sigma) and could be stored in this solution at 4®C
for up to two days. The tissue was dissected free of connective tissue and visible
blood vessels, and finely chopped. It was then incubated with approximately 10 ml
of collagenase type-11 (Sigma) per 25 g fat. The tissue was incubated on a rotary
stirrer at 37°C for one hour (until the solution was homogenous) before
centrifugation at 400 g for 10 min. Floating adipocytes and oil were then pipetted
off the lower aqueous layer which contained the microvessels. This aqueous layer
was washed with 10% bovine serum albumin (BSA; Sigma) in PBS/A and
centrifuged (200 g, 10 min). The resulting pellet was washed twice with 10% BSA
in PBS/A, and then incubated in 5 ml of trypsin/EDTA solution for 15 min at 37°C.
After the addition of 30 ml of Hanks balanced salt solution (HBSS, Sigma)
containing 5% PCS the digest was filtered through 100 pm nylon mesh (Lockertex,
Warrington, Chesire, UK). The filtrate was centrifuged and the pellet resuspended
in 1 ml of HBSS/FCS containing - 1 x 1 0 ^ UEA-1 coated Dynabeads. After 10 min
incubation at 4°C an extra 10 ml of HBSS/FCS was added, and the microvessel
cells selected using a magnetic particle concentrator (MCP-1, Dynal) for 3 min. The
microvessel cells were washed three times in HBSS/FCS and then plated onto
gelatinized tissue culture flasks. They were grown in the same medium (with 30%
PCS) and maintained in the same manner as HUVEC. The identity of the
endothelial cells was confirmed as for HUVEC.

Isolation of leucocytes

Freshly collected, heparinized human blood was used as a source of leucocytes
which were isolated by density gradient centrifugation after the method of English
and Anderson. (English and Anderson, 1974). A double gradient was formed by
3 ml of Histopaque 1077 (Sigma) layered onto 3 ml of Histopaque 1119 (Sigma).
Onto these was layered 6 ml of blood. The tubes were then centrifuged at 700 g
for 30 min at room temperature. This forms layers of plasma, mononuclear
cells/platelets, histopaque, granulocytes, histopaque and erythrocytes from the top
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downwards. The required cell layer was then aspirated out and washed in PBS/A.
Any erythrocytes included in the cell solution were lysed by incubation in 1:4
PBSiwater.

2.2

Adhesion assays

Celt-cell adhesion

HUVEC were grown on Thermanox coverslips (Nunc Inc, Naperville, IL, USA) in
24-well plates until confluent. Tumour cells from subconfluent cultures were
released from the flask by a PBS/A wash followed with an incubation in 10 mM
EDTA (pH 7.0) containing 0.1% BSA for 1 h at 37°C (or until the cells were
disaggregated). Once disaggregated the tumour cells were washed twice in M l99
supplemented with 0.1% BSA (assay medium). The cells (2 x 10®/ml) were
fluorescently labelled by incubating in 1 ml of 40 pg/ml 6-carboxyfluorescein
diacetate (6-CFDA; Sigma) made up in assay medium at pH 6.0. A stock solution
of 10 mg/ml 6-CFDA was made up in acetone and stored at 4°C. The labelled
tumour cells were incubated for 30 min at 37°C with gentle agitation. The cells
were then washed twice in assay medium and resuspended to give a concentration
of 2

X

10® cells/ml. One ml of cell suspension was added to wells containing

washed HUVEC monolayers on Thermanox coverslips. The plates were incubated
for 30 min at 37°C before the coverslips were removed, washed three times in
PBS/A at room temperature, and placed in 0.5 ml of 0.2% sodium dodecylsulphate
(SDS; Sigma) to release the fluorescent marker. After incubation at 37°C for 30
min to ensure full release of the 6-carboxyfluorescein, 1.5 ml of PBS/A was added
to the samples and the fluorescence of the cell lysate was assayed using a PerkinElmer LS-5 luminescence spectrophotometer (excitation maximum 485 nm,
emission maximum 538 nm). The percentage of bound cells was calculated as
follows:
Percentage tumour cells bound = (FI. of adherent cells / FI. of total added cells)
X 100.

The relative adhesion of tumour cells to different endothelial cells was calculated
as follows:
Relative adhesion = (FI. of sample / FI. of cells attached to untreated HUVEC) x
100 .
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Where the tumour cells or HUVE received treatments to modulate adhesion, the
relative adhesion was calculated as;
Relative adhesion = (FI. associated with treated cells / FI. of untreated cells
attached to untreated HUVEC) x 100.

The fluorescence of the added cells was determined by reference to a standard.
Data are expressed as the mean ± SEM of at least three experiments. Statistical
analysis of the significance of observed differences between groups was carried
out using Student's Mest.

The above assay was also adapted for use in 96-well plates. HUVEC were grown
in 96-well plates until confluent. The tumour cells were prepared as described
above but after labelling with 6-CFDA they were resuspended at a concentration
of 1 X 10® cells/ml and a volume of 50 pl/well added to washed HUVEC
monolayers. The plates were incubated for 30 min at 37°C before the wells were
washed three times with PBS. 50 pl/well of 0.2% SDS was used to release the
fluorescent marker. After 20 min at RT the wells were washed twice with 50 pi of
PBS/A and the fluorescence of the cell lysate was analyzed using a Labsystems
Fluoroskan II plate reader (Life Sciences Int, Basingstoke, Hants, UK). The
samples were analyzed using a 485 nm excitation filter and a 538 nm emission
filter.

Adhesion to gtycosaminoglycan-coated dishes

The glycosaminoglycans (GAGs) used in this study were purchased from Sigma
Chemical Company. The degree of sulphation refers to the number of sulphate
groups per disaccharide unit, and was estimated from the sulphur content of the
sample (certificate of analysis. Sigma), or from the literature (Ley at al., 1991b;
Tangelder and Arfors, 1991; Bazzoni at a/., 1993). The GAGs were heparin (HN)
from porcine mucosa (H3393; activity -170 USP/mg and degree of sulphation -2.3),
heparan sulphate (HS) from bovine kidney (H7640; degree of sulphation -0.86),
hyaluronic acid (HA) from Straptococcus zooapidamicus (H9390; no sulphation),
chondroitin sulphate A (CSA) from bovine trachea (C8529; 70% pure with 30%
CSC, degree of sulphation -1.09), chondroitin sulphate B (CSB) from porcine skin
(C4259; 90% pure with 10% CSA/B, degree of sulphation -0.83) and chondroitin
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sulphate C (CSC) from shark cartilage (C4384; 90% pure with 10% CSA, degree
of sulphation -0.99). Chondroitin sulphate B is also known as dermatan sulphate
(DS). The artificially synthesized carbohydrate dextran sulphate (DX) (Pharmacia,
Upsala, Sweden; 500 kD with -1.48 degree of substitution) was also used. The
polysaccharides were made up as 20 mg/ml stock solutions in physiological saline
(0.15 M sodium chloride; Sigma) and stored at -20®C. The HA stock solution was
6.67 mg/ml due to the lower solubility of this GAG.

96-well dishes were coated with purified GAGs using a modification of the method
of Miyake et a/. (Miyake et al., 1990; Dr. J. P. Sleeman, Inst, für Genetik,
Karlsruhe, Germany, personal communication). The wells were incubated with 100
pl/well of 200 jjg/ml protamine chloride (Sigma) in water for 4 h at 37®C, then
washed twice with PBS/A. The GAGs were diluted in PBS/A to give a
concentration of 200 pg/ml. 50 pi GAG solution were added to each well and the
plates incubated overnight at 37®C. Control wells were incubated with PBS/A. The
96-well plates were washed twice, then incubated for 2 h at 37°C with 100 pl/well
of 1% BSA in PBS/A to block non-specific protein interactions. After incubation the
wells were washed three times with PBS/A. Fluorescently-labelled tumour cells (10®
per well) were then added. Adhesion was allowed to proceed at 37°C for 20 min.
The wells were washed three times with PBS/A, the adherent tumour cells lysed
with 100 pl/well of 0.2% SDS in water and the fluorescence of each well analyzed.
Cell adhesion to BSA-blocked plastic was used as the control and set at 100%.
Relative adhesion to each GAG is calculated as;
Pel. adhesion = (FI. of GAG treated well) / (FI. of control well) x 100

2.3

Staining

Silver staining

HUVEC were grown to confluence on collagen gels in 24-well dishes. Lyophilized
collagen (from rat tail tendon; Boehringer Mannheim GmbH) was dissolved in 12
ml of warm 0.2% v/v sterile acetic acid (pH 3.0) to give a final concentration of 2.5
mg/ml. This solution was kept at 4°C. Taking care to exclude air bubbles, 8 vols
of collagen solution were mixed with 1 vol of lOx HEPES (0.2 M, pH 7.3) and 1 vol
of lOx M l99 medium buffered with sodium bicarbonate (pH 7.4). Each well
received 180 pi of collagen solution. To help the gel set at RT, the plate was
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exposed to ammonia vapour until the gel became pink. The setting gel was left to
stand at RT for 2-3 h and then stored at 4°C. Before endothelial cells were plated
onto the collagen the gels were equilibrated with medium for 30 min to remove any
excess ammonia, which is toxic to the cells.

When the HUVEC were confluent adhesion assays were carried out using tumour
cells which had been disaggregated with 10 mM EDTA but not fluorescently
labelled with CFDA. After the tumour cells had been allowed to adhere to the
HUVEC monolayers for 30 min the wells were washed three times with assay
medium, fixed with 0.1% glutaraldehyde in PBS/A and the cultures stained with
silver nitrate as described by Furie et al. (Furie et al., 1984). The wells were
washed in 5% glucose in PBS for 1 min, 0.25% silver nitrate (BDH Chemicals Ltd,
Poole, Dorset) in water for 30 sec, 5% glucose again, and 1% ammonium bromide
(BDH) in PBS for 1 min. The next glucose wash was followed by 3% cobalt
chloride (Aldrich Chemical Company, Gillingham, Dorset) in water for 1 min and
a final rinse in glucose. The cells were then counterstained with Wright-Giemsa
stain (Sigma) by washing them in Sorenson's buffer (pH 6.8; BDH) and then
incubating in Giemsa stain diluted 1:10 in Sorenson's buffer for 1 h at RT. This was
followed by 1% acetic acid for 2 min to remove excess stain, a wash in buffer and
the addition of 200 pl/well of 1:1 PBS/glycerol to allow storage of the plates at 4®C.

Flow cytometry

The primary antibodies which were used are listed Table 2.1 and in each chapter.
The secondary antibodies were goat anti-mouse, goat anti-rat and goat anti-rabbit
conjugated to FITC (Sigma). For flow cytometric analysis, monolayers of cells were
disaggregated in 10 mM EDTA in PBS/A. The cells were washed in PBS/A and ~
5 X 10® cells were incubated in 150 pi of 10 pg/ml primary antibody solutions.
Incubation proceeded for 45 min at 4®C. After washing in PBS/A the cells were
incubated in 200 pi of secondary antibody for 30 min at 4°C. The FITC conjugated
secondary antibodies were diluted 1:50 in PBS/A. After staining the cells were fixed
in 1.5 ml of 4% paraformaldehyde (BDH, Derby, UK). Prior to antibody binding the
cells were incubated in 0.25 ml of 2% normal goat serum (NGS; Sigma) in order
to block non-specific interactions with the secondary antibodies. The control
samples were incubated in PBS/A without the primary antibody. The positive
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controls were lymphocytes for VLA-4 and L-selectin; neutrophils for CD18, sialyl
Lewis X/A and CD44; HUVEC for E-selectin and PECAM. A Becton Dickinson
FACScan was used to analyze antibody binding using the 'LYSYS IT programme.
The FITC signal was collected on FL1 (515-545 nm). The expression of each
molecule was calculated using the mean fluorescence of each sample as
determined by FACScan analysis.
Expression = (FI. of sample / FI. of negative control).

Table 2.1

Primary antibodies

Antigen

MAb

Supplier

Cone

PECAM-1
(CD31)

Clone: L133.1
Mouse IgGI

Becton Dickinson
Camfolio Range

10 pg/ml

vWF

Clone: F8/86
Mouse

Dakopatts

1/150

E-selectin
(CD62E)

Clone: H I8/7
Mouse

Camfolio

10 pg/ml

P-selectin
(CD62P)

Clone: AC1.2
Mouse

Camfolio

10 pg/ml

L-selectin
(CD62L)

Clone: SK11
Mouse

Camfolio

10 pg/ml

Sialyl Lewis X
(CD15S)

Clone: CSLEX1
Mouse

Camfolio

10 pg/ml

Sialyl Lewis X/A
(CD15S)

HECA452
Rat

M.K Robinson
CellTech Ltd, Slough.

Neat

B1 integrin
(CD29)

Clone: MAb 13
Rat

Camfolio

10 pg/ml

B2 integrin
(CD18)

Clone: YFC118.3
Rat

Serotec

0.1 mg/ml

ICAM-1
(CD54)

Clone: 84H10
Mouse

Serotec

1/25
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Antigen

MAb

Supplier

Cone

VLA-4
(CDw49d)

Clone: HP2/1
Mouse

Serotec

1/100

VCAM-1
(CD106)

Clone: 1.G11B1
Mouse

Serotec

5 pg/ml

CEA
(CD66E)

A5B7
Mouse

Royal Free Hospital

1/500

CD44 (pan)

Clone: FI 0-44-2
Mouse

Serotec

10 pg/ml

CD44H/R

5A4
Mouse

G. Dougherty

1/10

CD44R

2G1
Mouse

G. Dougherty

1/10

CD44A

7f4
Mouse

G. Dougherty

1/10

11.10

U. Günthert

1/10

CD44-4V

Mouse

CD44-6V

11.31
Mouse

U. Günthert

1/10

CD44-9V

11.24
Mouse

U. Günthert

1/10

Immunohistochemistry

Immunohistochemistry of HUVEC was performed on fixed, non-permeabilized
monolayers to identify cell surface antigens. HUVEC were grown to confluence on
glass tissue culture slides with eight chambers (Nunc, Naperville, IL, USA). Before
the endothelial cells were plated the glass was precoated with 10 pg/ml fibronectin
(Sigma) for 30 min at 37°C. When confluent the cells were washed with PBS/A and
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fixed in 0.05% glutaraldehyde for 30 min at 37°C (in a hood). They were then
incubated with 1% glycine (Sigma) in PBS/A for 25 min at RT to block free
aldehyde groups. A 1:10 solution of normal goat serum in PBS/A was used for 25
min at RT to block non-specific binding of the secondary goat antibody. The
primary antibody was diluted to 10 pg/ml in assay medium and used for 75 min at
4°C. The FITC-conjugated second antibody was used at a 1:50 dilution in assay
medium after centrifugation for 3 min at 13,000 rpm to remove large aggregates
of fluorescent material. The cells were incubated with the second antibody for 30
min at 4°C. Between each step of the staining protocol the slides were washed
twice with PBS/A. The slides were mounted in a 1:1 solution of glycerol (Sigma)
and PBS/A and viewed using an 'Optiphot' episcopic fluorescence microscope
(Nikon Inc, Melville, N.Y. USA). Photomicrographs were recorded with a
microscope-attached Nikon FX-35A camera linked to a 'Microflex UFX-DX' control
box (Nikon). During photography the control box was used with an exposure
adjustment of -2 and on an 'Area' setting. Kodachrome 200 ASA, 35 mm slide film
was used (Kodak Ltd, Hemel Hempstead, UK).

Where internal antigens were being stained, the glutaraldehyde-fixed cells were
permeabilized by incubation in 0.1% Triton X-100 (BDH) for 4 min at RT.
Alternatively the monolayers were fixed and permeabilized by incubation in ice-cold
acetone for 5 min.

2.4

Blocking adhesion

Airtibody blocking

In the antibody blocking experiments the tumour cells were treated as described
for staining with primary antibody for FACScan analysis. However, after treatment
with the blocking antibody they were washed in assay buffer, resuspended to give
2 X 10® cells/ml, and then used in the adhesion assays. Where the HUVEC were
treated with blocking antibody it was used at 10 pg/ml. The wells of confluent
HUVEC were incubated with 200 pi of antibody for 30 min at 37®C and then
washed with assay medium before the addition of tumour cells.
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Glycosaminoglycan blocking

For blocking studies the glycosaminoglycans were used at 200 pg/ml in assay
medium. Approximately 4x10® tumour cells were incubated in 150 pi of these
solutions for 30 min at 37®C. HUVEC received 30 pl/well of the GAG solutions and
were incubated under the same conditions. The GAGs were not washed from the
cells prior to the adhesion assay. Adhesion of untreated tumour cells to untreated
HUVEC was taken as the control value and set to 100%.

Digestion of ceil surface GAGs

The GAG-digesting enzymes purchased from Sigma Chemical Company were
heparinase III from Flavobacterium hepahnum (heparitinase I, EC 4.2.2.8, H8891),
heparin lyase II from Flavobacterium hepahnum (no EC No,

H6512),

chondroitinase ABC from Proteus vulgahs (EC 4.2.2.4, C2905), chondroitinase AC
from Flavobactehum hepahnum (EC 4.2.2.5 C2780), chondroitinase B from
Flavobactehum hepahnum (no EC No, C8058) and hyaluronidase Vl-S from bovine
testes (EC 3.2.1.35; H3631). All enzymes were used in assay medium. The assay
medium contained 1 mM calcium and magnesium for heparin lyase and
chondroitinase enzymes. Heparinase III was used at a concentration of 0.25 U/ml
at pH 7.5, and heparin lyase at 0.5 U/ml at pH 7.0. The cells were incubated in
enzyme solutions for 60 min. at 25°C. Chondroitinase ABC (CaseABC) was used
at a concentration of 25 mU/ml at pH 8.0, cells were incubated for 60 min at 25°C.
Chondroitinase AC (CaseAC) was used at 1.5 mU/ml at 37®C for 30 min.
Chondroitinase B (CaseB) was used at 500 mU/ml at RT for 30 min. Hyaluronidase
was used at 500 mU/ml and pH 6.0. Stock solutions of the enzymes were kept in
assay medium at -20®C, and care was taken to use enzyme solutions which had
only been defrosted once as repeated freeze-thawing destroys their activity. The
tumour cells were treated with enzyme prior to labelling with 6-CFDA and after
enzyme digestion adhesion assays were carried out as already described.
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3: The development of an adhesion assay
3.1

Introduction

The interaction of tumour cells with the endothelium is the point in the metastatic
cascade most accessible to therapeutic intervention. Although much is known
about the adhesion molecules mediating the interactions of leucocytes with
endothelial cells (Bevilacqua, 1993), our knowledge of those mediating tumour cell
interactions with endothelium, and their role in metastasis formation is less clear
(Honn and Tang, 1992). It is likely that different adhesion pathways are utilized by
cells derived from different tumour types. Similarly, the interactions of tumour cells
with large and micro vessel endothelial cells could have different molecular bases.
Endothelial cells express a wide range of adhesion molecules including cadherins,
integrins, immunoglobulin-like molecules, selectins, CD44 and GAGs. Many of
these have already been implicated in the metastatic process (Lauri et al., 1991c).
Activated endothelial cells can interact with tumour cells via E- and P-selectin
(Aruffo et a!., 1991; Iwai et a/., 1993), members of the Ig-superfamily such as
VCAM-1 (Martin-Padura et al., 1991), and endothelial integrins such as avp3 (Tang
et al., 1993b). Resting endothelial cells can interact with tumour cells via CD44,
PECAM-1 (Tang et al., 1993a) and possibly VCAM-1.

In vitro adhesion assays have been used by others to examine the molecular basis
of tumour cell interactions with endothelial cells. Several such assays, in which
tumour cells are allowed to settle onto endothelial monolayers under the influence
of gravity, have been described (Rice et al., 1988; Rice and Bevilacqua, 1989).
Commonly the tumour cells are prelabelled with radioactive markers such as ®^Cr
(Rice et al., 1988; Rice and Bevilacqua, 1989; Iwai et al., 1993) which are
expensive

and

potentially

hazardous.

A

more

acceptable

marker

is

6-carboxyfluorescein diacetate (6-CFDA) which is a nonfluorescent, hydrophobic
reagent, readily taken up by tumour cells. Within the cell, ester groups are
enzymatically removed, resulting in the formation of 6-carboxyfluorescein (Rotman
and Papermaster, 1966). This derivative is a hydrophillic, strongly fluorescent
molecule which is retained within the cell membrane. The fluorescence is
self-quenching and therefore concentration dependent. 6-CFDA has been shown
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to be a useful marker in the quantification of cell-cell interactions, providing results
comparable with radiometric assays (Goodali and Johnson, 1982; van der Poel et
al., 1981). It is therefore a good candidate for use as a safe cell label.

Human melanoma and adenocarcinoma lines were used for these studies as
representative of unrelated types of cancer cells. Melanomas are formed from
melanocytes; pigmented cells present in the epidermis which are derived from
embryonic neural ectoderm. Mammary adenocarcinomas are formed from the
epithelial cells lining the mammary glands, which in turn derive from embryonic
ectoderm

(Ede,

1978).

The

lines

used

were

the

MDA-MB-231

breast

adenocarcinoma, derived from a pleural effusion (Cailleau at a!., 1974) and the
RPMI-7951 malignant melanoma derived from a metastasis to a lymph node. Both
lines give rise to aggressive tumours in vIvo] Cailleau reported that MDA-MB-231
was able to produce tumour nodules within 6 weeks when injected into nude mice.
In these animals it forms poorly differentiated grade III adenocarcinomas. Thus, as
well as being invasive such tumour cells are capable of completing later stages of
the metastatic cascade such as adhering to, and passing through, endothelial
barriers. The melanoma line forms pigmented melanomas when injected into nude
mice, so that it too can overcome endothelial barriers. As the tumour cells are of
different origin it was anticipated that they might employ differing mechanisms in
their adhesion to endothelial cells. Carcinomas represent over 70% of human
tumours (Birchmeier at a!., 1991) and breast cancer is the commonest neoplasm
in females, constituting nearly a fifth of new cases. It has been estimated that there
is a 1 in 12 chance that a woman in the UK will develop breast cancer during her
lifetime (CRC statistics). On the other hand malignant melanoma is not a common
cancer, comprising around 1 to 3% of all tumours, however it metastasizes readily
to many organs and can be extremely chemoresistant (Einhorn at a/., 1974).

Much of our current knowledge of human endothelial cell biology arises from
studies with human umbilical vein endothelial cells (HUVEC). These cells are easy
to isolate and grow in culture, and provide a useful endothelial model for In vitro
work. However, increasingly the evidence indicates that endothelial cells derived
from different types of vessels are phenotypically and functionally different
(McCarthy at ai., 1991). In addition, most pathological events, including tumour cell
56

extravasation, occur within the microvasculature (Alby and Auerbach, 1984).
Recent studies comparing human dermal microvascular endothelial cells and
HUVEC have revealed differences in their expression of adhesion molecules. For
example, ICAM-1 expression on unstimulated micro vessel endothelial cells is
substantially higher than that seen on HUVEC, whereas CD44 is highly expressed
on HUVEC but only weakly on the dermal microvascular cells (Swerlick and
Lawley, 1993). Consequently, it was of also interest to isolate microvessel
endothelial cells for comparative studies with the HUVEC.

3.2

Specific materiais and methods

To ascertain that the stain carboxyfluorescein provides a linear relationship
between cell number and fluorescence, suspensions of labelled tumour cells were
serially diluted directly into cuvettes containing 0.5% SDS in water, to give a range
of cell numbers between 1.5 X 10^ and 5 X 10® cells/cuvette. The cuvettes were
then incubated for 30 min at RT to lyse the cells completely before quantifying their
fluorescence. A standard curve of fluorescence intensity against cell number was
obtained with the log of fluorescence units plotted against the log of cell number.
To assess the stability of labelling, 4 x 1 0 ^ suspended tumour cells were labelled
with 6-CFDA. After incubation at 4°C and 37°C they were centrifuged down,
washed twice in PBS/A and the resulting pellets lysed with 0.5 ml of 0.2% SDS.
Cells were sampled at 60 min intervals over 4 h. At each time point a sample of
cells was assessed for viability by trypan blue (Sigma) exclusion.

In some experiments the tumour cells were protease-treated as follows: the T75
flask of tumour cells (- 1 x 10^ cells) was incubated for 10 min with 0.25% trypsin/1
mM EDTA in PBS/A. The suspended cells were then washed twice in assay
medium. Some adhesion assays were carried out at 4°C or in 3.33 mM
ethyleneglycol-bis-(p-amino ethyl ether) N,N,N',N'-tetraacetic acid (EGTA; Sigma).
In other experiments the HUVEC were "activated" with 1 ng/ml recombinant human
tumour necrosis factor-a (rhu TNFa; a kind gift of Dr. J. Saklatvala, Strangeways
Research Lab, Cambridge, U.K.) in M l99 culture medium. The cells were activated
for either 5 h or 24 h before the assay.
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Antibody blocking and FACScan analysis

The phenotyping of the tumour cells was performed using Becton Dickinson
(Becton Dickinson, Cowley, Oxford, UK) mouse anti-human monoclonals against
E-selectin (clone H18/7), P-selectin (clone AC1.2), L-selectin (clone SK11) and
sialyl Lewis-X (clone CSLEX1). Mouse anti-VCAM-1 (Clone; 1.G11B1) and mouse
anti-VLA-4 (CDw49d, clone HP2/1) were obtained from Serotec Ltd. (Kidlington,
Oxford, UK). Rat anti-sialyl Lewis-X/A (HECA 452) was kindly provided by Martyn
K. Robinson (CellTech Ltd, Slough, Berks, UK). Mouse anti-CD44 (clone F10-44-2)
and anti-CD18 (clone YFC118.3) were obtained from Serotec. The secondary
antibodies were goat anti-mouse and goat anti-rat conjugated to FITC (Sigma). The
positive controls were lymphocytes for VLA-4 and L-selectin; neutrophils for CD18,
sialyl Lewis X/A and CD44; HUVEC for E-selectin and PECAM.

3.3

Results

Development o f adhesion assay

A linear relationship between fluorescence of incorporated 6-CF, and cell number,
as assessed by haemocytometer counting was established for both cell lines (Fig.
3.1). The cell numbers tested ranged from twice the number to be added to the
24-well plates, to 3% of the cells added to the 96-well plates. This range
adequately covered the cell numbers used and detected in the adhesion assays.
The linear correlation coefficients obtained were 0.999 for both cell lines indicating
a tight linear relationship between fluorescence intensity and cell number. This
allowed the use of a simple calculation to determine the percentage of adherent
cells. The fluorescence incorporated into viable tumour cells was stable for up to
four hours when the cells were kept at 4°C, with no significant loss of label being
detected. If the cells were kept at 37°C a significant loss in fluorescence was
recorded; however, sufficient marker remained within the cells to allow its effective
use in adhesion assays (Fig. 3.2) Trypan blue exclusion tests demonstrated that
the decrease in fluorescence retention at 37°C was not due to loss of viability.
Since the duration of an adhesion assay did not exceed four hours, labelled cells
were not examined for their 6-CF retention beyond this time.

The ability of the tumour cells to bind to quiescent monolayers of HUVEC or to the
gelatin on which the endothelial cells are cultured was compared, since it was
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possible that the tumour cells might adhere to fragments of gelatin exposed
between endothelial cells in confluent monolayers. Maximal tumour cell adhesion
to HUVEC occurred after sixty minutes incubation (Fig. 3.3), after which the
number of cells adhering plateaued. The RPMI-7951 melanoma line exhibited
greater adhesion to HUVEC than the MDA-MB-231 carcinoma line. RPMI-7951
also exhibited greater adhesion to gelatin, with this adhesion continuing to increase
with time instead of plateauing as occurred with the MDA-MB-231. All subsequent
experiments

were performed at 30 min, when adhesion to HUVEC was

approaching

its maximum, and adhesion to the gelatin substrate was markedly

less. Thus, adhesion to the endothelial cell surface was maximized. Care was
taken to use fully confluent monolayers of HUVEC, with no patches of gelatin
visible between the cells. During subsequent adhesion assays absolute adhesion
after 30 min varied between 1 0 - 3 0 % of the tumour cells added to HUVEC
monolayers.

In Chapter 4 apossiblereason

dependency) is explored.
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The fluorescent marker carboxyfluorescein maintains a linear

relationship with cell numbers ranging from 1.5 X 10^ to 5 X 10^. The correlation
coefficients for both lines are 0.999 demonstrating strong linear relationships (n=5).
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Figure 3.2

The stability of fluorescence in A) MDA-MB-231 and B) RPMI-7951

tumour cells labelled with 6-CFDA. The labelled cells were incubated at 4°C or
37°C over four hours. Each point is the mean ± SEM where n>9.

61

70

1-------'-------1
-------'-------1
-------r

C 60 1 A) MDA-MB-231

I»
^

<
-g

40

30

ü 20
0)
CL 10
0

20

40

60

80

100

40

60

80

100

1 B) RPM 1-7951

-g ,30
O 20

^

10

0

20

Time / Min.
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A number of other physiological factors which might modify levels of adhesion were
also examined, in particular the role of calcium ions and temperature. Because
using trypsin to release the tumour cells from the culture flask reduced adhesion
by two thirds for both cell lines (RPMI-7951 60% and MDA-MB-231 65%, data not
shown), incubation in 10 mM EDTA was adopted as the method of bringing tumour
cells into suspension. Calcium appears to be required for adhesion as performing
assays in medium containing 3.33 mM EGTA caused a reduction in adhesion of
60% for MDA-MB-231 and 25% for RPMI-7951 (Fig 3.4). The ability of MDA-MB231 and RPMI-7951 cells to adhere to HUVEC was also reduced, by 42% and
50% respectively, when the experiments were performed at 4°C rather than 37°C.
In addition, the combination of depleted calcium with low temperature reduced
adhesion by significantly more than each treatment alone (MDA-MB-231 81%,
RPMI-7951 90%, Fig 3.4). As a consequence, all further experiments were
performed at 37°C in full assay medium.
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Figure 3.4 The effects of temperature and calcium depletion on tumour cell
adhesion to HUVEC. (□) Control - adhesion at 37°C in assay medium. (■) Adhesion
in 3.33 mM EGTA. (a) Adhesion at 4°C in assay medium. (@) Adhesion at 4°C in
3.33 mM EGTA. Each point is the mean ± SEM where n=18.
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Adhesion to activated HUVEC
Activation of endothelial cells with inflammatory cytokines is known to increase the
adhesion of several tumour cell types. Here, prior activation of HUVEC with 1
ng/ml rhuTNFa, the cytokine most often used in such studies, caused the expected
increase in adhesion (Fig. 3.5). Pretreatment with rhuTNFa for five hours led to a
33% increase in RPMI-7951 adhesion but had no effect on MDA-MB-231 adhesion.
However, pretreatment with rhuTNFa for twenty four hours caused a 25% and 42%
increase in adhesion of MDA-MB-231 cells and RPMI-7951 cells respectively.
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Figure 3.5 The adhesion of fluorescently labelled tumour cells to HUVEC activated
by preincubation with rhuTNFa for 5 h (■) or 24 h (H). Control HUVEC received no
rhuTNFa (□). Adhesion was allowed to occur for 30 min at 37°C. Each point is the
mean ± SEM where n=18. * p<0.001 and **p<0.05 using Student's t-test.

Adhesion to endothelial cells isolated from different tissues
The assay was used to compare the adhesion of the two tumour cell lines to
endothelial cells of different origins as the type of endothelial cell used can
influence the degree of adhesion. The endothelial cells tested were HUVEC,
microvessel endothelial cells from abdominal adipose tissue (HuAMEC) and breast
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microvessel endothelial cells (HuMMEC). There was no difference in the adhesion
of the RPMI-7951 line to any of the endothelial cells used (Fig. 3.6). In contrast,
the MDA-MB-231 cell line exhibited a 40% increase (p<0.001) in adhesion to
HuAMEC compared to HUVEC. MDA-MB-231 also displayed a slight but significant
(p<0.05) increase in adhesion to HuMMEC. As these experiments did not involve
activation of endothelial cells by inflammatory cytokines the observed differences
in tumour cell adhesion may be attributable to differences in cell surface molecules
expressed constitutively by microvascular endothelial cells.
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Figure 3.6 The adhesion of tumour cells to quiescent HUVEC (□), HuMMEC (■)
and HuAMEC (H). Adhesion was allowed to occur for 30 min at 37°C. Each point
is the mean ± SEM where n>12-14. * p<0.001 and **p<0.05 using Student's t-test.

Tumour cell ligands for endothelial adhesion molecules
The tumour cell lines were examined for expression of ligands which bind
endothelial adhesion molecules in order to ascertain whether previously
characterized molecules mediate adhesion in this model. Ligand expression was
quantified by flow cytometry after staining of tumour cells with a panel of
monoclonal antibodies (Tab. 3.1).
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Relative Fluorescence Intensity
MDA-MB-231

RPMI-7951

Pos. Control

VLA-4 (HP2/1)

0.56

8.99

28.03 (L)

CD18 (YFC118.3)

0.66

1.00

125.47 (N)

PECAM-1 (LI 33.1)

1.19

1.15

51.58 (H)

CD44 (FI 0-44-2)

70.91

68.3

26.30 (N)

L-Selectin (SK11)

0.49

1.57

23.67 (L)

P-Selectin (AC1.2)

1.19

1.11

6.50

(H)

E-Selectin (HI8/7)

1.00

1.00

47.01

(H)

Sialyl Lewis A (HECA452)

0.85

0.98

43.17 (N)

Sialyl Lewis X (CSLEX1)

1.03

1.09

142.28 (N)

Adhesion Molecule

Table 3.1 The expression of adhesion molecules by MDA-MB-231 and RPMI-7951
tumour cells. Single cell suspensions were first stained with the MAbs indicated in
parentheses, and then with the appropriate FITC-conjugated second antibody.
Fluorescence was determined by flow cytometry using the 'Lysys IT program. Data
are expressed as relative fluorescence intensity calculated from the ratio of mean
fluorescence of sample, over mean fluorescence of the negative control. The
positive controls are (L) lymphocytes, (N) neutrophils and (H) HUVEC.
RPMI-7951 cells express VLA-4, the receptor for endothelial VCAM-1. Both cell
lines express CD44, a receptor for the glycosaminoglycan hyaluronic acid. HUVEC
also stain with the MAb, FI 0-44-2, which recognizes all CD44 isoforms (Ch.6 , Fig.
6.1). The role of CD44 and VLA-4 in the adhesion of these cell lines is further
investigated in Chapters 6 and 5 respectively. No expression by either cell line of
CD 18, L-selectin, or sialyl Lewis X/A could be detected (Tab. 3.1). These
molecules are all ligands of adhesion molecules expressed by activated HUVEC.
Platelet-endothelial cell adhesion molecule (PECAM-1/CD31) is not expressed by
the tumour cell lines (Tab. 3.1)

The role o f PEC AM-1 in tumour cell adhesion to HUVEC

Silver staining of tumour cells attached to HUVEC reveals that the cells tend to
accumulate at EC cell-cell junctions (Fig. 3.8), areas which are enriched in
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Platelet-endothelial cell adhesion molecule (PECAM-1/CD31). PECAM-1 is a
member of the Ig-superfamily of adhesion molecules (Simmons et al., 1990; de
Lisser et al., 1994). It is constitutively expressed by EC (Muller et al., 1989).
PECAM-1 demonstrates temperature- and calcium-dependent hemophilic binding,
but it can also be involved in heterophilic interactions, probably through a GAG
binding domain which recognizes HN/HS molecules (Muller ef a/., 1992; de Lisser
et al., 1993). FACScan analysis confirmed that HUVEC express PECAM-1 (Tab.
3.1). However, the tumour cell lines did not display significant reactivity with the
anti-PECAM-1 MAb (clone LI 33.1), suggesting that they cannot interact in a
hemophilic manner with endothelial PECAM-1. However, endothelial PECAM-1
may interact in a heterophilic manner with alternative tumour cell ligands. This
possibility was investigated by blocking cell-cell adhesion with the anti-PECAM-1
MAb. Pretreating the tumour cells with anti-PECAM-1 did not alter their adhesion
to HUVEC monolayers. However, antibody blocking of PECAM-1 on HUVEC led
to a significant reduction in RPMI-7951 melanoma adhesion, but did not alter the
adhesion of MDA-MB-231 (Fig 3.7).
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Figure 3.7 The effects of blocking PECAM-1 with anti-CD31 (clone LI 33.1). (□)
Control - cells not treated with antibody. (■) Tumour cells treated, (a) HUVEC
treated. Each point is the mean ± SEM where n>20. * p<0.001 using Student's t-test.
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Figure 3.8 The adhesion of MDA-MB-231 carcinoma cells to confluent HUVEC
after 30 min co-incubation. Silver staining has been used to enhance the
endothelial cell-cell junctions; the region where the attached tumour cells tend to
accumulate. RPMI-7951 malignant melanoma cells exhibit the same pattern of
attachment to endothelial junctions (not shown). Photomicrographs were recorded
with a magnification of x 200.

2.3

Discussion

In vitro quantitative assays of the adhesive interactions between various cell types
are invaluable for the study of metastasis. Ideally such assays should be
economic, simple to perform, and quick. The use of a fluorescent marker such as
6-CFDA for labelling cells, instead of radioactive species such as ®^Cr, fulfils many
of these criteria. Indeed, a similar assay has recently been described for the study
of leucocyte-endothelial interactions in inflammation (Vaporciyan eta!., 1993). An
additional advantage is that samples can be stored for several days at 4°C before
the fluorescence is measured. Although most of the experiments presented in this
chapter were performed using 24-well plates, the procedure can be used with 96well plates, thus allowing the use of automated plate readers. The data presented
here demonstrate that 6-CFDA is an appropriate label for tumour cells. The good
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correlation between fluorescence intensity and cell numbers indicates that each cell
is labelled. Moreover, the ease with which fluorescence can be measured,
especially with the 96-well format, allows the quantitation of large numbers of
samples. The use of 96-well plates is preferable as it allows larger experiments to
be performed, and removes the need to extract and wash individual Thermanox
coverslips. However, care must be taken with 96-well plates as HUVEC plated in
the edge wells do not grow as well as the rest of the cells (the "edge effect"), and
usually these wells cannot be used in adhesion assays.

The assay was used to investigate the mechanisms by which tumour cells interact
with quiescent as well as activated endothelium. Two human tumour cell lines, the
MDA-MB-231 breast adenocarcinoma and the RPMI-7951 melanoma, preferentially
adhered to human umbilical vein endothelial cells (HUVEC) compared to a gelatin
substrate. It is unlikely that the cells are adhering to components of the endothelial
extracellular matrix as care was taken to use confluent monolayers of HUVEC with
no obvious expanses of exposed substrate. Also, after thirty minutes of incubation
with HUVEC or gelatin the tumour cells showed a preference for adhesion to
HUVEC. Silver staining of endothelial junctions after attachment of the tumour cells
shows that both tumour cell lines appear to attach to HUVEC at the sites of
endothelial cell-cell contact. It seems likely that the tumour cells interact with
adhesion molecules enriched at the endothelial Junctions, such as pi integrins
(Lampugnani et a/., 1991) (Ch. 5) or PECAM-1 (Simmons et a/., 1990).

It appears that PECAM-1 may be contributing to the adhesion of the melanoma
cells as treating HUVEC with an anti-PECAM-1 MAb led to a 15% reduction in the
adhesion of the RPMI-7951 cells. PECAM-1 is not expressed by either tumour cell
line; it therefore cannot be mediating hemophilic adhesion to HUVEC as described
by Tang et al. for other melanoma and carcinoma lines (Tang et a/., 1993a). It is
unlikely that the reduction caused by the anti-PECAM-1 MAb is due to stearic
hindrance of tumour cell access to other adhesion molecules at the endothelial
junctions, as MDA-MB-231 adhesion was unaffected, even though it too
accumulates at HUVEC cell-cell junctions. However, PECAM-1 is capable of
heterophilic interactions. The alternative ligand appears to be a GAG as evidence
exists for PECAM-1 binding to GAGs and PECAM-1 has a GAG consensus binding
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sequence in the second Ig-like homology domain (de Lisser et al., 1993). The
exact GAGs involved in these interactions are unclear but may include heparin,
heparan sulphate and to a lesser extent chondroitin sulphate. In Chapter 7 it is
demonstrated that GAGs expressed by MDA-MB-231 and RPMI-7951 do not
appear to mediate adhesion to HUVEC monolayers; indeed the removal of heparan
sulphate and chondroitin sulphate from the tumour cells leads to enhanced
adhesion (Ch.7, Figs 7.1 and 7.2) Blocking the tumour cells with peptides which
mimic the GAG binding sequence (L-K-R-E-K-N peptides; de Lisser et al., 1993)
in PECAM-1 would help to confirm whether endothelial PECAM-1 is interacting with
tumour cells via a GAG ligand, or whether a molecule of another structure is the
ligand.

Attempts were made to determine whether the tumour cells would extravasate after
attachment to the endothelial junctions (data not shown). HUVEC were cultured on
thick collagen gels as described by Muller et al. (Muller et al., 1993) and the
tumour cells allowed to interact with these cells for up to five hours. However, this
method was unsatisfactory as I was unable to clearly identify the extravasating
cells. Attempts to improve the optics by mounting the collagen gels on coverslips
failed as the gels disintegrated during removal from the 24-well plates. An
alternative assay for extravasation is to culture endothelial cells upon microwell
inserts suspended within 24-well plates. Labelled cells are allowed to transmigrate
from the upper chamber to the lower chamber through the endothelial monolayers
and the pores of the inserts. However, it has previously been found that HUVEC
often do not form good monolayers when grown on inserts. In addition, it was
expected that fluorescence labelling of the tumour cells might not provide a
sensitive marker for low numbers of cells extravasating after prolonged periods of
incubation on HUVEC monolayers. Where such experiments have been performed
with neutrophils the migrating cells have been labelled with radioactive markers.
Okada et al. successfully used 8 pm polycarbonate membranes to study tumour
cell transmigration across HUVEC monolayers (Okada et a i, 1994). However, in
that study the tumour cells were left in contact with the HUVEC for twenty four
hours.
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Tumour cell-HUVEC interactions are reduced significantly by trypsin treatment of
the tumour cell surface, suggesting that proteins expressed by the tumour cells are
involved in recognition of the endothelial cells. The fact that some adhesion still
occurs after trypsin treatment suggests separate, non-trypsin sensitive molecules
are involved in this adhesion. The concept that more than one type of receptorligand interaction is being employed to mediate tumour cell binding to HUVEC is
supported by experiments performed at low temperature or in calcium-depleted
media. These experiments suggest that both cell lines require the presence of
calcium ions and metabolic energy for normal adhesion to HUVEC. In addition, the
synergistic reduction in adhesion observed when low temperature and calcium
depletion are combined implies that more than one mechanism operates to
mediate adhesion. Protease-sensitive interactions which require the presence of
calcium ions and energy are reminiscent of lymphocyte-HEV (high endothelial
venules) interactions as described by Woodruff et al. (Woodruff et al., 1977).
Calcium ions are required for the correct functioning of members of the integrin and
selectin families of adhesion molecules. Temperature-dependence is not shown by
the selectins but is a feature of integrin-based interactions. Adhesion molecules
belonging to the Ig-superfamily are variable in their requirements for calcium ions
and temperature. The data therefore suggest the involvement of integrins and
potentially members of the Ig-superfamily. The use of EDTA to disaggregate the
tumour cell

monolayers was employed

to

overcome

the

problem

of

protease-sensitive adhesion molecules. Such calcium-chelating solutions disrupt
cell-cell and cell-substrate adhesion but fibroblastic cell lines disturbed in this
manner were reported to leave behind around 1% of their surface protein and
phospholipid, and 5-15% of their carbohydrate, as substratum-attached material
(SAM) (Lark et al., 1985). This SAM derived from the undersurface of the cells is
enriched in cell surface-derived HA, HSPG, CSPG and FN. EDTA treatment may
therefore result in the loss of adhesion molecules capable of mediating cell-cell
adhesion, but in this system any such loss should be less than that caused by
trypsin treatment of the cells.

Activation of HUVEC by TNFa led to significant increases in tumour cell adhesion.
Increased adhesion of RPMI-7951 cells to HUVEC previously activated for six
hours with TNFa has also been demonstrated by Rice et al. using radiometric
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assays (Rice et ai, 1988). It appears that the carcinoma and melanoma cells
examined here use different mechanisms to adhere to activated, as well as
quiescent HUVEC. RPMI-7951 cells show increased adhesion to HUVEC which
have been activated for five or twenty-four hours, but MDA-MB-231 adhere more
to the latter. In the case of the RPMI-7951 cells, antibody blocking studies
demonstrate that the tumour integrin VLA-4 is responsible for the increased
adhesion to activated HUVEC at both time points (Ch. 5). This integrin binds
vascular cell adhesion molecule-1 (VCAM-1, INCAM-110), which reaches maximal
expression on HUVEC six to ten hours after TNFa treatment and can continue for
up to forty eight hours (Osborn at a/., 1989; Rice and Bevilacqua, 1989). This
interaction is studied and discussed in Chapter 5.

MDA-MB-231 does not interact with VCAM-1 (Ch. 5); it also seems unlikely that
these cells are recognizing intercellular adhesion molecule-1 (ICAM-1) on HUVEC.
Although ICAM-1 reaches peak expression on HUVEC twenty four hours after
activation, its ligand CD11/CD18 (Rothlein at a/., 1986) is not expressed by either
of the tumour cell lines. FACScan analysis demonstrates that MDA-MB-231 cells
do not express sialyl Lewis X/A or L-selectin, potential ligands for endothelial Eand P-selectins. Also, it has been recently demonstrated that an anti-E-selectin
MAb does not reduce the adhesion of MDA-MB-231 cells to activated HUVEC
(Tozeren at a/., 1995). It is possible that MDA-MB-231 cells employ as yet
unidentified receptor/ligand pairs in their adhesion to activated HUVEC. A similar
result was obtained by Lee at at. (Lee at a/., 1992), who found that the adhesion
of various melanoma lines to activated dermal microvascular endothelial cells was
independent of VCAM-1, ELAM-1 and ICAM-1, again suggesting the use of
alternative adhesion molecules.

Much previous work in the field of tumour cell adhesion has concentrated on large
vessel endothelial cells (Lauri at a/., 1991b) and cells which have been activated
by cytokines (Lafrenie at ai, 1992a). In cancer patients endothelial activation could
occur via a number of mechanisms. It is known that host inflammatory cells can
be induced to produce cytokines by tumour cells (Old, 1985). In addition, tumour
cells themselves are capable of producing cytokines such as TNF (Spriggs at ai,
1987) and interleukins (Bennicelli at ai, 1989; Singh at ai, 1994), which could
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either be released into the circulation or produced locally after tumour cell arrest
within the microcirculation. If cytokines are produced locally by tumour cells after
arrest in the microcirculation, and if the cells initial arrest is not primarily due to
mechanical factors, then intrinsically expressed endothelial adhesion molecules
need to be studied with respect to the initial lodgement.

HUVEC, which are embryonic large vessel endothelial cells, do not provide the
ideal model for endothelial interactions in adults, since it is known that endothelial
cells from large vessels and microvessels are heterogenous (McCarthy ef a/., 1991;
Kumar et a/., 1987). Differences between microvascular endothelial cells derived
from one site have been described; in one study 5 different microvascular
endothelial cell strains were isolated from bovine corpus luteum (Spanel, 1991). As
well as displaying different phenotypes and ultrastructures these cells promoted
different levels of adhesion of polymorphonuclear granulocytes, indicating that
functional specialization occurs even within the microvasculature of a single organ
(Ley et a/., 1992). Some adhesion molecules, such as the novel vascular adhesion
protein (VAP-1), which have been identified on microvascular cells, are not
expressed on HUVEC, whether resting or activated (Salmi and Jalkanen, 1992).
The data demonstrating preferential adhesion of MDA-MB-231 cells to microvessel
endothelial cells therefore reinforce the concept that there are important functional
differences between endothelial cells from different sites. These interactions occur
in vitro in the absence of stimulation by inflammatory factors so that this observed
preference in tumour cell adhesion is attributable to constitutively-expressed
endothelial adhesion molecules. As tumour cell adhesion most likely occurs in the
microvasculature, and not necessarily to activated endothelium, the preferential
adhesion of malignant cells to resting, microvascular endothelial cells might
determine the organ specificity of metastasis (Alby and Auerbach, 1984; Auerbach
et ai, 1987).

Detailed characterization of differences in antigen/adhesion molecule expression
between the endothelial cells is beyond the scope of this project, although initial
studies have shown that the endothelial cells differ in expression of
HS GAG chains (Ch. 6 and App. 3). The expression of CD44, a receptor for
the GAG hyaluronic acid (Miyake et si, 1990), on both tumour cell lines as well as
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non-activated HUVEC is especially interesting (Ch. 6, Fig. 6.1) in this respect, and
its role in tumour cell adhesion to HUVEC is investigated in Chapter 6. A 2dimensional SDS-PAGE analysis of biotinylated luminal membrane proteins from
HUVEC, HuMMEC and HuAMEC performed by Hewett revealed that very few
proteins were uniquely expressed by the micro vessel cells and not by HUVEC
(Hewett, 1994). HuAMEC did express three distinct proteins while HuMMEC
showed no consistent differences. However, it was found that the variation in
protein profiles between micro vessel cells derived from different individuals was
almost as great as that between endothelial cells from different vascular beds.
Immunohistochemistry demonstrated that all the endothelial cells expressed similar
levels of the constitutive endothelial markers PECAM-1 and vWF. The microvessel
cells showed stronger expression of ELAM-1 than HUVEC after stimulation with
levels of TNFa lower than 10 ng/ml. They also constitutively demonstrated greater
levels of angiotensin-converting enzyme (ACE) activity. All the endothelial cells
expressed comparable levels of mRNA coding for the cytokeratins 8,18 and 9 and
mRNA coding for the flt-1 tyrosine kinase receptor for VEGF. In addition the
HuMMEC were generally less responsive than HUVEC to mitogenic stimuli such
as tumour-conditioned medium and bFGF. These studies confirm that the
microvessel cells and HUVEC exhibit antigenic and functional differences, but do
not suggest a mechanism for the greater adhesion of tumour cells observed with
HuMMEC. Although microvessel endothelial cells should provide a more accurate
model of the environment in which tumour cells lodge in vivo, their isolation and
culture is still not a routine procedure. Consequently, all further studies are
continued with HUVEC.

In summary, data acquired using a fluorescence based adhesion assay
demonstrate that the MDA-MB-231 carcinoma and RPMI-7951 melanoma cell lines
display calcium- and temperature-dependent adhesion to HUVEC. This adhesion
can be abrogated by treatment of the tumour cells with protease. Both lines
accumulate at endothelial cell-cell junctions, and the adhesion of both lines can be
upregulated by pretreatment of the HUVEC with TNFa. The melanoma cells display
enhanced adhesion to HUVEC which have been activated for 5 h and 24 h, while
the carcinoma cells adhere preferentially to HUVEC activated for 24 h. In addition
to displaying differential adhesion to activated HUVEC the tumour cell lines also
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display differential adhesion to micro vessel endothelial cells. The melanoma line
adheres equally well to HUVEC, HuAMEC and HuMMEC. In contrast, the
carcinoma line adheres preferentially to the microvessel endothelial cells,
especially those derived from abdominal fat (HuAMEC). Both tumour cell lines
express the adhesion molecule CD44, whereas only RPMI-7951 cells express VLA4. In addition, RPMI-7951 cells may interact in a heterophilic manner with PECAM1 expressed at HUVEC cell-cell junctions.
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4:
4.1

The influence of cell cycle on adhesion

Introduction

A possible explanation for the relatively low numbers of adherent cells arising from
homogenous established cell lines could be that adhesion is cell cycle phasedependent. This chapter deals with experiments designed to probe this possibility.
The cell cycle consists a round of chromosomal replication, followed by the
segregation of the chromosomes into two daughter nuclei. It was first described in
1950 by Howard and Peic (Howard and Peic, 1950) and was shown to consist of
two gap periods,

and Gg, separated from each other by a period of DMA

synthesis (S phase), and a period where the chromosomes separate and
cytokinesis forms two daughter cells (mitosis, M phase). Modern concepts of the
cell cycle show that the process is strictly regulated. The gap periods, G^ and Gg,
represent control phases, where the cell is prepared and committed to DMA
synthesis and mitosis respectively. During these phases cells integrate information
which dictates whether conditions are right for replication. G^ marks the start of
interphase during which the cells carry out their biosynthetic activities at a high rate
in preparation for S phase (Laskey et ai, 1989). Quiescent cells, which are
arrested in a non-proliferative state following mitosis, are said to be in the Gq stage
of their cycle. Cell cycle times vary widely in eucaryotic cells, lasting from less than
eight hours for rapidly proliferating tissues such as epithelial cells in the gut, to
over a year in tissues with a slow turnover such as the endothelium. Indeed, some
cells such as neurons do not divide at all in the adult. Most of this variability is due
to different lengths of the G^ phase (Alberts et ai, 1983).

Cell division involves changes in cell shape and cell contacts with the surrounding
milieu (Folkman and Moscona, 1978). In normal, non-transformed cells there is
anchorage-dependence of cell division; they are required to be in contact with a
solid surface before undertaking a division (O'Neill et ai, 1986). However, during
M phase, cultured cells usually round up and have reduced contacts with their
substrate. Alterations in the cellular cytoskeletal arrangement as well as
interactions with adjacent cells and the extracellular matrix are required to produce
these morphological changes (Ben-Ze'ev., 1986). A cell surface PG expressed on
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normal murine mammary gland epithelial cells is shed by proteolytic cleavage
when these cells are detached from their substrate (Jalkanen et al., 1987). Nearly
all the PG, which is thought to contribute to the stability of cell-matrix adhesion, is
lost after 80 min. incubation in suspension, and is not replaced while the cells are
kept in this state. Such loss of PG may provide a mechanism by which the cells
can weaken their affinity for the ECM.

Cell proliferation can be accompanied by the expression of certain cell surface
molecules which are involved in cell-cell or cell-matrix adhesion. For instance, the
HS/CSPG, syndecan, is expressed by proliferating mesenchymal cells during tooth
bud morphogenesis (Vainio et a/., 1991). It is also transiently expressed by
developing capillaries in subcutaneous wounds (Elenius et a!., 1991). Transforming
growth factor-p (TGF-P), which reduces epithelial proliferation, increases the size
and density of cell surface syndecan in mammary epithelial cells (Rapraeger,
1989). It also promotes the addition of OS chains onto the syndecan core protein.
Smooth muscle cells induced to proliferate by platelet-derived grov/th factor
(PDGF) express a CSPG (versican) with elongated GAG chains, and an increased
ratio of DS to OSA (Schonherr et a!., 1991). Altered patterns of sulphation can lead
to altered- ligand-binding characteristics for such molecules (App. 3). Both
syndecan and versican act as receptors for the ECM. It is conceivable that
changes in cell shape and adhesiveness which accompany the cell cycle may be
related to the ability of tumour cells to adhere to HUVEC.

In order to study the relationship between cell cycle and adhesiveness it was
necessary to identify the location of cells within the cell cycle. To achieve this, 5bromo 2’-deoxyuridine (BUdr) labelling was used in conjunction with flow cytometry.
BUdr is a thymidine analogue which becomes incorporated into the DMA of cells
during S phase and can be detected using a monoclonal antibody (Gratzner,
1982). It can be analyzed by dual parameter flow cytometry as a function of cell
cycle phase by counterstaining with a DMA intercalating dye such as propidium
iodide (Dolbeare et a/., 1983). Propidium iodide is a fluorescent marker which
intercalates and binds stoichiometrically into DMA at all stages of the cycle thus
allowing determination of total DMA content. This technique allows BUdr labelled
cells to be followed as they progress around the cell cycle.
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4.2

Specific materiais and methods

BUdr staining

Tumour cells grown in T25 flasks were pulse-labelled for 20 min or for 24 h in 5
ml of 10 pM 5-bromo-2'-deoxyuridine (bromo-uridine deoxyribose, BUdr; Sigma).
The cells were then washed with PBS/A and disaggregated with trypsin/EDTA. The
cells were then spun down, resuspended in 0.5 ml of PBS/A and fixed by the
dropwise addition of 5 ml of 70% ethanol. Constant vortexing was required to
prevent cell clumping. After fixation, the cell suspensions were pelleted and the
supernatant decanted. The pellet was resuspended in 2.5 ml of freshly prepared
2M HOI containing 0.1 mg/ml pepsin A (from porcine stomach mucosa; Sigma).
The suspension was incubated at RT for 20 min to both enucleate the cells and
partially unwind the DNA to reveal the BUdr binding sites. The nuclei were pelleted
by centrifugation at 650 g for 5 min and washed twice with 5 ml of PBS/A. The
nuclear pellet was resuspended in 0.5 ml of fresh PBS/A containing 0.5% Tween20 (Sigma), 0.5% NGS and 20 pi of rat anti-BUdr monoclonal (a gift from Dr. Mike
Ormerod, Hybridoma Unit, Institute of Cancer Research, Sutton, Surrey). The
nuclear suspension was incubated at RT for 1 h with occasional vortexing. After
incubation the suspensions were diluted with 5 ml of PBS/A and the nuclei were
pelleted. The pellets were resuspended in 0.5 ml of fresh PBS/A containing 0.5%
Tween-20, 0.5% NGS and 20 pi of goat anti-rat IGg-FITC conjugate (Sigma). This
suspension was incubated for 45 min at RT. After one further wash in PBS/A, the
nuclei were pelleted and resuspended in 1 ml of PBS/A containing 10 pg/ml
propidium iodide and left overnight to stain at 4°C. The samples were analyzed by
flow cytometry.

Cell cycle studies

The HUVEC used were grown to confluency in T25 flasks whilst the tumour cells
were harvested when 90% confluent. The adhesion assays were performed in the
T25 of HUVEC for 30 min at 37°C with the addition of 2 x 10® tumour cells.
Approximately 2x10® tumour cells were kept aside as a control and pelleted. Non
adherent tumour cells were washed off the HUVEC monolayer, spun down and
retained. The cells left in the T25 were then brought into suspension with
trypsin/EDTA, washed with PBS/A and spun down. All the cell pellets were then
resuspended in 1 ml of PBS/A and fixed by the dropwise addition of 5 ml 70%
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ethanol. After fixation all the samples were spun down and then blocked by
incubation in 1 ml of 2% NGS for 15 min at room temperature (RT). In order to
separate the endothelial cells from the tumour cell population the suspensions were
stained with an antibody against von Willebrand Factor (vWF). The cell cycle phase
distribution of the tumour cells could then be analyzed after gating on the vWF
signal. The cells were washed and stained with a murine monoclonal antibody
against vWF (Dakopatts, clone F8/86). The antibody was diluted 1:100 in PBS/A
and each sample was incubated in 200 pi for an hour at RT. After washing the
samples were resuspended in 200 pi of a 1:50 dilution of goat anti-mouse IgG
conjugated to FITC (Sigma). The samples were incubated in the dark for 40 min
at RT. After washing, the pellets were resuspended in 1.50 ml of PBS/A containing
10 pg/ml of fresh propidium iodide (PI; Sigma) and incubated for 2 h at 4°C. The
samples were analyzed by flow cytometry.

Flow cytometry

All samples were analyzed using 'LYSYS IT software on a FACScan flow cytometer
(Becton Dickinson). In both the BUdr studies and the vWF experiments, 10,000
events were collected in list mode and the green fluorescence signals collected
into FL1 (615-545 nm). The propidium iodide signal was collected into FL3 (>650
nm) to prevent any spectral overlap on the fluorochromes and detection channels,
the FL3 area versus width signal was used to exclude debris, doublets and
aggregate such that single cells were analyzed. Data were analyzed as two
dimensional dot plots of gated FL3-area versus FL1-height, and cell cycle phase
distribution calculated using the SOBR model supplied with the 'CELLFIT
programme. In this model Gaussian distributions are fitted to the G^ and G;
population, and a series of broadened rectangles are fitted to the S phase to
account for the overlap of this population into both G^ and Gg.

4.3

Results

Identification of cells in mixed populations

In order to determine whether the adherent tumour cells were in a specific stage
of their cell cycle it was necessary to separate the tumour cells from the
endothelial cells to which they had attached. Attempts to reclaim the tumour cells
by treatment with EDTA or trypsin failed as both tumour cells and HUVEC
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simultaneously lifted off the flasks. It also proved impossible to dislodge the tumour
cells by shear stresses induced by shaking the flasks or vigorously pipetting
medium over the endothelial monolayers. Alternative methods of differentiating
tumour cells from HUVEC in mixed solutions of cells were therefore necessary.
Two approaches were investigated. Firstly, labelling and gating on the tumour cells
was attempted. As the HUVEC were confluent and therefore not dividing it should
be possible to label the dividing tumour cells with BUdr, and visualize BUdr
staining with an anti-BUdr MAb and a FITC-conjugated second antibody. This
would allow gating of the tumour cells on the basis of BUdr staining. However,
even with prolonged periods (24 h) of tumour cell exposure to BUdr, it was not
possible to label all of the tumour cells (Fig. 4.1). Indeed, 25% of the MDA-MB-231
and 60% of the RPMI-7951 were unlabelled, and remained within the region gated
to contain untreated HUVEC. This meant that an alternative marker for the tumour
cells was required.

FL3-A rea (4) vs FL1 -Height (3)

A:HUVEC

FL3-Area

FL3-Area (4) vs FL1-Height (3)
B:MB-231

FL3-Area (4) vs FL1 -Height (3)

C RPMI-7951

1023

1023

FL3-Area

Figure 4.1 Dot-plots obtained by flow cytometric analysis of cells stained with
propidium iodide (horizontal axis) and BUdr (vertical axis). BUdr was used to label
the nuclei of dividing tumour cells to ascertain whether it could be used to
differentiate between tumour cells and HUVEC in mixed suspensions. R1 is set
around HUVEC which had not been labelled with BUdr and therefore displayed a
low signal in the fluorescence-1 channel (vertical axis). A) Untreated HUVEC. B)
MDA-MB-231 cells labelled with BUdr. C) RPMI-7951 cells labelled with BUdr
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The second possibility was to specifically label and gate out HUVEC. Von
Willebrand factor is a marker for EC which is strongly expressed in culture (Jaffe
et al., 1973b). As vWF is considered to be specific for EC, and anti-vWF antibodies
are readily available, it was decided to use this antigen to identify HUVEC in the
mixed cell suspensions. Fig. 4.2 shows the expression of vWF by HUVEC, MDAMB-231 and RPMI-7951 as determined by flow cytometry. A gate set around the
non-fluorescent tumour cells includes over 99% of each tumour cell line but only
4% of HUVEC. The lectin Ulex europaeus agglutinin-l (UEA-I), which binds to
terminal L-fucosyl residues of endothelial glycoproteins, and is another marker for
HUVEC in culture (Jaffe et el., 1973b), was also investigated. UEA-1 binding to
tumour cells was tested in monolayers of cells by immunohistochemical methods
(data not shown). Both tumour cell lines express this antigen, although not as
strongly as the HUVEC. It was therefore decided not to proceed further with UEA-1
labelling as this technique was unlikely to give any improvement on the separation
achieved by vWF staining. Thus, in the experiments that follow the tumour cells
and HUVEC are identified on the basis of vWF staining and gated accordingly.

FL3-Height (4) vs FL1-Height (3)

FL3-Height (4) vs FL1 -Height (3)

A HUVEC

FL3-Area

FL3-Height (4) vs FL1 -Height (3)

B;MB-231

023

T023

Figure 4.2 Dot-plots of cells stained with propidium iodide (horizontal axis) and
anti-vWF detected with a fluorescein conjugated second antibody (vertical axis).
Anti-vWF specifically reacts with HUVEC. R1 is set around tumour cells incubated
with anti-vWF. It is designed to exclude vWF-positive and hence highly fluorescent
cells in the fluorescence-1 channel (HUVEC). A) HUVEC, B) MDA-MB-231, C)
RPMI-7951.
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Cell cycle studies
The cell cycle distributions (Tab. 4.1) showed that, in both cell lines, the adherent
population was depleted of Gg cells and enriched in S phase cells. However, there
were some confounding factors in this analysis, in particular the percentage of Gg
cells was unusually large in both tumour cell lines (26.8 % and 39.1 %
respectively). This presented the possibility that tetraploid populations may be
present in these cell lines, which would make interpretation of the data difficult. For
instance, the apparent loss of Gg cells might be due to non-adherence of tetraploid
Gi cells.

A

Stage Of Cell Cycle (% of population)
MDA-MB-231

G1

8

G2/M

Cells Added

57.34 ±2.41

15.82 ± 3.45

26.84 ± 1.81

Non-adherent

58.10 ± 1.71

15.48 ±2.99

26.44 ± 2.48

Adherent

64.40 ± 7.66

20.93 ± 11.12

14.68 ± 7.30

B

Stage Of Cell Cycle (% of population)
RPMI-7951

G1

S

G2/M

Cells Added

44.20 ± 3.50

16.78 ±3.18

39.05 ± 6.34

Non-adherent

47.55 ± 6.53

16.50 ± 3.60

35.93 ± 5.86

Adherent

45.83 ± 14.7

40.63 ± 13.00

13.55 ±5.12

Table 4.1 The percentage of tumour cells in each stage of the cell cycle. MDA-MB231 (A) and RPMI-7951 (B) were allowed to adhere to confluent HUVEC for 30
min at 37°C. The cells were assessed for their PI content (and therefore DNA
content) by flow cytometry. HUVEC were gated out on the basis of expression of
vWF. The populations analyzed were i) Cells Added : the original tumour cell
suspension added to HUVEC monolayers, ii) Non-adherent : Non-adherent tumour
cells washed off of the HUVEC monolayers, iii) Adherent ; Tumour cells which had
adhered to the HUVEC. The figures are the mean ± SD where n=4-5.
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To address this issue BUdr was used to pulse-label the cell populations for 20 min.
in order to determine whether there was any DNA synthesis associated with a
putative tetraploid population. Fig. 4.3 shows the data obtained for both cell lines.
The data were gated on the FL3-Area versus FL3-Width signals to exclude obvious
debris, doublets and aggregates. A lower FL3 gain was used to reveal the
presence of populations with duplicated copies of chromosomes. The data suggest
that tetraploid populations do exist in both tumour cell lines. The features which
point to this conclusion are the presence of a large Gj + M population in R2, the
existence of BUdr labelled cells to the right of this Gj + M population, and a
population in R4 which could represent the G + M of a putative tetraploid clone
2

(Fig. 4.3). There was also a population in R3 which might represent a further
polyploid population.

FL3-Area (4 ) vs FL1 -Height (3 )

FL3-Area (4) vs FL1 -Height (3)
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B:RPMI-795.1
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1023
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Figure 4.3 Tumour cell profiles of BUdr (vertical axis) vs Propidium iodide
(horizontal axis). A) MDA-MB-231 and B) RPMI-7951. The regions are set to
include cells in different stages of the cell cycle. R1 contains diploid cells in G1. R2
contains diploid cells in G + M and tetraploid cells in G1. R3 contains triploid cells
in G^. R4 contains tetraploid cells in
+ M.
2
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4.4

Discussion

The progression of a cell through the cell cycle is accompanied by changes in
shape and adhesive properties. Thus, whether such cycle-linked characteristics can
affect tumour cell adhesion to endothelial cells was examined. Flow cytometric
analysis of adherent and non-adherent tumour cells indicates that cells in G + M
2

show a reduced ability to adhere to HUVEC, while those in S phase have
increased adhesive capacity. Cells undergoing mitosis are more rounded than
interphase cells, and show reduced adhesion to their substratum and neighbouring
cells, so it is not unexpected that they should also display reduced adhesion to
HUVEC. The most obvious explanation for this reduced adhesion would be a
down-regulation in the expression of various cell surface adhesion molecules.
Alternatively, the adhesion molecules may retain their normal expression, but the
rounded cells may not present enough surface area to the endothelial monolayers
to allow firm adhesion during the course of the adhesion assay. The altered shape
of dividing cells is indicative of altered cytoskeletal arrangements within the cells.
Many adhesion molecules are intimately associated with the cytoskeleton, allowing
the transmission of signals both into and out of cells (Luna and Hitt, 1992).
Disruption of cytoskeletal connections could have a profound effect on the
adhesive capabilities of cells.
While there is little information in the literature concerning this subject, previous
studies have found that homotypic adhesion (the same cell type aggregating) can
be regulated by the cell cycle. Hellerqvist showed that Chinese hamster ovary cells
arrested in

were more adherent than S phase cells (Hellerqvist, 1979). Elvin

demonstrated that CHO cells in M phase were poorly adherent to plastic, but
displayed increased homotypic aggregation (Elvin and Evans, 1983). In addition,
he found that S phase cells were poorly adherent, while cells in G^ did not differ
from the controls (non-synchronized cells) in adhesiveness. In contrast to these
results the present study found that the tumour cells at the Gg + M stage of the cell
cycle were less adherent to HUVEC, while the populations of adherent cells were
enriched for cells in S phase (Tab 4.1). This was the case for both the MDA-MB231 and the RPMI-7951 line. These differences could be due to the use of
malignant cells, rather than transformed cells, as well as the fact that in the
previous studies the cells were treated with trypsin to obtain single cell
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suspensions, which may have removed protease-sensitive molecules from the cell
surfaces. Also, in this thesis heterotypic adhesion (adhesion between different cell
types) was studied rather than homotypic adhesion, and it may not be the case
that reduced adhesion for culture plastic, or increased homotypic aggregation, is
accompanied by increased heterotypic adhesion. It is likely that different sets of
adhesion molecules are required for each type of interaction. More recently it has
been reported that the ability of a human fibrosarcoma cell line to invade an ECM
is related to the cell-cycle (Blood et al., 1994). Flow cytometric analysis of DNA
content revealed that around 90% of the cells in the most invasive cultures
(exponential growth cells) were in the G /S phases of the cell cycle. Also
synchronized cells in mid- to late-GI were significantly more invasive than cells in
other cycle phases. This study is interesting as it demonstrates that tumour cells
in Gg + M are much less invasive, a property which may be due to altered
interactions with the ECM. This result is consistent with the finding that tumour
cells which are poorly adherent to HUVEC are also in Gg + M phases of the cell
cycle.

As mentioned in the Results section, the apparent depletion of cells in the Gg + M
stage due to adherence could also have been due to loss of tetraploid cells in G^,
as the PI peaks of diploid Gg + M and tetraploid G^ overlap. DNA ploidy has been
linked to adhesion molecule expression in tumour cells. CD36 expression in
primary human breast carcinoma is positively associated with non-diploid tumours
and tumour grade (de la Torre et a/., 1995). The profiles of FL3-A (PI content) vs
FL1-H (BUdr staining) demonstrate that for both tumour cell lines there are
tetraploid cells present in the cell suspensions. The MDA-MB-231 carcinoma line
was reported to have a near-triploid chromosome number, ranging from 60-70,
when it was first isolated (Cailleau et a/., 1974). This means that MDA-MB-231
cells identified as being "tetraploid" by flow cytometry are cells containing around
six copies of each chromosome i.e twice the triploid number present in G^ cells.
No information was found on the karyology of the RPMI-7951 line. It is possible
that tumour cells which are larger than average due to containing a large polyploid
nucleus, or multiple nuclei, are more susceptible to lethal damage during handling
procedures such as pipetting. If this were the case then the non-adherent
population of cells would be enriched in large cells. Mitotic cells are larger than
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interphase

cells (Peterson et al., 1968) and would therefore be depleted from

the adherent population. Possibly the best way to determine whether there were
cell cycle differences in cell adhesion would be to perform the experiments using
synchronized tumour cell populations. Synchronization of cell populations can be
achieved using a number of methods. Cells in

+ 8 can be obtained by

reversibly arresting the cells in G^ by the isoleucine-deficiency method, followed by
reversibly inhibiting DNA synthesis with thymidine (Kraemer and Tobey, 1972).
After thymidine removal the cells are synchronized as they proceed through the
cycle. Cells can be arrested in S phase by thymidine treatment alone, in M phase
by thymidine followed by nocodazole, or in G^ by thymidine/nocodazole followed
by L-histidinol. Alternatively, mitotic cells can be obtained by mitotic cell shake-off
procedures (Elvin and Evans, 1983). However, it was not possible to address this
issue in this thesis.

The expression of potential adhesion molecules by cells has been examined by
others in relation to cell proliferation. MUC18, which is a member of the Igsuperfamily, is a melanoma-progression associated antigen which is induced in
endothelial cells during proliferation (Sers eta!., 1994). Purified MUC18 is able to
support the adhesion of melanoma cells so that this molecule may be able to
mediate tumour cell adhesion to proliferating endothelial cells (Shih at a/., 1994).
The expression of simple gangliosides (glycolipids decorated with sialic acid),
which can act as adhesion molecules (section 1.37), Is cell cycle related.
Decreased expression is associated with increased proliferation (Pilkington, 1994).
It has been hypothesized that during migration tumour cells transiently leave the
cell cycle, as 80% of migratory cells from gliomas express simple gangliosides but
not markers for proliferation (Martin at a/., 1993).

The expression of GAGs has also been linked to the cell cycle. Proliferating
smooth muscle cells synthesize 2-3 times more heparan sulphate proteoglycans
(HSPG) than their quiescent counterparts (Fritze at a/., 1985). In addition, the
heparan sulphate (HS) derived from quiescent cells was found to display an
antiproliferative activity when used to treat proliferating cultures. In hepatocytes,
when proliferation slows down, a highly sulphated HS species accumulates within
the nucleus (Fedarko and Conrad, 1986). Moreover, culturing these cells under
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conditions that reduce the levels of nuclear HS leads to a loss of contact inhibition
(Ishihara et al., 1987). Ishihara described a cycle of HSPG secretion, followed by
binding to cell surface receptors, internalization and degradation with some of the
free HS chains thus produced being transported to the nucleus (Ishihara et a!.,
1986). This suggests that changes in the levels and structure of nuclear HS, which
is linked to the cell cycle, could be associated with changes at the cell surface.
Indeed, CHO cells lose significant amounts of HS from their cell surface just before
mitosis (Kraemer and Tobey, 1972). It is possible that GAGs within the nucleus
can regulate gene activity by interacting with transcription factors, and inhibiting
their binding to DNA (Wight et a/., 1992).

Other cell surface changes which can occur through Gj + M include increased
reactivity with wheat germ agglutinin (WGA; Fox eta!., 1971). This increased ability
to bind WGA is demonstrated throughout the cell cycle by 3T3 cells which have
been transformed by polyoma virus. Again, it has been reported that there is
increased expression of blood group antigen sites, such as group H, on HeLa cells
prior to and during division (Kuhns and Bramson, 1968). Also, there are alterations
in the conformation of sialoglycolipids and sialoglycopeptides on the surface of
Chinese hamster ovary cells during mitosis (Kraemer, 1967).
In conclusion, the data suggest that tumour cells in Gg + IVI have a reduced ability
to adhere to HUVEC, while those in S phase have an increased adhesive capacity.
However, for both tumour cell lines there are tetraploid cells present in the cell
suspensions, thus the apparent depletion of adherent cells in the Gj + M stage
could also have been due to loss of tetraploid cells in G^. The different adhesive
capacities could be attributable to cell cycle related variations in the expression of
adhesion molecules, or to changes in physical characteristics such as cell size. By
using synchronized cell populations it may be possible to clarify whether a
particular stage of the cell cycle contains tumour cells with greater adhesive
capacities. Any synchronized populations which display enhanced adhesion to
HUVEC could then be analyzed by flow cytometry to determine whether they
express enhanced levels of specific adhesion molecules when compared to less
adhesive cell populations.
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5: The role of p1 integrins
5.1

Introduction

Most of the integrins expressed by endothelial cells bind to extracellular matrix
molecules, and some of these integrins may also assist in maintaining the integrity
of the monolayer. The major endothelial integrins are shown in Table 5.1 (modified
from Dejana, 1993). The integrins most commonly expressed by endothelial cells
are those containing the pi subunit. The endothelial integrins o2p1 and aSpi have
been reported to be concentrated at endothelial cell-cell junctions in confluent
monolayers (Lampugnani et al., 1991). Adhesion molecules with this distribution
are of potential interest, as it was observed that the MDA-MB-231 and RPMI-7951
lines accumulate at the endothelial junctions during adhesion assays (Fig 5.1).
Integrins expressed by both the endothelial cells and the tumour cells may
contribute to tumour cell adhesion. A range of pi integrins have been reported to
play a role in tumour cell adhesion to human endothelial cells and to ECM. The
increased expression of o2pi (VLA-2) on rhabdomyosarcoma cells leads to
increased adhesion to fibronectin and laminin, as well as the increased formation
of metastatic colonies in nude mice (Chan eta!., 1991). The integrin a4pi (VLA-4)
on melanoma cells mediates adhesion to activated EC, possibly contributing to
enhanced metastasis in animals treated with IL-1 orTNFa (Okahara eta!., 1994).
Similarly, Lauri at ai. found that aSpi (VLA-5) expressed by carcinoma and
melanoma cell lines also mediates adhesion to IL-1 activated HUVEC (Lauri eta!.,
1991a). Both o2pi (VLA-2) and a6p1 (VLA-6) mediate the adhesion of melanoma
cell lines to cryostat sections of various mouse organs. The number of organs
recognized by the melanoma cells increased with the expression of these
molecules (Vink at a/., 1993). Additionally, it has been found that CSPG interact
with, and possibly modify the function of, a4pi integrins during melanoma cell
adhesion to fibronectin (lida at a!., 1995). This suggests that GAG-integrin
interactions may be relevant to melanoma adhesion. Preliminary studies by Newton
at a/, suggested that the experimental metastasis of MDA-MB-231 cells can be
inhibited by anti-pi immunoglobulins and Fab fragments (reported in Aota at a!.,
1991). It is possible that the antibody was blocking both adhesion to endothelial
cells and invasion of the ECM. B1 integrins are therefore potential adhesion
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molecules for all the cell types employed in our model and warrant further
investigation.

ENDOTHELIAL INTEGRINS
Subunits

Notes

Ligands

a lp l

Laminin (Lm), Collagen (Coll)

o2p1

Lm, Coll, Fibronectin (Fn)

a3pi

Lm, Coll, Fn

a5p1

Fn

Cell-cell junctions.

a6pi

Lm

Poor in vitro expn.

avp3

Vitronectin (Vn), Fg, vWF,

avp5

Vn

Cell-cell junctions.

Table 5.1
Integrins expressed by endothelial cells. Abbreviations not explained
in table; Thrombospondin (TSP), von Willebrands factor (vWF), thrombin (Thr) and
fibrinogen (Fg).
5.2

Specific materials and methods

The antibody used against p1 integrin chains was rat anti-CD29 (Becton Dickinson,
MAb 13). Mouse anti-VCAM-1 (Clone 1.G11B1) and mouse anti-VLA-4 (CDw49d;
Clone HP2/1) were obtained from Serotec Ltd.

5.3

Results

Expression and blocking of CD29

Flow cytometric analysis of the tumour cells showed that they express large
amounts of pi integrins on their cell surfaces (Fig 5.1). Immunohistochemistry of
HUVEC monolayers confirmed that pi integrins are located at cell-cell borders (Fig
5.2). Blocking tumour cell surfaces with monoclonal anti-CD29 (MAb 13) caused
significant reductions in adhesion for both tumour cell lines. Similarly, blocking
HUVEC cell surfaces with anti-CD29 also caused significant reductions in adhesion
for both cell lines. In addition, when both the HUVEC and the tumour cells were
pretreated with blocking antibody, the overall reduction obtained was additive (Fig.
5.3) suggesting that the integrins are not mediating adhesion in a homophilic
manner. Possible heterophilic ligands for the integrins were therefore investigated.
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%, A: MDA-MB-231, B1 INTEGRIN

FL1-H/ Fluorescence

S , B: RPMI-7951,81 INTEGRIN

FL1-H/ Fluorescence

Figure 5.1

The expression of p1 integrins (CD29; Becton Dickinson MAb 13)
by the tumour cell lines MDA-MB-231 and RPMI-7951 as
determined by flow cytometry. Single cell suspensions were stained with 10 pg/ml
of primary antibody for 45 min, followed by staining with FITC-conjugated second
antibody. Control profiles were obtained by omitting the primary antibodies. (A) The
binding of anti-CD29 by MDA-MB-231. (B) The binding of anti-CD29 by RPMI7951.
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Figure 6.2 Immunofluorescent staining of HUVEC for pi integrins using anti-CD29
(MAb 13). A) Concentration of pi integrin expression at the endothelial cell-cell
junctions. B) Negative control with no primary antibody (anti-CD29, MAb 13).
Photomicrographs were recorded with a magnification of x 400.
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Figure 5.3

The effects of treating cells with anti-CD29 (Becton Dickinson MAb
13). (□) Controls - no cells treated; (■) tumour cells treated with anti-CD29; (a)
HUVEC treated with anti-CD29; (a) HUVEC and tumour cells treated. Each point
is the mean ± SEM where n ^ 2 .

Lauri et al. reported that the tumour cell p i integrins in their adhesion system were
not interacting with the usual ligands of fibronectin or VCAM-1 (Lauri eta!., 1991a).
As these integrins generally interact with components of the extracellular matrix the
possibility that the tumour cell integrins were recognizing the GAGs HA and CS
was investigated. HA was chosen as it was previously found that there may be a
connection between the increased adhesion displayed by MDA-MB-231 cells
treated with anti-CD44A (MAB 7f4), and tumour cell pi integrins (Ch. 6, Fig. 6.8).
Chondroitin sulphate was chosen as CSA/CSC expressed by the HUVEC has been
shown to mediate the adhesion of both tumour cell lines (Ch. 7, Fig. 7.4). Blocking
the tumour cell surfaces with monoclonal anti-CD29 did not alter the adhesion of
either cell line to HA-, CSA- or CSC-coated plates (Fig 5.4). In addition, the
antibody treatment did not abrogate the increased adhesion to HA displayed by
MDA-MB-231 cells treated with anti-CD44A (Fig 5.5).
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Figure 5.4 Tumour cell adhesion to GAG coated plastic after treatment with antiCD29 (MAb 13). (□) Wells coated with CSA. (■) Wells coated with CSC. ( h ) Wells
coated with HA. Controls were the adhesion of untreated tumour cells to GAG
coated wells (data not shown). Each point is the mean ± SEM where n>15.

120

120

CO 100

MDA-MB-231

RPMI-7951

Figure 5.5 Adhesion of cells treated with anti-CD29 (MAb 13) and/or anti-CD44A
(MAB 7f4) to HA coated plastic. (□) Controls - adhesion to HA. (■) Cells treated
with anti-CD29. (a) Cells treated with anti-CD44A. (a) Cells treated with anti-CD29
and anti-CD44A. Each point is the mean ± SEM where n>15. * p<0.001 using
Student's t-test.
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Adhesion to activated HUVEC
Activation of HUVEC with TNFa for 24 h causes significant increases in adhesion
for both tumour cell lines (Ch. 3, Fig 3.5). Activation for 5 h leads to increased
adhesion for RPMI-7951 cells alone. In the case of the RPMI-7951 cells, blocking
studies demonstrate that the tumour (31 integrin VLA-4 (a4p1 ) is responsible for the
increased adhesion at both time points. This integrin binds vascular cell adhesion
molecule-1 (VCAM-1, INCAM-110), which reaches maximal expression on HUVEC
6-10 h after TNFa treatment and remains elevated for up to 48 h (Osborn et al.,
1989; Rice and Bevilacqua, 1989). Preincubation of RPMI-7951 cells with the MAb,
HP2/1, which blocks VLA-4 binding to VCAM-1, abrogates the increased adhesion
of these cells (Fig. 5.6). This MAb does not affect the adhesion of RPMI-7951 cells
to non-activated HUVEC, nor the adhesion of MDA-MB-231 to either activated or
non-activated HUVEC. Blocking VCAM-1 on activated HUVEC (MAb 1.G11B1) also
abrogates the enhanced RPMI-7951 adhesion, thus confirming that VCAM-1
binding the melanoma cells (Fig. 5.7). The MDA-MB-231 line does not express
VLA-4. However, blocking MDA-MB-231 pi integrins did lead to a partial
abrogation of the tumour cells' enhanced adhesion to activated HUVEC (Fig. 5.8)
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Figure 5.6 The effect of anti-VLA-4 (MAb HP2/1) on adhesion to HUVEC
activated by 1 ng/ml TNFa for 5 h. (□) Adhesion of untreated cells to quiescent
HUVEC. (■) Tumour cells preincubated in MAb HP2/1. (B) Untreated tumour cells;
HUVEC activated. (B) Tumour cells preincubated in the MAb HP2/1; activated
HUVEC. Each point is the mean ± SEM where n>15. * p<0.001.
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Figure 5.7 The effect of anti-VLA-4 (MAb HP2/1), and anti-VCAM (MAb
1.G11B1), on RPMI-7951 adhesion to TNFa activated HUVEC. (□) Control:
adhesion to resting HUVEC. (■) HUVEC activated. (H) Tumour cells pretreated with
anti-VLA-4. (§) HUVEC treated with anti-VCAM. Each point is the mean ± SEM
where n>15.* p<0.001 using Student's t-test.
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Figure 5.8 The role of pi integrins (CD29, MAb 13) in the adhesion of MDA-MB231 cells to HUVEC activated by TNFa for 24 h. Controi: adhesion of untreated
tumour cells to resting HUVEC. Anti-CD29: tumour cells blocked with anti-CD29;
HUVEC untreated. TNF: HUVEC activated; tumour cells untreated. TNF/AntiCD29: tumour cells treated with anti-CD29 and HUVEC activated. Each point is the
mean ± SEM where n=24. * p<0.001 using Student's t-test.
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5.4

Discussion

Analysis of the tumour cell surfaces by flow cytometry demonstrates that pi
integrins recognized by the monoclonal anti-CD29, are highly expressed on the
surface of the MDA-MB-231 and the RPMI-7951 cell line. In addition,
immunohistochemistry of HUVEC monolayers confirms that these molecules are
expressed by endothelial cells and are concentrated at the cell-cell junctions,
where tumour cells tend to accumulate. These integrins are functional within this
model of cell-cell adhesion, as blocking the pi integrins on either the tumour cells
or the endothelial cells leads to significant reductions in adhesion. This basal
adhesion, unlike RPM1-7941 adhesion to TNFa activated HUVEC, is not mediated
by the integrin VLA-4 (o4pi ) as it cannot be inhibited by a blocking anti-VLA-4
monoclonal antibody (Clone HP2/1). This adhesion is not a homophilic integrinintegrin interaction: if the integrins are simultaneously blocked on both the tumour
cell and the HUVEC the inhibition is additive which suggests that a heterophilic
interaction is occurring. A similar conclusion was reached by Martin-Padura et a/,
who found that o2pi (VLA-2) on a colon carcinoma line could be "activated" by
certain antibodies, leading to enhanced adhesion to HUVEC via novel heterophilic
ligands (Martin-Padura ef a/., 1994). However, in contrast to this study it was found
that treatment of HUVEC with the anti-pi MAb did not alter the extent of tumour
cell adhesion, thus reinforcing the concept that different tumour cell lines employ
different mechanisms to adhere to EC.

The heterotypic integrin ligands are not the GAGs HA or CSA/CSC which have
been shown to mediate adhesion within this system (Ch. 6 and 7), as anti-CD29
did not block adhesion to HA- or CS-coated dishes. Battaglia at ai. demonstrated
that several cell lines were able to adhere to a basement membrane HSPG derived
from the Engelbreth-Holm-Swarm tumour (Battaglia at a/., 1993), and that this
adhesion was inhibited by antibodies against the pi integrin subunit. However,
both the HS side chains and the core protein of the HSPG were required for
efficient cell adhesion. The use of GAG-coated plates and enzyme treatments to
assess the role of GAGs in adhesion miss interactions requiring the presence of
both the GAG and the protein domain of a PG. Ideally the PG expressed by the
cells should be isolated and tested for adhesion promoting properties. In addition,
the experiments in this chapter do not indicate whether pi integrin activity is
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modulated by adjacent tumour cell surface CSPG as reported by lida et al. (lida
et al., 1995). These authors found that melanoma cells use both the core protein
of the NG2 CSPG, and the integrin a4pi, for adhesion to ligand-coated substrata.
However, spreading and focal contact formation required that both adhesion
receptors be engaged on different ligands at the same time.

Other possible ligands for pi integrins include fibronectin (FN). The CS-1 segment
of FN contains a binding site for the integrin a 4 p i, and CS-1 containing variants
of FN are expressed lumenally by endothelial cells and synthesized by cultured
HUVEC (Elices et al., 1994). CS-1, located at the endothelial cell-cell junctions of
cultured high endothelial cells, mediates lymphocyte adhesion via a4pi and aSpi
(Szekanecz et al., 1992). Although FN on the EC may be a ligand for pi integrins,
the tumour cells probably produce alternative ligands. Lauri et al. found that neither
FN nor VCAM-1 was involved in the pi integrin-mediated adhesion of their tumour
cell lines to HUVEC (Lauri et al., 1991a). Also, it has been reported that the
MDA-MB-231 line secretes any FN which it synthesizes into the medium, leaving
very little left associated with the cell surface (Incardona et al., 1993). The
melanoma cells also may not express cell surface associated FN as Qian et al.
found that there was no expression of FN on 816 melanoma variants, regardless
of their metastatic potential (Qian at al., 1994). The ECM molecules laminin and
collagen have not been ruled out as the integrin ligands in MDA-MB-231 and
RPMI-7951 adhesion to HUVEC, but their primary role as components of the ECM
may preclude their expression upon the tumour cell surfaces in high quantities.

Thrombospondin (TSP) is recognized by the integrins oc2pi, a4p1 and a5pi
(Yabkowitz et al., 1993) and is a strong candidate for the integrin ligand in this
model. MDA-MB-231 cells synthesize a high level of TSP, and express a high
affinity TSP receptor on their surface (Incardona etal., 1993). HUVEC also express
TSP receptors, and TSP clustered upon the apical surface of HUVEC is able to
mediate the attachment of MCF-7 breast carcinoma cells (Incardona et al., 1995).
Preliminary data shows that RPMI-7951 cells also synthesize and express TSP
(data not shown, flow cytometric analysis using mouse anti-human TSP-1, clone
P12; Immunotech S.A., Marseille, France). Further antibody blocking studies are
required to determine whether TSP can act as a ligand for pi integrins in this
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model. There is no reason to assume that the integrins expressed by the tumour
cells, and those expressed by the HUVEC, are interacting with the same ligands
as many integrins are capable of interacting with multiple ligands (Ch. 1, Tab. 1.1)
Moreover, each cell type may be able to interact with several different ligands
depending upon which a units are co-expressed with CD29.

RPMI-7951 cells employ the pi integrin VLA-4 (a4pi) to adhere to TNFa activated
HUVEC. These cells interact through the ligand VCAM-1, which is strongly
upregulated on activated endothelial cells. Rice and Bevilacqua showed that VCAM
mediated the attachment of three human melanoma lines to activated HUVEC
(Rice and Bevilacqua, 1989), and they and others have postulated a role for these
molecules in metastasis (Rice and Bevilacqua, 1989; Martin-Padura etal., 1991).
In vivo studies demonstrate that VLA-4 on melanoma cells is involved in the
increased metastasis caused by IL-1 or TNFa treatment of mice (Garofalo at al.,
1995). Non-activated endothelial cells have been reported to express low levels of
VCAM-1, which could mediate basal melanoma cell adhesion (Rice etal., 1990).
Studies using immunofluorescence microscopy suggest that around 5% of
non-activated HUVEC express VCAM-1 (Fan et al., 1992). However, the levels
expressed on resting HUVEC may be too low to mediate the firm adhesion of
MDA-MB-231 or RPMI-7951 cells. Indeed, treatment of non-activated HUVEC with
anti-VCAM MAb had no effect on RPMI-7951 adhesion, indicating that VCAM-1 is
not employed under these conditions.
Unlike RPMI-7951, the increased adhesion of MDA-MB-231 carcinoma cells to
activated HUVEC does not involve VCAM-1 or VLA-4. These tumour cells did not
express VLA-4 when assessed by flow cytometry, while blocking endothelial
VCAM-1 failed to abrogate the increased adhesion to activated HUVEC. This
carcinoma cell line must therefore employ a different set of adhesion molecules to
those employed by the melanoma cells. Rice and Bevilacqua (Rice and
Bevilacqua, 1989), and Taichmen et al. (Taichman et al., 1991), proposed that
carcinoma cells employ mechanisms of adhesion distinct from the VLA-4A/CAM-1
interaction. My data indicate that treating MDA-MB-231 carcinoma cells with the
CD29 blocking antibody MAb 13 reduces adhesion to control levels. Nevertheless,
the adhesion was still greater than that obtained when anti-CD29 was used to
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block adhesion to resting HUVEC. The data therefore lead to the conclusion that
more than one molecule is employed by this tumour cell line during adhesion to
activated endothelial cells. This is not unexpected as HUVEC which have been
activated for twenty four hours exhibit upregulation of more than one adhesion
molecule. For example, the expression of

VCAM-1 and ICAM-1, can be

maintained for periods up to, and beyond, twenty four hours (Osborn et a/., 1989;
Pober at al., 1987). The carcinoma line is unlikely to be interacting with ICAM-1 as
MDA-MB-231 cells do not express the p2 integrin chain CD18 which is a
component of the ICAM-1 receptor (Tab. 3.1, Ch.3). Lafrenie etal. demonstrated
that HUVEC activated by IL-1 for twenty four hours express higher levels of the
vitronectin receptor avps, and the fibronectin receptor aSpi, and that the
vitronectin receptor partly contributed to the enhanced adhesion of A549 lung
adenocarcinoma cells (Lafrenie et al., 1992b). Further antibody blocking studies are
required to determine whether the MDA-MB-231 line recognizes these adhesion
molecules.

In conclusion, pi integrins expressed by the tumour cell lines and the HUVEC,
partly mediate adhesion to non-activated endothelial cells. In addition, they may be
further involved in the enhanced adhesion of MDA-MB-231 cells to HUVEC
activated by TNFa for 24 h. The integrin ligands mediating these interactions have
not been determined. RPMI-7951 cells employ VLA-4 (a4pi) to attach to VCAM-1
which is upregulated on activated HUVEC.
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6: The role of CD44 in adhesion
6.1

Introduction

As described in Chapter 1, CD44 is an adhesion molecule with a broad distribution
and variety of isoforms. In keeping with its variable structure it also exhibits a
range of functions. CD44 expression, both of the standard form and the variants,
has been associated with tumour growth and metastasis (Günthert et a/., 1991;
Bartolazzi et al., 1994). Many tumour cells have increased levels of CD44 protein
or mRNA, and such altered expression may relate to increased invasiveness and
metastasis (Matsumura and Tarin, 1992; Tanabe et al., 1993). An anti-CD44
monoclonal antibody which recognizes all CD44 isoforms was found to inhibit
human melanoma growth and metastasis in SCID mice (Guo at a/., 1994). Clones
of a human melanoma line expressing increased levels of CD44H were found to
have increased levels of adhesion to hyaluronic acid (HA), homotypic clumping,
migration in wounded monolayers, and metastatic ability (Birch at al., 1991; Hart
at a/., 1991). Transfection of human CD44H into a B-cell lymphoma enhanced
métastasés (Sy at a/., 1991). CD44M (190-200 kD), which contains regions from
seven

variant exons,

has

been

associated

with

the

metastasis

of

rat

adenocarcinoma cells. The transfection of CD44M into non-metastatic carcinoma
cells rendered these cells metastatic (Günthert at a/., 1991; Herrlich at a/., 1993).
CD44 splice variants containing the v6 exon have been detected on a range of
metastatic cells, and the level of CD44v6 expression in colorectal carcinoma was
found to be most intense in advanced stages of tumour progression and in
metastatic carcinomas (Wielenga at a/., 1993). This region was found to be
overexpressed by a significant proportion of aggressive human non-Hodgkins
lymphomas (Koopman at al., 1993). In addition, abnormal profiles of v6 have been
found on human colon carcinoma cells and breast carcinoma cells (Heider at al.,
1993). CD44 exons in addition to v6 also appear to be associated with tumours as
an up-regulation of CD44v9 expression was reported in primary gastric tumours
(Heider at al., 1993).

CD44 thus appears to have an important role in regulating the progression of
different tumour types but it is not clear how this molecule exerts its effects. The
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evidence for a role in tumour progression and metastasis is broad, and it is
conceivable that it is involved in more than one stage of the process. CD44 was
originally described as a lymphocyte homing receptor and it has been suggested
that its function in metastasis could be to facilitate tumour cell extravasation. The
expression of CD44 on all of the cells employed in these studies, combined with
its ability to interact with the GAG HA, makes CD44 a molecule of great interest.
The aim of this study was to clarify whether the CD44 molecules expressed by the
cells in this model are functionally active as HA receptors, and whether they can
mediate the adhesion of tumour cells to endothelial cells.

6.2

Specific materials and methods

Antibody staining and biocking

Mouse monoclonals against CD44H (MAb: 5A4), CD44R (MAb: 2G1, recognizes
an epitope coded for by exon v10), and a MAb 7f4, which binds CD44H/R subsets
at an epitope which has the ability to bind HA "activation" determinants (CD44A;
Droll et a/., 1995), were all kindly provided by Dr. Graeme J. Dougherty (The Terry
Fox Laboratory, B. C. Cancer Agency, Vancouver, Canada). In addition, antibodies
against the variants CD44v4 (MAb: 11.10), CD44v6 (MAb: 11.31) and CD44v9
(MAb: 11.24) were kindly provided by Dr. Ursula Günthert (Basel Inst, for
Immunology, Basel, Switzerland). The antibody recognizing the pi integrin chain
CD29 (MAb: 13) was obtained from Becton Dickinson (Cowley, Oxford, UK). Goat
anti-mouse or goat anti-rat MAbs conjugated to FITC (Sigma) were used as
secondary antibodies.

6.2

RESULTS

Expression of CD44 variants

Analysis of antigen expression by flow cytometry reveals that all of the cells used
in this study express CD44H on their surfaces (Fig. 4.1), but none express the
variant CD44v6 (CD44M) which has been associated with metastasis (Günthert et
al., 1991). Nor do they express CD44R, which is very closely related to the
epithelial variant CD44E, or CD44v4. The tumour cells expressed relatively low
amounts of CD44A,

a subset of molecules which

recognize "activation"

determinants on the ligand HA, and CD44v9 which is a region within the epithelial
variant.
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Figure 6.1 Cell surface expression of CD44 variants by HUVEC, and the tumour
cell lines MDA-MB-231 and RPMI-7951, as determined by flow cytometry. The
variants analyzed are CD44H (standard CD44, MAb 5A4), CD44R (MAb 2G1),
CD44A (MAb 7f4), CD44v4 (MAb 11.10), CD44v6 (MAb 11.31 ) and CD44v9 (MAb
11.24). (□) Expression by MDA-MB-231. (■) Expression by RPMI-7951. (h)
Expression by HUVEC. Each point is the Mean ± SD of three analyses.

Tumour cell adhesion to hyaluronic acid
The expression of CD44H, the variant which binds HA, by the tumour cells
suggested that they may adhere to HA. This possibility was first examined by
assessing the ability of the tumour cells to adhere to plastic coated with HA. Both
cell lines displayed 12-15% more adhesion to HA coated wells than uncoated wells
(Fig. 6.2). This small but significant difference was lost if the HA-coated wells were
predigested with hyaluronidase. The same result was obtained when the cells were
pretreated with anti-CD44H blocking antibody. The CD44H antibody used (5A4)
binds to the region on CD44H which recognizes HA and so blocks its function as
a HA receptor. These results indicate that both lines may employ cell-surface
CD44H to attach to HA substrates. A difference was observed in the behaviour of
the tumour cells when they were pretreated with the anti-CD44A MAb. Here the
carcinoma cells exhibited a highly significant increase of 30% in their adhesion to
HA, whereas the melanoma cells showed no change (Fig 6.2)
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Figure 6.2 The adhesion of tumour cell lines to 96-well plates pretreated with 200
pg/ml HA. (□) Adhesion to plastic. (■) Adhesion to HA treated plastic, set as 100%
relative adhesion. (□) Adhesion to HA treated wells which had been digested with
500 mU/ml hyaluronidase. (a) Adhesion to HA of tumour cells pretreated with
anti-CD44H (MAb 5A4). (□) Adhesion to HA of tumour cells pretreated with
anti-CD44A (MAb 7f4). Each point is the Mean ± SEM where n>12. * = p<0.001
by Student's t-test (sig. different from adhesion to HA treated plastic).
Adhesion to endothelial cells
To investigate whether tumour cells might recognize HA on the endothelial surface,
HUVEC monolayers were treated with hyaluronidase prior to assessing the extent
of tumour cell adhesion. Treating HUVEC with hyaluronidase did not alter the
ability of the tumour cell lines to adhere (Fig. 6.3). However, digestion of HA on the
surface of the tumour cells caused a marked decrease in the adhesion of RPMI7951 cells, but not MDA-MB-231 cells (Fig 6.3). Adhesion of the melanoma cells
fell by 25% following treatment.

The effect o f CD44 antibodies on adhesion
To confirm the involvement of CD44H and HA in RPMI-7951 adhesion to HUVEC,
endothelial monolayers were pretreated with various CD44 antibodies. Pretreating
HUVEC which had previously been shown to express high levels of CD44H, with
anti-CD44H to block its function as a HA receptor, caused a significant reduction
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in the adhesion of RPMI-7951 cels (Fig. 6.4). In contrast, this antibody did not
significantly affect the adhesion of MDA-MB-231 cells. As expected, pretreating the
HUVEC with antibodies recognizirg CD44R or CD44A, isoforms which are not
expressed by the endothelial cells, did not alter the ability of either tumour cell line
to adhere. These data suggest that he binding of HA on the RPMI-7951 melanoma
cells to CD44H on the HUVEC contributes to the adhesion of these cells.
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Figure 6.3 The effects of hyaluronidase treatment on adhesion to HUVEC. Single
cell suspensions of the tumour cells, or monolayers of HUVEC, were treated with
500 mU/ml hyaluronidase. (□) Cont ol - no cells treated. (■) Tumour cells treated,
(a) HUVEC treated. Each point is ihe mean ± SEM where n>12. * p<0.001 using
Student's t-test.
The finding that CD44H on the endothelial cells mediates the adhesion of the
melanoma cells is further supported by data presented in Fig. 6.5. These show that
pretreating the tumour cells with the CD44H blocking antibody did not cause any
reduction in the adhesion of either zeW line to HUVEC. Thus, tumour cell CD44H
does not bind HA on the HUVEC in order to mediate adhesion. Interestingly,
pretreating the tumour cells with the MAb 7f4, which recognizes the activation
epitope CD44A, resulted in the increased adhesion of both cell lines (Fig 6.5). The
CD44R MAb acted as an antibody control since neither tumour cell line expressed
the isoform recognized by this MAt As expected the CD44R MAb had no effect.
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Figure 6.4 The effects on adhesion of pretreating HUVEC with blocking antibodies
against CD44H (MAb 5A4), CD44R (MAb 2G1) and CD44A (MAb 7f4). Controls
- HUVEC not treated. (□) Adhesion of MDA-MB-231. (a) Adhesion of RPMI-7951.
Each point is the mean ± SEM where n>12. ** p<0.05 using Student's t-test.
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Figure 6.5 The adhesion of tumour cells pretreated with blocking antibodies
against CD44H (MAb 5A4), CD44R (MAb 2G1) or CD44A (MAb 7f4). Controls tumour cells not treated. (□) MDA-MB-231 treated (a) RPMI-7951 treated. Each
point is the mean ± SEM where n>12. * = p<0.05 by Student's t-test.
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Analysis o f the adhesion induced by the CD44A MAb
A marked increase in the adhesion of both tumour cell lines to HUVEC was
consistently observed when the tumour cell lines were preincubated with
anti-CD44A (MAb 7f4; Fig. 6.5). This activating MAb may act by initiating CD44
signal transduction and the subsequent upregulation of other adhesion molecules,
or it may cause a change in the binding pattern of CD44 itself. Since treating the
carcinoma cells with the MAb 7f4 suggested that adhesion via HA was upregulated

(Fig 6.1), tumour cells which had been activated with this antibody were assessed
for their ability to adhere to hyaluronidase treated HUVEC. Hyaluronidase treatment
did not alter the extent to which either tumour cell line adhered (Fig. 6.6)
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Figure 6.6

The adhesion of tumour cells treated with anti-CD44A (MAb 7f4) to
HUVEC treated with 500 mU/ml hyaluronidase. (□) Control - no cells treated. (■)
HUVEC treated with hyaluronidase. ( b ) Tumour cells treated with anti-CD44A. (a)
HUVEC treated with hyaluronidase and tumour cells treated with anti-CD44A. Each
point is the mean ± SEM where n>18. * p<0.001 and ** p<0.05 using Student's
t-test.
It is apparent from Fig. 6.7 that preincubation of the tumour cells with the anti-(31
integrin MAb 13 caused a decrease in the adhesion of both tumour cell lines to
HUVEC. A 20% and 15% decrease in the adhesion of MDA-MB-231 cells and
RPMI-7951 cells respectively was observed, indicating that these integrins
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contribute to the basal adhesion of both cell lines to HUVEC. Given that (31
integrins are involved in the adhesion of both cell lines to HUVEC, it is possible
that the binding of MAb 7f4 to CD44 on the tumour cells may have upregulated pi
integrin activity, and hence produced higher levels of adhesion. To examine this
possibility the tumour'cells were pretreated with the MAb 7f4 in combination with
the MAb (MAb 13) which blocks pi integrin function (Fig. 6.7). If upregulation of
pi integrin activity is responsible for the augmented adhesion, the anti-CD29 MAb
would be expected to reduce adhesion to the levels observed with unactivated
tumour cells. The adhesion of RPMI-7951 cells returned to the level of the
untreated controls, but did not reach the lower level obtained when the melanoma
cells were treated with anti-CD29 alone. However, MDA-MB-231 cell adhesion fell
by 25%, reaching the levels obtained when CD29 was blocked without CD44
"activation" (Fig. 6.7). Thus, with the MDA-MB-231 carcinoma cells pi integrin
activity may be enhanced by the CD44A MAb.
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The effects of co-incubating tumour cells with antibodies against
CD44A (MAb 7f4) and pi integrins (Becton Dickinson MAb 13). (□) Controls adhesion of untreated tumour cells; (■) tumour cells treated with anti-(31 MAb; ( h )
tumour cells treated with anti-CD44A MAb; (□) tumour cells treated with a
combination of anti-pi and anti-CD44A MAbs. Each point is the mean ± SEM
where n>12. * p<0.001 using analysis of variance.
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The tumour cells were also co-incubated with a mixture of anti-CD44H and antiCD44A, to determine whether the binding affinity of CD44H was being enhanced
by the activity of anti-CD44A. Co-incubation of MDA-MB-231 cells with a
combination of antibodies against CD44A and CD44H caused the expected
upregulation of adhesion, which was unaffected by the CD44H MAb. In contrast,
this combination of MAbs abrogated the increased adhesion of RPMI-7951 cells
induced by the CD44A MAb, giving a level of adhesion indistinguishable from that
of the control (Fig. 6.8). These data suggest that the mechanism by which the
CD44A MAb augments adhesion differs in the two cell lines. With the MDA-MB-231
cells pi integrins may be activated by the CD44A MAb. The increased adhesion
observed with RPMI-7951 cells appears to be mediated by CD44H. However, this
data is currently inconclusive.
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Figure 6.8 The effects of co-incubating tumour cells with antibodies against CD44A
(MAb 7f4) and CD44H (MAb 5A4). (□) Controls represent adhesion of untreated
tumour cells to quiescent HUVEC; (■) tumour cells treated with anti-CD44A alone;
(H) tumour cells treated with anti-CD44A and anti-CD44H. Each point is the mean
± SEM where n>12. * p<0.001 by analysis of variance.
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The adhesive mechanism described for RPMI-7951 cells, i.e. CD44H on HUVEC
binding HA on the tumour cell surface, is still operative when the tumour cells are
"activated" with anti-CD44A MAb. Pretreatment of HUVEC with a MAb which
blocks CD44H-HA binding decreased the adhesion of "activated" RPMI-7951 cells.
However, this adhesion was still significantly greater than the adhesion of untreated
RPMI-7951 cells to HUVEC pretreated with the blocking CD44H MAb (Fig 6.9).
This suggests that the enhanced RPMI-7951 adhesion is not due to homophilic
interactions between CD44 expressed by the melanoma cells and HUVEC. Thus,
receptor-ligand interactions in addition to those involving CD44H on HUVEC must
be contributing to the adhesion of RPMI-7951 cells "activated" with the CD44A
MAb.
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Figure 6.9

The effects of treating RPMI-7951 cells with anti-CD44A (MAb 7f4)
and HUVEC with anti-CD44H (MAb 5A4). Control : no cells treated with antibody.
Anti-CD44A ; RPMI-7951 treated with MAb 7f4. Anti-CD44H : HUVEC treated with
MAb 5A4. Anti-CD44A & Anti-CD44-H : RPMI-7951 treated with MAb 7f4 and
HUVEC treated with MAb 5A4. Each point is mean ± SEM where n ^ 2 . * p<0.001
by analysis of variance.
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6.4

Discussion

Both tumour cell lines and HUVEC were found to express CD44 as assessed by
flow cytometry. The majority of the CD44 appears to be of the haematopoietic form
(CD44H) which acts as a receptor for HA. The variants CD44R, CD44v4 and
CD44v6 are absent from all cells examined. The absence of CD44v6, the
metastasis associated isoform identified by Günthert etal. (Günthert etal., 1991),
indicates that it plays no role in the interactions studied here. Both MDA-MB-231
and RPMI-7951 cells express CD44E, the variant containing exon v9, which does
not bind HA in man (Stamenkovic et al., 1991). Both cell lines also bound the MAb
7f4, which recognizes an epitope CD44A, expressed by CD44H/R subsets. These
results are in accordance with those of Fox et al. who found that expression of
CD44 variants by human tumours is extremely heterogeneous, and is not restricted
to CD44 isoforms carrying the v6 exon (Fox et al., 1994). Also, it has recently been
reported that HUVEC express CD44H but not CD44 splice variants (Bennett et al.,
1995).

A functional role for the tumour cell CD44H was demonstrated by the preferential
adhesion of the MDA-MB-231 and RPMI-7951 cell lines to plastic dishes coated
with HA. This preference for HA, as opposed to uncoated plastic, is lost after
digestion of the HA with hyaluronidase, or after treatment of the tumour cells with
anti-CD44 to block the receptor. This data confirms that the tumour cell adhesion
to HA is mediated by cell surface CD44H. CD44-HA interactions are involved in
regulating melanoma growth, with loss of this interaction leading to reduced growth
in tissues (Bartolazzi et al., 1994). Sy et al. found that CD44H, but not CD44E,
enhanced local tumour formation by lymphoma cells in nude mice (Sy etal., 1991).
The expression of standard CD44 may therefore be as relevant to tumour growth
and metastasis as that of the variants.

Although it has been known for some time that many tumour cells show a marked
increase in HA synthesis (lozzo, 1985) and that endothelial cells bind HA, studies
looking at the effects of CD44H in tumours and métastasés have mainly
concentrated on CD44 expressed by tumour cells. The basal adhesion of the
carcinoma line (MDA-MB-231 ) is not mediated by a CD44H-HA, interaction despite
the fact that the tumour cell CD44 is functional as a HA receptor. In contrast,
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RPMI-7951 melanoma cells utilize CD44 on the surface of HUVEC. This finding is
in accordance with that of Zhang et al. who recently demonstrated that metastatic
B16-F1 murine melanoma cells employed HA to adhere to SV40 virus-transformed
murine endothelial cells (Zhang at a!., 1995). In addition, it was shown that the
level of HA expressed by the melanoma cells correlates with their metastatic
potential. In this model a significant reduction in RPMI-HUVEC adhesion is
obtained either by removing HA from the melanoma cell surface by enzyme
digestion, or by antibody inhibition of endothelial CD44. Interestingly, we found that
the reduction obtained by digesting tumour cell HA was two-fold greater than that
obtained by blocking CD44H on the HUVEC. Thus, it is possible that other HA
binding molecules on the HUVEC may contribute to this adhesion. Recently, a HA
receptor on liver endothelial cells was identified as ICAM-1 (McCourt at a/., 1994).
The related molecule ICAM-2 is constitutively expressed by HUVEC, so that this
glycoprotein may act in association with CD44H to bind HA on RPMI-7951 cells.
Inhibition of CD44 interactions did not totally abolish the adhesion of the tumour
cell lines to HUVEC indicating that other receptor-ligand binding events are
operative. These additional binding events potentially involve integrins, since
blocking the function of pi integrin chains on the tumour cells led to a significant
reduction in the adhesion of both the cell lines studied. However, which integrin a
chains are associated with the pi chains, and the identity of the ligands on the
HUVEC, is unknown. Possible ligands for these integrins were discussed in
Chapter 5.

Like members of the integrin family, CD44 exists in a number of activation states;
(1) a non-activatable resting state,'(2) an activatable state which can readily be
converted to HA binding by certain anti-CD44 antibodies, and (3) a constitutively
active state (Lesley and Hyman, 1992). The data indicate that while both tumour
cell lines bind to HA coated substrates via CD44H this adhesion is relatively low.
However, the adhesion of MDA-MB-231 cells to HA is markedly enhanced following
preincubation with a MAb recognizing the CD44A epitope. Preincubation of the
melanoma cells with this MAb did not induce enhanced adhesion to HA. Given that
CD44 can exist in different activation states such findings are expected. Resting
lymphocytes that express CD44H also do not readily adhere to HA but
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CD44-mediated binding of HA can be rapidly induced by certain anti-CD44 MAbs
(Lesley et al., 1993a). Recent evidence indicates that CD44 engagement with the
cytoskeleton is a critical factor regulating the expression of the HA-mediated
adhesion function of this glycoprotein (Lokeshwar at a!., 1994). The binding of HA
on the cell surface is mediated by several molecules of CD44 binding to the same
HA molecule (Underhill, 1992). It is therefore likely that the binding of the
anti-CD44A MAb initiates CD44 clustering on the carcinoma cells and possibly
cytoskeletal association in a manner reminiscent of that observed by Lesley at al.
with T-lymphocytes (Lesley at al., 1993b). Further studies with Fab fragments of
7f4, the anti-CD44A MAb, would be required to confirm this possibility.

The effect of the anti-CD44A MAb was not restricted to augmentation of binding
to HA-coated dishes; preincubation with this MAb also led to significant increases
in the adhesion of both tumour cell lines to HUVEC. Interestingly, pretreatment of
the HUVEC with hyaluronidase did not alter the adhesion of either cell line. HA is
a major component of the ECM of connective tissues and is abundant in umbilical
cord matrices, but it seems that normal human endothelial cells synthesize little
HA. The GAGs synthesized by these cells consist mainly of heparan sulphate and
chondroitin/dermatan sulphate, and less than 1% of the GAGs synthesized is HA
(Amanuma and Mitsui, 1991). These findings do not challenge the belief that HA
binding to tumour cells expressing CD44 may enhance the metastatic process as
this could occur by means other than increased adhesion to endothelial cells. For
example, such interactions could mediate the internalisation and degradation of HA
by tumour cells and facilitate tumour cell migration through connective tissues.

The data suggest that the upregulation of MDA-MB-231 carcinoma cell adhesion
to HUVEC, following treatment with anti-CD44A, could be mediated by the
modulation of other adhesion molecules. It was found that blocking the activity of
the pi integrin chains on MDA-MB-231 cells "activated" by anti-CD44A MAb
binding, led to levels of adhesion equivalent to those obtained when the carcinoma
cells were treated with anti-CD29 alone. Thus, binding of the anti-CD44A MAb may
upregulate the activity of pi integrins. If so, then activation of CD44 on
MDA-MB-231 cells leads to modulation of other cell surface molecules by
inside-out signalling as well as augmentation of CD44 binding to HA. Precedents
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exist for antibody activation of CD44 stimulating the activity of integrins. The
binding to T-lymphocytes of antibodies recognizing CD44 stimulate (a)
T-lymphocyte adhesion to kératinocytes via LFA-1

(aLp2

integrin; Bruynzeel etal.,

1993), and (b) T-lymphocyte aggregation via the LFA-1 pathway (Koopman et a/.,
1990). Although LFA-1 contains a p2 integrin chain the evidence that CD44 can
modulate integrin activity may also be applicable to other integrins. Moreover,
CD44 can activate or modulate adhesion molecules which are structurally unrelated
to the integrins. Modulation of the immunoglobulin super family members CD2 and
LFA-3 by antibodies to CD44 has been recorded (Denning etal., 1990). In general
pi

integrins act as receptors for ECM components such as collagen, laminin and

fibronectin (Elices and Hemler, 1989; Hynes, 1992), but they can function in
cell-cell adhesion. For instance; VLA-4 on lymphocytes mediates adhesion to
VCAM-1 on activated endothelial cells, VLA-3 has been localized to sites of tumour
cell-cell contact, and

pi

integrins function in keratinocyte cell-cell interactions

(Kaufmann etal., 1989; Larjava etal., 1990). CD44 interactions with HA could thus
lead to the upregulation of

pi

integrins leading to greater adhesion via other

ligands in a positive feedback loop.

The increased adhesion of the melanoma line (RPMI-7951) to HUVEC following
tumour cell treatment with the anti-CD44A MAb appears to be mediated by
melanoma CD44H. However, there was no evidence to suggest that endothelial
cell HA is involved in this adhesion. This suggests that CD44H is binding an
unknown ligand on the HUVEC via the epitope recognized by 5A4. Droll etal. have
recently demonstrated that CD44H and CD44R1, expressed on different cells, can
interact to mediate adhesion (Droll et al., 1995). However, this interaction is
unlikely to be occurring in this model as flow cytometric analyses show that neither
the HUVEC, nor the tumour cells, express CD44R (Fig. 6.1). Two new ligands of
CD44 have been recently reported. A mouse T-cell line CTLL-2 transfected with
CD44H exhibited adhesion which was mediated by the binding of GAG chains on
a chondroitin sulphate proteoglycan (Toyama-Sorimachi and Miyasaka, 1994). As
HUVEC synthesize chondroitin sulphate proteoglycans such a molecule could be
a ligand for CD44. Indeed, in Chapter 7 it is demonstrated that chondroitin
sulphate A/C expressed by HUVEC is an adhesive ligand for both tumour cell
lines, although the tumour cell ligands for these GAGs remain unidentified.
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It has also been reported that CD44 participates in the adhesion of colorectal
carcinoma cells to carcinoembryonic antigen (CEA; Ishii et al., 1993). CEA is a
member of the Ig-family of adhesion molecules and is closely related to
CD31/PECAM-1 (Simmons etal., 1990), a strongly expressed endothelial antigen.
However it is unlikely that PECAM-1 would bind an epitope on CD44H which is
recognized by HA. Others have found that the activation of CD44 on lymphocytes
induces an adhesion pathway which is independent of LFA-1, VLA-4, Ca^^ and
Mg^"^. This pathway mediates lymphocyte adhesion to endothelial cells (ToyamaSorimachi et al., 1993). Such a mechanism could be similar to the pi integrin
independent adhesion pathway triggered in the melanoma cells.
In conclusion, both tumour cell lines employ pi integrins to attach to quiescent
HUVEC. CD44H expressed by HUVEC mediates the adhesion of the melanoma
line, by acting as a HA receptor. Pretreatment of the melanoma cells with antiCD44A causes increased adhesion to HUVEC which can be abrogated by blocking
tumour cell CD44H. This "activated" CD44 does not appear to be recognizing HA
or CD44H on the HUVEC. CD44H is not involved in the adhesion of the carcinoma
line to quiescent HUVEC. Pretreatment of the carcinoma cells with anti-CD44A
causes increased adhesion to HUVEC, and to HA coated wells. Again, the
activated cells are not interacting with HA on the HUVEC. However, the increased
adhesion is partially abrogated by pretreatment of the tumour cells with an antibody
that blocks pi integrins.
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Figure 6.10 The interactions of RPMI-7951 melanoma cells (A), and MDA-MB-231
carcinoma cells (B), with quiescent HUVEC. The melanoma line employs pi
integrins to adhere to HUVEC, but it also does so via hyaluronic acid (HA)
molecules which interact with endothelial cell CD44. In this case anti-CD44A
antibody (MAb 5A4) may upregulate tumour cell adhesion via CD44H. The ligand
for the activated CD44 is not HA or CD44, and is yet to identified. The carcinoma
line employs pi integrins to adhere to unidentified ligands on the endothelial cells.
This interaction appears to be upregulated by pretreating the tumour cells with antiCD44A antibody (MAb 5A4).
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7: The role of glycosaminoglycans in adhesion
7.1

Introduction

Many studies have focused on the role of the four main families of adhesion
molecules in metastasis; these being the cadherins (Takeichi, 1993), integrins
(Lauri et al., 1991a), the immunoglobulin superfamily (Rice and Bevilacqua, 1989)
and

the

selectins

(Iwai

at

a!.,

1993).

However,

it

is

possible

that

glycosaminoglycans may also have a role to play in metastasis. As described in
Chapter 1 glycosaminoglycans (GAGs) are linear, polymeric, carbohydrate
molecules which are generally highly negatively charged due to frequent sites of
sulphation and carboxylation. In nature, all GAGs except HA, appear as part of a
proteoglycan molecule. Proteoglycans are expressed on the surface of many cell
types including endothelial cells (Oohira at a/., 1983). Indeed, most of the negative
charge on the endothelial cell surface is due to HS and DS proteoglycans (Klein
at a/., 1992). Endothelial GAGs exhibit a range of different functions including
providing an antithrombogenic surface (Marcum and Rosenberg, 1984), and the
binding of growth factors such as FGF (Tanaka at a/., 1993b).
GAGs can directly mediate cell-cell adhesion by acting as the ligand of other
adhesion molecules. For instance, CD31/PECAM-1 (Ig-superfamily) which is
constitutively expressed by endothelial cells, mediates the calcium-dependant,
heterophilic aggregation of transfected mouse L-cells by binding HN and OS on the
opposing cell surface (de Lisser at a/., 1993). NOAM, another member of the Igsuperfamily, also has a GAG binding consensus sequence and has been shown
to bind HS (Cole at a/., 1986). In this instance, the binding of HS to NCAM may
enhance hemophilic binding (Reyes at a/., 1990). GAGs may act in association
with other adhesion molecules to mediate cell adhesion. For example, melanoma
cell surface CSPGs (NG2) appear to collaborate with the a4pi integrin (VLA-4)
during cell spreading and focal contact formation (lida at a!., 1995). Ligand binding
by NG2 leads to communication with the integrins by inside-out signalling, with the
result that the cells spread and form focal contacts on fibronectin. Without
collaboration from NG2 the integrins only mediate adhesion. Members of the
selectin family of adhesion molecules also adhere to GAGs. L-selectin interacts
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with endothelial HN/HS chains (Norgard-Sumnicht et al.,

1993).

Similarly,

endothelial P-selectin may interact with HN/HS based ligands expressed by
neutrophils (Skinner et a!., 1991). GAGs are also involved in embryo implantation
as a HS-like GAG mediates the initial adhesion of a human trophoblastic cell line
to epithelial cells (Rhode and Carson, 1993), although the epithelial ligand has not
been identified. In addition to interacting with specific cell surface and matrix
components, GAGs can also non-specifically modulate the behaviour of other
adhesion molecules. They probably do so by stearic hindrance due to their
extended, anionically charged structures. For instance, large PGs on the surface
of invasive epithelial cell lines inhibit the function of E-cadherin (VIeminckx et a/.,
1994).
Proteoglycans, and in particular their GAG components, have been linked to
various aspects of the spread of malignant cells during metastasis. Malignant
transformation of cells leads to altered production of PG, both by tumour cells and
surrounding normal tissue (lozzo, 1985). However, no consistent differences in
proteoglycan synthesis have been identified. In some tumours there may be an
increase in the expression of CSPG, concurrent with a decrease in HSPG. The
HSPG that are produced in these cases tend to be poorly sulphated (Winterbourne
and Mora, 1981; Robinson et a!., 1984). As CSPGs are capable of altering the
adhesiveness of tumour cells to ECM (Brennan et a!., 1983) such changes have
been postulated to lead to reduced adhesion to the ECM (Liotta et a/., 1986). A
CSPG, which was originally identified on malignant melanoma cells, is expressed
by malignant astroglial cells and proliferating brain endothelial cells. This molecule
may be a marker for the onset of angiogenesis within glioblastomas (Schrappe et
a/., 1991).

Other investigators have linked increased expression of HS and HA, and
decreased expression of CS, with the malignant transformation of glial-derived cells
(Steck et a/., 1989). Interestingly, tumour formation by CHO cells in nude mice is
dependant upon the production of HSPG, but not CSPG, possibly because the
HSPGs protect tumour cells from attack by host B-cells (Esko et a/., 1988).
Perlecan, an ECM HSPG, is deposited in larger amounts by invasive melanoma
cells than by their non-invasive counterparts. It has been suggested that disruption
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of the ECM structure by these perlecan deposits facilitates the initial stages of
melanoma invasion (Cohen et al., 1994). Timar et al. found that highly metastatic
Lewis lung carcinoma lines express more HS, but less HA and CS, than the
parental lines (Timar et al., 1987). Turley et al. also reported increased production
of HS in highly invasive or metastatic melanoma variants (Turley and Tretiak,
1985), but in addition, these authors found that HA levels are enhanced at the
onset of invasion, and are localized to the tumour periphery. As well as being
concentrated around tumours, HA levels are increased in the serum of patients
with disseminated neoplasms, possibly due to tumour factors which induce HA
expression by normal cells (Decker et al., 1989). The role of HA in tumour
metastasis has been the topic of a number of studies. Most of these studies have
concentrated on the interactions of CD44, a lymphocyte homing molecule, with HA
during metastasis (East and Hart, 1993; Herrlich et al., 1993). In the last chapter
it was demonstrated that HA on the surface of the RPMI-7951 melanoma line
mediates basal adhesion to HUVEC CD44 (Ch. 6).

GAGs and related sulphated polysaccharides have been shown to interfere with
the interactions of leucocytes with blood vessel walls (Brenan and Parish, 1986;
Tangelder and Arfors, 1991; Bazzoni et al., 1993); a process which is considered
a paradigm for tumour cell arrest. The inhibition of inflammatory reactions by GAGs
appears to be due to the binding of GAGs to active sites on molecules which
mediate the adhesion of leucocytes to endothelial cells (Arfors and Ley, 1993). It
is well established that soluble GAGs are capable of inhibiting haematogenous
metastasis (Coombe et al., 1987; Irimura et al., 1986) as well as the extravasation
of inflammatory cells. These effects are not solely due to the anti-coagulant
properties that these carbohydrates may posses. Collectively these findings
suggest that GAGs may be involved in the adhesion of metastasizing tumour cells
to endothelial cells. The potential role of GAGs in mediating tumour cell adhesion
to endothelial cells was therefore investigated in this chapter.
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7.2

Specific materials and methods

Sodium Chlorate Treatment
The growth of cells in chlorate, an inhibitor of ATP sulphate adenyltransferase
(ATP-sulfurylase), produces cells with under-sulphated proteins and carbohydrates
(Beauerle and Huttner, 1986). This enzyme is the first required for the biosynthesis
of 3-phosphoadenosine 5'-phosphosulphate (PAPS), which is the ubiquitous co
substrate for sulphation reactions in vivo. The methods of Keller (Keller et a/.,
1989) and Carew (Carew et a/., 1990) were adapted to study the importance of
sulphation of cell surface components in adhesion. A stock solution of 100 mM
sodium chlorate (Aldrich Chemical Company, Gillingham, UK) was made up in
water and kept at 4°C. The effects of chlorate inhibition of the levels of HS
sulphation were first ascertained for the tumour cell lines and HUVEC. The cells
were grown in 24-well tissue culture plates until they reached confluence at which
point their medium was replaced by 200 pi of low sulphate medium. The media
used was Eagle's Minimum Essential Medium (MEM, Gibco BRL), 4% Lmethionine (Gibco BRL), 0.5% BSA, 1% dialysed PCS and 2 mM L-glutamine.
After 6 h the cells received fresh low sulphate medium containing sodium chlorate
at 5, 10 or 20 mM. Controls received medium with no chlorate. After another 6 h
this was replaced by medium containing chlorate plus 0.25 pCi/ml of ^®S-sulphate
(Du Pont NEN, Stevenage, UK). The cells were incubated in this solution for 24 h.
After radiolabelling the monolayers were washed three times with PBS/A. The cell
surfaces were then subjected to digestion by heparinase III as previously described
(Ch. 2). Digests were collected and pooled with two washes of 200 pl/well PBS/A.
The cells were then brought into suspension with 200 pl/well trypsin/EDTA and an
aliquot retained for counting. The wells were washed with 0.5 ml of PBS/A. The
cells were combined with the wash and pelleted. The pellets were resuspended in
0.5 ml of 0.2% SDS and allowed to disaggregate. The amount of radioactivity in
the enzyme digests of cell surface HS, and cell pellets was determined using a
Beckman IS 1801 scintillation counter (Beckman Instruments Inc, High Wycombe,
UK).

To determine the effects of chlorate on adhesion the cells were preincubated in
DMEM (Gibco) without sulphate or cysteine, and containing 1% of the usual
concentration of L-methionine. The medium contained 5% dialysed PCS for tumour
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cells, or 16% for endothelial cells. The PCS was dialysed in Visking tubing (pore
size 12 kD - 14 kD; Fisons Scientific Equipment, Loughborough, Leics, UK) at 4“C
against 3 changes of PBS/A to remove sulphate. After 6 h the medium was
replaced with Eagle's MEM containing 5% or 15 % PCS, and 10 mM sodium
chlorate. The cells were incubated in this medium for 20 h and then used in
adhesion assays.

B-D-Xyloside Treatment

The inhibitor of chondroitin sulphate synthesis, p-nitrophenyl-p-D-xylopyranoside
(p o x .

Sigma) was prepared as a 20 mM stock solution in assay medium

containing 0.4% DMSO. The inactive analogue p-nitrophenyl-a-D-xylopyranoside
(aDX, New Brunswick, Huntingdon, U.K.) was prepared as a 25 mM stock solution.
4-Nitrophenol (4-NP, spectrometric grade; Sigma), a metabolic product of the
xylosides, was prepared as a 100 mM stock solution. All solutions were stored at
4°C. Confluent cultures of cells were pretreated with 1 mM pDX, aDX and 4-NP
in full culture medium for 20 h prior to use in adhesion assays. Control cells were
cultured in medium containing 0.02% DMSO. B-xylosides act as initiators of
chondroitin sulphate GAG synthesis at the second glycosyltransferase step
(galactosyltransferase I), so that the GAGs are produced as free chains instead of
attached to core proteins. These free GAG chains are secreted into the medium
by the cells (Robinson et al., 1975).
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7.3

Results

Adhesion to GAG-coated dishes

The degree of sulphation for each GAG used in these studies was estimated from
the manufacturers certificate of analysis (Sigma) for each polysaccharide, or from
the literature (Ley et a/., 1991b; Bazzoni at a/., 1993). This data is shown in Table
7.1 The data for the adhesion of tumour cells to GAG-coated dishes (Tab. 7.2)
indicates that CSA, CSC and HA all promote adhesion, compared to tissue culture
plastic alone. For the MDA-MB-231 cell line adhesion to GAGs was in the order
of HA>CSC>CSA.

The RPMI-7951

melanoma line adhered in the order

CSC>HA>CSA. Conversely, DS, HN, HS and DX all inhibited adhesion when
compared to plastic alone. For the MDA-MB-231 cell line adhesion was in the order
of HN<DX<DS<HS. Again RPMI-7951 cells exhibited a different order with
DX<HN<DS<HS.

GAG blocking o f adhesion

Pretreating the tumour cells with 200 pg/ml GAG solutions caused significant
reductions in adhesion to endothelial cell monolayers (10 - 30%) for both cell lines
(Tab. 7.3). The exception was HA, which had no effect on the adhesion of MDAMB-231 cells. DX and CSA inhibited the adhesion of MDA-MB-231 cells to the
greatest extent, while DX and HN had the greatest effect on RPMI-7951 cells. The
effects of pretreating the HUVEC were more specific (Tab. 7.3) DX was the only
polysaccharide that blocked the adhesion of RPMI-7951 cells to treated HUVEC.
Both DX and HS blocked the adhesion of MDA-MB-231 cells to treated HUVEC.
In contrast, treating the HUVEC with CSA and CSC led to significant increases in
adhesion for the MDA-MB-231 cell line.
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MONOSACCHARIDES

Degree of
carboxylation

Degree of
sulphation

Chondroitin
sulphate A

Glucuronate

N-acetyl
galactosamine

1

1.09"

Chondroitin
sulphate C

Glucuronate

N-acetyl
galactosamine

1

0.99"

Dermatan
sulphate

Glucuronate
Iduronate

N-acetyl
galactosamine

1

0.83*"

Heparin

Glucuronate
Iduronate

N-acetyl
glucosamine

1

2.3"

Heparan
sulphate

Glucuronate
Iduronate

N-acetyl
glucosamine

1

0.86*"

Hyaluronic
acid

Glucuronate

N-acetyl
glucosamine

1

0

Dextran
sulphate

Glucose

Glucose

0

1.48*

Table 7.1 Structures of the polysaccharides used in this study. Degree of
carboxylation and sulphation refers to the average number of each group per
disaccharide. *The degree of sulphation was estimated from the ratio of COO' to
80^' in each polysaccharide. "^The degree of sulphation was obtained from the
literature (Ley et ai, 1991b; Bazzoni at s i, 1993). The values obtained from the
literature will only be estimates as the degree of GAG sulphation varies between
batches.

MDA-MB-231

RPMI-7951

125 ± 3.1

118.09 ± 3.1

133.19 ±2.9

135.02 ±5.0

Dermatan sulphate

32.5 ± 3.0

65.78 ± 3.8

Heparin

24.85 ± 3.6

58.92 ± 3.0

Heparan sulphate

71.32 ± 3.8

90.41 ± 7.2 (not sig)

Hyaluronic acid

139.94 ±4.5

128.94 ±5.1

Dextran sulphate

26.81 ± 3.4

39.20 ± 2.7

Chondroitin sulphate A
Chondroitin sulphate C

Table 7.2
The adhesion of the tumour cells to polysaccharides immobilized on
plastic. The cells were allowed to adhere to the wells for 20 min. at 37°C. Each
point is the mean ± SEM where n=18. Data is expressed as a percentage of
adhesion to uncoated plastic. p<0.001 for all figures except those in bold.
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Adhesion to HUVEC of:
RPMI-7951 Cells

MDA-MB-231 Cells
Polysaccharide treatment of
MDA-MB-231

HUVEC

Polysaccharide treatment of
RPMI-7951

HUVEC

CSA

77.75 ± 3.4

110.77 ± 2.4

81.75 ± 3.9

98.21 ± 2.0

CSC

88.71 ± 3.4

120.61 ± 3.9

84.98 ± 2.3

94.28 ± 2.8

DS

82.29 ± 3.6

106.21 ±3.4

77.30 ± 2.5

99.86 ± 2.7

HN

82.50 ± 2.7

97.65 ± 3.5

70.47 ± 3.6

93.84 ± 2.7

HS

90.77 ± 3.3

88.27 ± 2.7

81.79 ±2.9

97.87 ± 2.8

HA

96.6 ± 2.6

102.44 ±4.6

85.29 ± 2.4

102.26 ±3.0

DX

77.35 ± 2.7

84.17 ± 2.4

71.91 ± 2.8

90.44 ±1.8

Table 7.3 The effects on adhesion of pretreating cells with anionic polysaccharides.
The cells were incubated with 200 pg/ml polysaccharides for 30 min at 37°C. Each
point is the mean ± SEM where n ^ 3 . The embolded figures represent a significant
difference from the control value, set at 100%, for the adhesion of untreated
tumour cells to untreated HUVEC. p<0.01 using Student's t-test. Abbreviations refer
to the polysaccharides listed in Table 7.2

Enzyme treatment

The specificity of the enzymes was checked by PAGE analysis (App. 2).
Chondroitinase ABC was not employed as this enzyme did not clarify the data
obtained when either CaseAC or CaseB were used alone. The effects, on tumour
cell adhesion to HUVEC, of digesting GAGs from the tumour cell surface were
examined. The removal of HN and HS from RPMI-7951 cell surfaces using HN and
HS specific enzymes caused increases in adhesion (20 - 30%). This treatment did
not alter the level of MDA-MB-231

cell adhesion to HUVEC (Fig. 7.1).

Hyaluronidase treatment to remove HA from the cell lines caused a significant
reduction in RPMI-7951 cell adhesion to HUVEC (25%), but did not alter MDA-MB231 cell adhesion (Fig. 7.1) Treatment of the RPMI-7951 cell line with CaseAC
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and CaseB caused an increase in adhesion (Fig. 7.2). Treatment of the MDA-MB231 line with CaseAC also led to increased adhesion (Fig. 7.2).
The digestion of GAGs from the surface of HUVEC also affected the ability of the
two tumour cell lines to adhere to these cells. Removal of HS from HUVEC
surfaces led to an increase in adhesion for the MDA-MB-231 cells but not RPMI7951 cells (Figs. 7.3). Hyaluronidase treatment was without effect. For both tumour
cell lines the removal of CSA/C from HUVEC surfaces reduced adhesion while the
removal of DS increased adhesion (Fig. 7.4).
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Figure 7.1 Adhesion of enzyme treated tumour cells to untreated HUVEC.
Tumour cells were treated with heparinase (0.5 U/ml), heparanase (0.25 U/ml) and
hyaluronidase (500 mU/ml) as described in chapter 2. Adhesion was allowed to
occur for 30 min at 37°C. (□) Controls were the adhesion of untreated tumour cells.
( ■) Tumour cells treated with heparinase. (a) Tumour cells treated with heparanase.
(B) Tumour cells treated with hyaluronidase. Each point is the mean ± SEM where
n>12. * p<0.001 using Student's t-test.
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Figure 7.2 Adhesion of chondroitinase treated tumour cells to untreated HUVEC.
(□) Controls; adhesion of untreated tumour cells. (■) Chondroitinase AC at 1.5
mU/ml. (H) Chondroitinase B at 500 mU/ml. Each point is the mean ± SEM where
n>12. * p<0.001 using Student's t-test.

120 ^

1 10 -^

O
CO 100

m
X
Q
<

90-

LU

>
P
5

807060;

50

MDA-MB-231

RPMI-7951

Figure 7.3 The adhesion of untreated tumour cells to enzyme treated HUVEC.
(□) Controls; adhesion of untreated tumour cells to untreated HUVEC. (■)
Heparinase at 0.5 U/ml. (a) Heparanase at 0.25 U/ml. (b ) Hyaluronidase at 500
mU/ml. Each point is the mean ± SEM where n>12. * p<0.001 using Student's ttest.
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Figure 7.4 The adhesion of untreated tumour cells to chondroitinase treated
HUVEC. (□) Controls; adhesion of untreated tumour cells to untreated HUVEC. (■)
Chondroitinase AC at 1.5 mU/ml. (a) Chondroitinase B at 500 mU/ml. Each point
is the mean ± SEM where n>12. * p<0.001.

Sodium chlorate treatment

Sodium chlorate is an inhibitor of sulphate adenyltransferase and blocks all posttranslational sulphation reactions (Beauerle and Huttner, 1986). It was found that
36 h incubation in 20 mM chlorate was toxic to all the cells tested (Fig. 7.5). The
HUVEC did not survive at this concentration while the numbers of MDA-MB-231
cells and RPMI-7951 cells fell to 50% and 15% that of the untreated controls
respectively. At concentrations of 5 mM and 10 mM chlorate all cells grew as well
as untreated controls. The effect of chlorate on the levels of sulphation of cellsurface heparan sulphate was determined by labelling the cells with ^^S-sulphate,
removing the HS by digestion with heparanase, and analysing the radioactivity
levels of the digest. Incubation in 5 mM chlorate reduced the levels of sulphation
by 10%, 35% and 19% for HUVEC, MDA-MB-231 cells and RPMI-7951 cells
respectively. Incubation in 10 mM chlorate reduced sulphation by 40% for all the
cells tested (Fig. 7.6)
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Figure 7.5 The effect of sodium chlorate on cell survival. The cells were
incubated in 5-, 10- or 20 mM chlorate for 36 h. Control wells received no chlorate
and gave a relative adhesion of 100. Each point is the mean ± SEM where n ^ .
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Figure 7.6 The effect of sodium chlorate on the sulphation of cell surface
heparan sulphate molecules. Cells were radiolabelled by incubation in chlorate plus
0.25 pCi/ml of ^^S-sulphate for 24 h. (□) Controls; sulphation levels of untreated
cells. (■) Cells treated with 5 mM chlorate, (a) Cells treated with 10 mM chlorate.
Each point is the mean ± SEM where n>6.
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The effects of sodium chlorate on the sulphation of cytoplasmic molecules was
also assessed. After removal of surface HS by heparanase treatment, the cells
were disaggregated with trypsin and pelleted by centrifugation. The pellets were
dissolved in 0.2% SDS and the radioactivity of the cell lysate determined. The
sulphation of cytoplasmic molecules was reduced by treatment with sodium
chlorate. 10 mM chlorate led to reductions in sulphation of these molecules by 30%
for both HUVEC and MDA-MB-231 cells, and 60% for RPMI-7951 cells (data not
shown). As incubation in 10 mM sodium chlorate reduced sulphation of HS by 3040% for all cell types, yet was not toxic, it was decided to perform adhesion assays
with cells treated at this concentration. Chlorate treatment of the HUVEC had no
effect on tumour cell adhesion. However, treatment of the tumour cells led to a
drop of 20% in adhesion for both lines (Fig. 7.7).

B-D-xyloside treatment

The xylose derivative pDX stimulates the biosynthesis of xylose-linked chondroitin
sulphate GAGs and blocks CS attachment to proteoglycan core proteins (Carey,
1991). The isomer aDX is inactive at blocking proteoglycan synthesis. 4-NP is a
xyloside derivative which may be responsible for some of the effects of these
molecules within the cell (Gressnar, 1991). Treatment of the tumour cells with (3DX,
aDX and 4-NP did not lead to any pDX specific alterations in adhesion (Fig. 7.8).
All caused increased adhesion of MDA-MB-231 cells, especially 4-NP. Only 4-NP
led to increased RPMI-7951 cell adhesion. Similarly, when used to treat HUVEC
all three compounds led to decreased MDA-MB-231 cell adhesion. However, in this
case pDX caused a significantly greater reduction than aDX or 4-NP (Fig. 7.9).
Treatment of HUVEC reduced RPMI-7951 cell adhesion by the same amount for
all three compounds (Fig. 7.9)
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Figure 7.7 The effect of 20 h incubation in 10 mM sodium chlorate on adhesion.
(□) Controls; adhesion of untreated tumour cells to HUVEC. (■) Tumour cells
treated, (a) HUVEC treated. Each point is the mean ± SEM where n ^ 7 . * p<0.001
using Student's t-test.
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Figure 7.8 The effect of p-D-xyloside treatment of tumour cells on adhesion. The
cells were incubated in 10 mM a-D-xyloside, p-D-xyloside or 4-nitrophenol for 20
h. (□) Controls; adhesion of untreated tumour cells. (■) Cells treated with a-Dxyloside. (a) Cells treated with p-D-xyloside. (b ) Cells treated with 4-nitrophenol.
Each point is the mean ± SEM where n ^ 9 . * p<0.001 using ANOVA (significantly
different to all other treatments).
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Figure 7.9 The effect of p-D-xyloside treatment of HUVEC on adhesion. The
cells were incubated in 10 mM a-D-xyloside, p-D-xyloside or 4-nitrophenol for 20
h. (□) Controls; adhesion to untreated HUVEC. (■) Cells treated with a-D-xyloside.
(H) Cells treated with p-D-xyloside. (□) Cells treated with 4-nitrophenol. Each point
is the mean ± SEM where n>19. ** p<0.05 using ANOVA (significantly different to
all other treatments).

7.3

Discussion

The data presented in this chapter demonstrate that GAGs on tumour cell surfaces
can modulate the adhesion of tumour cells to HUVEC. In particular, CSA/C, HS
and HN appear to reduce adhesion, as cell-cell adhesion is enhanced upon
enzymatic digestion of these GAGs. HA on the tumour cell surface appears to act
differently. Data described in Chapter 6 indicate that HA, as a ligand for
endothelial cell CD44, augments the adhesion of the RPMI-7951 melanoma line.
The GAGs expressed by the endothelial cells either support adhesion or act as
inhibitors depending upon the type of GAG examined. CSA/C expressed by
HUVEC mediates the adhesion of both tumour cell lines, whereas DS on the
HUVEC surface seems to act as an inhibitor of adhesion. Similarly, HS on the
HUVEC appears to reduce the extent to which the MDA-MB-231 carcinoma cells
adhere to these cells.
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The adhesion of the tumour cell lines to GAG-coated dishes shows that both the
MDA-MB-231 carcinoma line and the RPMI-7951 melanoma line display similar
preferences for GAG substrates. HA and CSA/C provided good substrates for
tumour cell attachment. Conversely, the iduronate-containing GAGs HN, HS and
DS all acted as anti-adhesive substrates for these cells. To address whether any
of these GAGs may be involved in the adhesion of the tumour cells to HUVEC,
both tumour cell lines were pretreated with GAG solutions prior to the adhesion
assay, and the tumour cells and GAGs added to the HUVEC and assessed for
adhesion. All the polysaccharides tested, with the exception of HA, caused a
reduction in cell adhesion. A number of explanations for these data are possible.
The simplest explanation is that at the concentration used the GAGs are acting
non-specifically and causing reduced adhesion because of their high negative
charge. As HUVEC are known to express receptors for HN and HS these GAGs
may have been adsorbed onto the surface of the HUVEC where they could act as
"anti-adhesives" by repelling the tumour cells. However, if GAGs are involved in
tumour cell adhesion a reduction in the adhesion of these cells to HUVEC in the
presence of saturating concentrations of GAGs would be expected, due to the
specific blockade of receptors. The situation with HA is more complex as this
molecule may cross-link CD44 molecules which are highly expressed by both the
tumour cells and HUVEC. Indeed, the data presented in Chapter 6 indicate that
HA expressed by RPMI-7951 melanoma cells mediates adhesion to CD44
expressed by HUVEC. To clarify the role of GAGs in this system GAG-specific
enzymes were used to remove these molecules from the cell surface.

The effects of enzymatic digestion of cell surface GAGs suggest that different
GAGs act either to mediate or inhibit adhesion (Fig. 7.10). Treatment of the MDAMB-231 carcinoma cells with CaseAC led to a 15% increase in adhesion while
treatment with CaseB had no effect. Similarly, treatment of these cells with
heparinase and heparanase did not alter adhesion, suggesting that CSA/C is the
only GAG expressed by the carcinoma cells which modulates adhesion. The
removal of CSA/C and DS from HUVEC had opposing effects on the adhesion of
MDA-MB-231 cells. Digestion of HUVEC with CaseAC caused a reduction in
adhesion of 35% for this line, while treatment with CaseB caused an increase of
20%. Therefore, although endothelial DS is an anti-adhesive molecule, endothelial
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CSA/C appears to support tumour cell adhesion. The affinity of the carcinoma cells
for CSA/C is demonstrated by their increased adhesion to HUVEC which have
been pretreated with CSA/C. In contrast, the expression of HS on endothelial cells
appears to reduce the adhesion of the MDA-MB-231 cells. This GAG is anti
adhesive when coated onto plastic dishes, and preincubation of the HUVEC with
HS serves to make them less adhesive for the carcinoma cells. Thus, the adhesion
of MDA-MB-231 cells to HUVEC is mediated in part by CSA/C on the HUVEC.
However, other GAGs, such as HS and DS on the HUVEC, and CSA/C on the
carcinoma cells, also act to modulate the extent of adhesion (Fig. 7.10).

The role of GAGs in the adhesion of RPMI-7951 cells to HUVEC is slightly different
from that of the carcinoma cells. Treatment of RPMI-7951 cells with CaseAC and
CaseB led to increased adhesion of these cells to HUVEC of around 30% and 10%
respectively. Additionally, treatment of these cells with heparinase and heparanase
also increased by around 25% the number of melanoma cells adhering to HUVEC.
Collectively these data suggest that the sulphated GAGs expressed by RPMI-7951
cells modulate the extent to which these cells adhere to HUVEC. The decrease in
adhesion of these melanoma cells to HUVEC following hyaluronidase digestion of
the tumour cell surfaces (Fig. 7.1) is consistent with the data presented in Chapter
6. Like the MDA-MB-231 carcinoma cells, the RPMI-7951 cells utilize CSA/C on
the endothelial cell surface in their adhesion to HUVEC. CaseAC digestion of
HUVEC reduced adhesion by 25%. In contrast, digestion of DS from the HUVEC
surface caused an increase in the numbers of melanoma cells which bound,
whereas digestion of endothelial HS was without effect. Hence, DS is the only
GAG expressed by HUVEC which appears to act by reducing the adhesion of the
melanoma cells (Fig. 7.10)
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A: MDA-MB-231

CSA/C

CSA/C

HS
HUVEC

B: RPMI-7951

HN/HS )JpSA/C

CSA/C

DS
HUVEC

Figure 7.10 The role of glycosaminoglycans In the adhesion of A) MDA-MB-231
cells and B) RPMI-7951 cells to HUVEC. For the MDA-MB-231 line tumour cell
surface chondroitin sulphate A and C (CSA/C) Is antl-adheslve. For the RPMI-7951
line heparin (HN), heparan sulphate (HS) and dermatan sulphate (DS) are also
antl-adheslve. For both lines endothelial cell DS Is antl-adheslve. However,
endothelial cell CSA/C mediates adhesion via unidentified tumour cell ligands.
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The striking difference in the effects on adhesion to HUVEC of digesting HS from
the surfaces of the carcinoma cells and melanoma cells, is probably due both to
differences in the levels of HS expressed, and to differences in the structure of the
HS synthesized by these cells. Recent data has indicated that not only do different
cell types express HS which are structurally distinct, but also that structurally
different HS exhibit different functions (David et a/., 1992; Nurcombe at a/., 1993).
Some HS molecules have a higher proportion of N-sulphated glucosamine units
than others, and therefore a higher proportion of glucuronate residues undergo
epimerization to iduronate, thus providing potential sites for 0-sulphation. The
enzymes which perform these latter two modifications require the presence of Nsulphate for substrate recognition (Lindahl and Kjellen, 1991). Tumour cell
expression of glucosaminoglycans with different levels of iduronate and sulphation
may help to explain the different roles these molecules appear to play in the
adhesion of each cell line.

The data obtained by enzyme digestion of cell surface GAGs indicate that the
CSA/C expressed by the endothelial cells supports adhesion, while that expressed
by the tumour cells hinders adhesion. B-D-xyloside treatment of the tumour cells
and HUVEC was performed to address the role of CSA/C using different
methodology. B-D-xyloside acts as an initiator of GAG chain synthesis. A result of
this treatment is the production of free GAG chains and the loss of CSPG
synthesis. The experiments performed here failed to demonstrate any specific
effect of p-D-xyloside treatment on adhesion. The isomer aDX, which is inactive
at blocking CSPG production, caused the same alterations in adhesion as pDX.
The increases in adhesion observed after tumour cell treatment with the xylosides
are probably due to the production of the metabolite 4-nitrophenol from p- and a-Dxyloside. Gressnar at a/, found that 4-NP is enzymatically produced from
nitrophenyl-xylopyranosides and can reach intracellular concentrations which are
sufficient to mimic the effects of pDX (Gressnar, 1991). In addition. Freeze at a/,
found that in some human cell lines both aDX and pDX can inhibit glycolipid
synthesis as a consequence of being incorporated into a novel GM3
ganglioside-like structure (Freeze at a/., 1993). These non-GAG related effects of
xyloside treatment might account for the equivalent effects of aDX and pDX
treatment on cell adhesion. The same is true of the slight reduction in tumour cell
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adhesion to treated HUVEC. The concentrations of pDX used in these studies
should be too low to alter HS synthesis (Rapraeger, 1989). However, because in
this study the synthesis of GAG chains following B-D-xyloside treatment was not
monitored it is not clear what effects the xylosides are having on the cells. The cell
adhesion data following xyloside treatment is therefore inconclusive.

While CSA/C expressed by HUVEC appears to promote tumour cell adhesion, DS
and HS are anti-adhesive GAGs. Klein et al. described HS and DS on HUVEC as
cell layer associated GAGs, with HS being present as a fibrillar network over and
between the cells, and DS being present on the cell surface and in the
subendothelial matrix (Klein etal., 1992). As well as expressing cell surface DSPG
(Oohira et al., 1983; Klein et al., 1992), endothelial cells secrete DS into culture
medium and are capable of binding HN from serum (Cavari and Vannucchi, 1993).
It is thus possible that the surfaces of HUVEC may become coated by anti
adhesive GAGs during culture. However, treatment of HUVEC with heparinase or
chlorate (which inhibits sulphation), does not alter adhesion. Also, heparanase
does not alter the adhesion of RPMI-7951 cells. This suggests that the Increase
in adhesion seen upon DS removal from HUVEC is not solely due to the loss of
negative charge from the cell surface, and that another property of DS contributes
to the anti-adhesive role which it plays.

Treatment of the tumour cell lines with sodium chlorate caused a 20% reduction
in adhesion for both lines. The chlorate data suggests that sulphate groups on the
tumour cell surfaces are partly required for adhesion. Whether these groups are
on GAGs, or other adhesion molecules, cannot be determined as chlorate
treatment does not specifically interfere with GAG sulphation. The anti-adhesive
properties of cell surface GAGs may be due not only to charge but also to the
large size of these molecules. The removal of bulky molecules such as CS and HS
may allow the tumour cells to get physically closer to HUVEC, leading to increased
efficiency of cell-cell recognition during adhesion assays. An alternative mechanism
is that the cell surface GAGs may stearically block other adhesion molecules on
the tumour cell surface. If this were the case then digestion of the GAGs would
reveal new binding sites for the HUVEC. VIeminckx et al. found that invasive
epithelial tumour cells express large PG which mask the function of E-cadherin,
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probably through stearic hindrance (VIeminckx et ai, 1994). Similarly, platelets
express a chondroitin 4-sulphate (CSA) proteoglycan which inhibits aggregation
(Nader, 1991). The release of this PG prior to platelet aggregation is thought to
expose other adhesive ligands. A further example is the CSPG produced by a rat
yolk sac tumour which inhibits cell attachment to fibronectin and type I collagen
(Brennan et ai, 1983). These authors suggested that the interaction of cell surface
CSPGs, with the GAG binding domains of the ECM molecules, hinders the
adhesive interactions of other adhesion molecules with adjacent cell-binding sites.

It would be interesting to identify the tumour cell surface molecules with which the
endothelial CSA/C interacts. Detergent lysates of surface-biotinylated MDA-MB-231
and RPMI-7951 cells could be used to investigate which tumour molecules adhere
to HUVEC (Coombe et ai, 1994). Biotinylated molecules which bind HUVEC can
be detected by FITC-streptavidin staining. Tumour proteins which bind HUVEC
could be identified by immunohistochemistry, using antibodies against adhesion
molecules known to be expressed by the tumour cells. A comparison of the tumour
cell surface antigens binding HUVEC before and after chondroitinase treatment
would reveal whether any of these molecules interact with CSA/C. This approach
requires that the adhesion molecules which recognize CS have been previously
characterized.

Novel tumour cell adhesion molecules which bind CS could be isolated from
preparations of radio-labelled, solubilized tumour cell membranes using a CSA/C
affinity column (Hunter, 1987). However, if the adhesion molecules bind with low
affinity to CS, and require multivalent binding for stability, then the solubilized
monomers may not be retained by the column. Any proteins which were retained
could be analyzed by polyacrylamide gel electrophoresis (PAGE) to obtain basic
information about their molecular weight, subunit composition, isoelectric point and
peptide maps (fingerprints). If native gels (no SDS) were used to isolate the
proteins. Western blotting followed by probing with biotinylated- or radiolabelledGAGs (Turley et ai, 1993; Hook et ai, 1982), could provide information on which
GAGs the isolated proteins recognize. The success of this method assumes that
the molecules of interest retain a functional state during the extraction, separation
and blotting procedures.
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In conclusion, GAGs on tumour cell surfaces can modulate the adhesion of tumour
cells to HUVEC. CSA/C, HS and HN all appear to inhibit cell-cell adhesion. The
exception is HA expressed by the RPMI-7951 cells which acts as a ligand for
endothelial CD44 (Ch. 6). The role played by GAGs on the endothelial cell surface
is more complex. Endothelial cell CSA/C mediates the adhesion of both tumour cell
lines, while DS is anti-adhesive for both lines (Fig. 7.10). Endothelial cell HS does
not appear to be involved in the adhesion of the RPMI-7951 cell line, but inhibits
MDA-MB-231 cell adhesion.
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8: General discussion
8.1

The experimental data

The interaction of tumour cells with the endothelium represents an important step
in the metastatic cascade. To study these interactions a fluorescence based in vitro
adhesion assay was developed. Tumour cells were labelled with 6-CFDA and their
adhesion to endothelial cell monolayers quantified by determining the level of
fluorescence associated with the monolayer after 30 min co-incubation. This assay
was employed to investigate the adhesion of two human tumour cell lines, the
RPMI-7951 malignant melanoma and the MDA-MB-231 breast carcinoma, to
human endothelial cells.

Both lines demonstrate calcium- and temperature-dependent adhesion to human
umbilical vein endothelial cells (HUVEC). B1 integrins expressed by the HUVEC
partly mediate this basal adhesion. The adhesion of both tumour cell lines to
HUVEC is upregulated by treatment of these large vessel endothelial cells with
TNFa. Tumour cell adhesion to microvessel derived endothelial cells was also
investigated in order to ascertain whether the tumour ceils have different affinities
for endothelial cells from different sites. The microvessel endothelial cells were
isolated from human mammary adipose tissue (HuMMEC) and human abdominal
adipose tissue (HuAMMEC). It was found that the MDA-MB-231 carcinoma cells
display greater adhesion to microvessel endothelial cells, especially those derived
from the abdominal adipose tissue, than to HUVEC. However, the RPMI-7951
melanoma cells do not display preferential adhesion to the micro vessel endothelial
cells.

The tumour cell lines appear to employ multiple adhesion molecules to interact with
large vessel endothelial cells (HUVEC). The two lines share adhesion pathways
as well as employing separate adhesion mechanisms. B1 integrins on both tumour
cell lines mediate basal adhesion via unidentified heterophilic ligands. However, the
RPMI-7951 melanoma line also employs tumour cell surface HA to attach to
endothelial cell CD44. In addition, the melanoma cells appear to attach to
endothelial cell PECAM-1 (Ig-superfamily) through a heterophilic ligand. The
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enhanced adhesion of this line to HUVEC treated with TNFa is due to the
interaction of tumour cell VLA-4 with endothelial cell VCAM-1. This mechanism is
not employed during adhesion to resting HUVEC.

Like the RPMI-7951 cell line, the MDA-MB-231 cells employ pi integrins to adhere
to resting HUVEC. However, unlike the melanoma line, these cells do not
recognize endothelial cell CD44 or PECAM-1. Also, the adhesion of MDA-MB-231
carcinoma cells to TNFa treated HUVEC is not mediated by the interaction of VLA4 with endothelial VCAM-1. Flow cytometric analysis shows that these tumour cells
do not express the usual ligands for ICAM-1 and E/P-selectin, which are adhesion
molecules known to be upregulated on activated endothelial cells. The ligands
mediating MDA-MB-231 adhesion to activated HUVEC therefore remain obscure.

Both cell lines demonstrate enhanced adhesion to HUVEC when treated with an
antibody against a subset of CD44 molecules which have been described as
recognizing "activation" determinants on HA (Anti-CD44A). These "activated"
tumour cells do not interact with HA or CD44 on the HUVEC. In addition, it
appears that the anti-CD44A MAb upregulates adhesion in different ways for each
tumour cell line. The data suggest that CD44H on the melanoma line mediates the
enhanced adhesion, whilst in the carcinoma line pi integrins may be involved. It
is possible that CD44H activity is upregulated by conformational changes, or by
clumping induced by antibody treatment. The activity of integrins is more likely to
be upregulated via internal cytoplasmic signalling events.

GAGs in addition to HA are involved in tumour cell adhesion to HUVEC. CSA/C
expressed by the HUVEC acts as an adhesive ligand for both cell lines. In contrast
DS (CSB) acts to inhibit adhesion. The tumour cell ligand for CS expressed by the
endothelial cells remains unidentified, although it is probably not CD29 (pi
integrins). Endothelial HS also modulates the adhesion of MDA-MB-231 cells, with
its degradation leading to enhanced tumour cell adhesion. It appears that GAG
chains expressed on the surface of the tumour cells also serve to interfere with
adhesion, their removal leading to enhanced tumour cell-HUVEC interactions.
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As yet there have been few reports on the behaviour of tumour cells during
adhesion to endothelial cells under conditions of flow. Kojima et at. demonstrated
that the initial adhesion of B16 melanoma cells, to non-activated human and
murine endothelial cells, is mediated by GM3 (a glycosphingolipid) on the
melanoma surface (Kojima et a/., 1992). GM3 interacts with lactosylceramide
(another glycosphingolipid) on the endothelial cells. In another study Giavazzi et
el. compared the adhesion of different tumour types to resting and IIL-1 activated,
HUVEC (Giavazzi et a/., 1992). It was found that at low shear stresses (0.6
dyne/cm^) very few carcinoma cells adhere to resting HUVEC, whereas they roll
and then attach to activated HUVEC. This rolling and adhesion is mediated by Eselectin expressed on the endothelial cells. Similar findings were made by Tozeren
et a! who reported that several different types of carcinoma cell lines roll and
adhere on activated (but not resting) HUVEC via E-selectin (Tozeren eta!., 1995).
Melanoma cells adhere to resting HUVEC at low shear stresses, but this adhesion
is upregulated by activation of the endothelial cells and does not involve prior
rolling (Giavazzi et a/., 1992). This study, in common with others, has
demonstrated that melanoma adhesion to activated endothelial cells is mediated
by VCAM-1 on the HUVEC (Ch. 5). Different tumour types employ different
mechanisms to attach to resting and activated HUVEC under conditions of flow,
and rolling is not a prerequisite for tumour cell adhesion.

An attempt was made, in this study, to test the adhesion of MDA-MB-231 and
RPMI-7951 under conditions of flow (App. 3) using the method of Cooke et al.
(Cooke eta!., 1993). HUVEC were successfully cultured under conditions of flow;
however, attempts to perform adhesion assays with these cells usually resulted in
denudation of the culture slides as flow was re-established. A flow-based assay
system would help to determine whether the MDA-MB-231 and RPMI-7951 cell
lines behave in a similar manner to those used by Giavazzi et a!., as well as the
exact role of previously identified adhesion molecules in their arrest and adhesion.
For instance, it would help to determine whether endothelial CS (Ch. 7) mediates
rolling, and whether pi integrins (Ch. 5) mediate later adhesive interactions.
Tozeren et al. showed that the MDA-MB-231 carcinoma line is unable to adhere
to activated HUVEC under conditions of flow (Tozeren et a/., 1995). Interestingly,
these authors found that under static conditions these cells can adhere to activated
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HUVEC in an E-selectin independent manner, a finding consistent with that
reported in Chapter 2.

A further improvement to the adhesion assay would be the more extensive use of
microvessel endothelial cells, as it was demonstrated that these are capable of
supporting greater levels of tumour cell adhesion than HUVEC (Ch. 3). Although
microvessel endothelial cells would provide a better model of the environment in
which tumour cells lodge in vivo, their isolation and culture is still not a routine
procedure. In addition, a truly relevant model would require endothelial cells
derived from the common metastatic sites, such as the brain or liver. Ideally, such
cells should be cultured on matrices derived from their tissue of origin, a procedure
known to modulate the expression of cell surface molecules, and maintain the
microvascular phenotype (Augustin-Voss et al., 1991). The use of lung-derived
biomatrices as a substrate for large vessel endothelial cells enabled Zhu at ai. to
identify the lung specific adhesion molecule Lu-ECAM-1 (Zhu et al., 1991).
Additionally, contact with organ specific cell types such as glial cells can also
modulate the phenotype of cultured endothelial cells. Tontsch and Bauer found that
by culturing glial cells and neurons on coverslips, and then placing these upside
down on endothelial monolayers, they could upregulate the expression of
endothelial enzymes associated with the blood brain barrier (Tontsch and Bauer,
1991 ). They also determined that membrane contact, not soluble factors, mediates
these changes. Unfortunately, the lack of availability of the relevant tissues, and
the difficulties involved in the routine isolation and culture of microvessel
endothelial cells, imposed the necessity of performing these studies with HUVEC.

Although both tumour cell lines employ multiple adhesion pathways to interact with
endothelial cells it has not been determined whether they engage in the sequence
of rolling followed by firm adhesion, which has been described for leucocytes. The
experiments of Giavazzi et al., and the preliminary observations made in App. 3,
demonstrate that at least some cell types, can attach to HUVEC without prior
rolling (Giavazzi et al., 1992). Interestingly, it has also been suggested that
neutrophils, when accumulating around capillaries rather than post-capillary
venules, can also attach to endothelial cells without prior rolling (Ward, 1995).
There is still controversy over whether tumour cells roll within microvessels In vivo,
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as the video microscopy of Morris et al. shows that metastasizing tumour cells
arrest within small vessels on the basis of their large size (Morris et a/., 1993).
However, although tumour cells may become trapped due to size restrictions it is
probable that adhesion molecules are required to retain them at the site of arrest
and to mediate diapedesis through the endothelial monolayer.

Leucocyte rolling is often mediated by selectin-carbohydrate interactions but it is
unlikely that the tumour cells used in this model employ such a mechanism. The
reasons for this are that firstly, the HUVEC are not activated to express E- or
P-selectin, and secondly, the tumour cell lines do not express L-selectin, or the
common selectin ligands sialyl Lewis X/A. In addition, others have found that
MDA-MB-231 cells do not roll along, or adhere to HUVEC under conditions of flow
(Tozeren et a/., 1995). The absence of sialylated Lewis antigens on the carcinoma
line is not remarkable as Narita et al. have reported that in 300 specimens of
breast cancer 35% did not express sialyl Lewis X, and 80% did not express sialyl
Lewis A (Narita etal., 1993). However, when expressed, sialyl Lewis X was linked
to poor prognosis. The absence of selectin expression on the cells used in these
studies does not preclude an ability to roll. Berlin et al. demonstrated that the
interactions of a4 integrins with endothelial Ig-like molecules, can mediate the
rolling and attachment of lymphocytes to venules in vivo. a4p7 did so by attaching
to the mucosal addressin MAdCAM-1, while a4p1 did so by interacting with
VCAM-1 (Berlin et a/., 1993). These findings that integrins and Ig-like molecules
can mediate rolling and firm adhesion raise the interesting possibility that the initial
interactions of the MDA-MB-231 and RPMI-7951 cell lines with HUVEC could be
selectin-independent events, such as the glycosphingolipid mediated melanomaendothelial cell adhesion described by Kojima et al. (Kojima et al., 1992).

Initial tumour cell-endothelial cell interactions could also involve PG- or GAG-based
interactions, which then stimulate the activity of other adhesion molecules. These
might include the interactions of endothelial CD44 with HA on the melanoma cells,
or the recognition of endothelial chondroitin sulphate A/C by unidentified receptors.
Subsequent to initial adhesion, subsets of CD44 expressed by the tumour cells
could become "activated" by interactions with endothelial ligands, as occurred
when the tumour cells were treated with anti-CD44A. In the different tumour cell
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types this could lead to firmer adhesion via patching of the CD44, conformational
changes leading to altered binding ability, or by the generation of internal signalling
events leading to the upregulation of integrin activity. The finding that neither
tumour cell line expresses the metastasis-associated variant CD44v6 emphasizes
that this is not the only CD44 isoform which has a role to play in the augmentation
of tumour spread. Antibody activation of pi integrins on some melanoma lines can
also lead to enhanced adhesion to HUVEC, probably via conformational changes
in the integrin (Martin-Padura et a/., 1994). Activation of melanoma cell integrins
with antibody is likely to be analogous to the upregulation of a4pi which occurs
upon the interaction of lymphocytes with high endothelial venules. In this instance
it is believed that activation of a4p1 leads to increased attachment to fibronectin
and lymphocyte migration across the endothelial cell layer (Hourihan etal., 1993).

There are at least two other situations where the binding of GAGs to their ligands
may contribute to tumour cell adhesion. The first involves PECAM-1, an endothelial
member of the Ig-superfamily which has been shown to interact heterophilically
with HN/HS (Muller et ai, 1992; de Lisser et ai, 1993). My data have
demonstrated that PECAM-1 acts in the binding of RPMI-7951 melanoma cells to
HUVEC (Ch. 3). Because ligand binding by PECAM-1 can upregulate pi and p2
integrin activity by inside-out signalling (Tanaka et ai, 1992; Piali et ai, 1993) it is
possible that the binding of HS on the melanoma cell surface to PECAM-1 may
upregulate integrins on HUVEC and so facilitate adhesion. The second situation
involves a cadherin related CSPG termed NG2, which others have shown is
expressed by melanoma cells and endothelial cells (Schrappe et ai, 1991). NG2
collaborates with a4pi during melanoma spreading and focal contact formation on
fibronectin (lida et ai, 1995). The integrins and NG2 interact with different
substrates, and clustering of the PG may stimulate integrin mediated cell spreading
on fibronectin by an inside-out signalling mechanism. As these examples illustrate,
the

interactions of many adhesion molecules can modulate the affinity or

behaviour of other molecules. This makes it difficult to analyze the contribution of
one molecule to cell-cell interactions without knowing which other molecules it
modulates. Such problems are enhanced if the cells are adhering to large multi
domain molecules such as thrombospondin or fibronectin (Ch. 5), which have
multiple receptors and ligand binding sites. In such cases adhesion can be
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simultaneously mediated by more than one receptor, with the disruption of any one
reducing cell attachment (Adams and Lawler, 1993). Often the profile of adhesion
molecules employed during attachment to such molecules is cell type specific.

8.2

Anti-adhesive therapies

The results of the experiments described here using the MDA-MB-231 carcinoma
line and the RPMI-7951 melanoma line, have confirmed that different types of
malignant cell can employ different mechanisms to adhere to activated and resting
endothelial cells. In addition, both lines use multiple ligands to interact with resting
HUVEC. This suggests that metastasizing cells can adhere to the vasculature of
an organ without prior activation of the endothelial cells. The data presented in this
thesis clearly indicate that tumour cells employ multiple ligands in their adhesion
to endothelial cells. Thus, if inhibition of tumour cell adhesion to endothelial cells
is to be effective in the clinic a cocktail of blocking molecules must be utilised.
Such cocktails would have to be modified to suit the type of malignancy involved,
and possibly the individual patient. The ability of some adhesion molecules (for
instance integrins, CD44 and selectins) to interact with more than one ligand,
means that even blocking one adhesion molecule might require a mixture of
agents. Nevertheless, it is feasible that reagents can be found that will inhibit the
activity of more than one adhesion molecule. For example, Saiki et al. found that
a fusion polypeptide containing both the heparin- and cell-binding domains of
fibronectin was more effective at inhibiting metastasis than either domain alone
(Saiki etal., 1993). The possible need to phenotype each patient's malignancy with
regard to expression of adhesion molecules could make anti-adhesive therapy both
time-consuming and expensive. The situation is further complicated by the fact that
during tumour progression the expression of adhesion molecules can change
(sometimes reversibly), and that subpopulations of cells within a tumour may
express different molecules (Mareel et al., 1991). Also, the adhesion molecules
expressed by tumour cells may not be functional (VIeminckx et al., 1994; Bracke
etal., 1993) as internal, cytoplasmic events can be disregulated. For instance, the
function of cadherins may be disturbed unless normal interactions with the
cytoskeleton, or with adjacent membrane GAGs, is maintained (Ozawa etal., 1990;
VIeminckx et al., 1994).
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Studies with sialyl Lewis X have indicated that it is possible to use carbohydrates
(CHO) as "anti-adhesive therapy" agents. For instance, in a rat model of acute
neutrophil-dependent lung injury (haemorrhage and oedema), the accumulation of
neutrophils and resultant tissue damage are inhibited by infusion of the
tetrasaccharide sialyl Lewis X (Mulligan et a/., 1993). Additionally, lactose and
chitin derivatives have demonstrated anti-metastatic activity against liver and lung
colonization in animal models (Dean etal., 1993; Kojima etal., 1994). Chemically
CHOs are highly stable, being resistant to thermal and chemical dénaturation. In
addition, the in vivo activity of CHO-modifying enzymes within the circulation is low
(Parekh and Patel,

1992). However, chemical synthesis of even small

tetrasaccharides such as sialyl Lewis X Is extremely expensive, as the monomers
can be linked in 30,000 arrangements, so that many steps (30-50) and purifications
are required (Edgington, 1992). Production can be simplified by the use of specific
enzymes, but these too can be difficult to isolate and purify.
An alternative to CHO-based therapy is immunotherapy, as the required technology
is already well-developed. The development of humanized antibodies, engineered
from rodent MAbs, has led to the production of therapeutic molecules with a longer
serum half-life and reduced immunogenicity (Winter and Harris, 1993). Blocking
endothelial cell-mediated adhesion and extravasation is already under investigation
with the development of novel anti-inflammatory drugs. Such studies have shown
that anti-adhesive strategies can be successful; P-selectin antibodies reduce PMN
adherence to endothelial cells, and thus attenuate cardiac muscle damage in feline
myocardial ischaemia reperfusion models (Weyrich etal., 1993). Antibodies against
GDI8 and ICAM-1 also inhibit PMN adhesion to endothelial cells, and protect
myocardial tissue from reperfusion injury. The extracellular domain of L-selectin
has been chimaerized to the human lgG-1 heavy chain to produce a soluble
molecule which blocks neutrophil influx into inflamed peritoneum during acute
inflammatory responses (Watson et al., 1991b). This molecule blocks the
endothelial receptor for leucocyte L-selectin. Phase I trials of anti-adhesion therapy
in humans have been performed. For instance, an anti-ICAM-1 MAb has been
tested in renal allograft recipients to inhibit leucocyte adhesion to endothelium and
reduce the incidence of allograft rejection (Haug et al., 1993). As reduced rejection
has been observed with no severe toxicity, phase II trials have been started.
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In animal models monoclonal antibodies against the glycosphingolipids GM3 and
H inhibit B16 melanoma cell metastasis to the lung (Hakomori, 1991). Other
antibodies which have been used to inhibit experimental metastasis include
monoclonals against CD44 (Guo et al., 1994), the integrin VLA-4 and the
Ig-superfamily member VCAM-1 (Okahara at a!., 1994; Garofalo at a!., 1995).
Small proteins, such as RGDS peptides have also proved capable of inhibiting
invasion and metastasis in animal models, especially when combined with
anti-cancer drugs, or conjugated with sulphated polysaccharide (Kojima at a/.,
1994a; Komazawa at a/., 1994). Whichever approach is taken, it must be
remembered that the modulation of tumour cell-endothelial cell interactions can
only maintain a steady state of tumour burden during the application of therapies
which kill tumour cells within solid deposits. Such an approach has been effective
in animal models, where the combination of the cytotoxic drug deoxyrubicin with
anti-adhesive fibronectin fragments, produced enhanced inhibition of metastasis
(Saiki at a!., 1993).
A major concern with any type of anti-adhesive therapy is that inhibition of normal
leucocyte function could compromise the patient's immune system. This would
render patients susceptible to infection, and reduce the activity of tumour infiltrating
lymphocytes and natural killer cells, components of the bodies natural defences
against tumour growth and metastasis (Vose at a/., 1981; Whiteside and
Herberman, 1992). Immunosuppression would be of less concern if malignant cells
employ tumour-specific mechanisms for adhesion to endothelial cells. However,
this is an unlikely scenario as cells appear to become metastatic through the
inappropriate expression and function of molecules associated with normal
physiological processes. Again, fewer problems would occur if anti-adhesive
therapy were only employed for short periods of time in combination with other
therapies which may increase the risk of tumour spread. For instance, anti
adhesive therapy would probably prove most effective if used in combination with
surgical procedures which may increase the chance of malignant cells being
released into the blood stream, or during treatment with chemotherapeutic drugs
such as vincristine which may enhance metastasis (van Putten at a/., 1975;
Nicolson and Custead, 1985).
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As well as causing immunosuppression, molecules which are employed to block
adhesion may serve to promote metastasis. For instance, when HA is incubated
with cells which express CD44, it can cross-link CD44 molecules on adjacent cells
(Hart et a/., 1992). The clumping of tumour cells by such treatments would lead to
increased trapping within the microvasculature. Additionally, some antibodies
against CD44 can "activate" various cell types, so that they display enhanced
adhesion via alternative molecules such as integrins (Bruynzeel et al., 1993;
Koopman et al., 1990). In Chapter 6 it was demonstrated that treatment of both
tumour cell lines with a MAb against "CD44A" caused enhanced adhesion to
HUVEC. Other adhesion molecules can also be activated by treatment of cells with
antibodies. L-selectin on lymphocytes can be activated by the cross-linking of
CD2/LFA-2 (Spertini et al., 1991), while p1/(52 integrins on T cell subsets can be
activated when the cells encounter anti-PECAM-1 MAbs (Tanaka et al., 1992).
These findings suggest that, when testing prospective anti-adhesive therapeutics,
care must be taken to ensure that tumour cell adhesion to endothelial cells is not
enhanced, whether via the "blocked" molecule or alternative molecules.

The use of GAGs as anti-adhesive therapeutics would require caution. For
instance, infusion of CS into the blood system would allow this GAG to interact
with both metastasizing tumour cells and endothelial cells. Although 08 reduces
adhesion when used to treat MDA-MB-231 and RPMI-7951 cells, it increases
MDA-MB-231 adhesion when used to treat HUVEC (Ch. 7). Such interactions in
vivo would enhance metastasis. Different tumour types have different responses
and sensitivities to treatment with GAGs, so that a therapy which reduces the
adhesion of one malignancy might not be effective against another. HN- or
HS-based drugs might prove effective as anti-adhesives as these GAGs did not
increase the adhesion of either tumour cell line, but significantly reduced adhesion.
In addition, these GAGs would be expected to interfere with other stages of
metastasis. Their anticoagulant properties (Lindahl et al., 1984; de Agostini et al.,
1990) should reduce the clumping of tumour cells, and intravascular coagulation
in response to tumour factors, thus inhibiting non-specific lodging of cells within the
microvasculature (Clauss et al., 1990). GAGs may also inhibit metastasis by
interfering with the function of matrix degrading enzymes such as heparanase,
which

aid tumour cell

migration through
147

basement membranes during

transmigration and invasion (Jin et al., 1990; Parish et al., 1987; Robertson et al.,
1989). Sulphated chitin derivatives and HN also interfere with melanoma adhesion
to, and migration towards, laminin-coated substrates and are thus anti-invasive
molecules (Saiki et al., 1990; Saiki et al., 1993). Additionally, they inhibit
endothelial cell migration on fibronectin. Sulphated polysaccharides, especially
highly

sulphated

homopolysaccharides

such

as

dextran

sulphate,

are

antiangiogenic and could thus inhibit solid tumour growth after extravasation
(Hahnenberger and Jakobson, 1991). Sulphated chitin derivatives (but not heparin)
inhibit B16 melanoma formation of lung métastasés in mice by inhibiting
angiogenesis (Murata et al., 1991), while heparin combined with cortisone is
antiangiogenic and causes tumour regression (Folkman et al., 1983). Sulphated
polysaccharides therefore inhibit multiple stages of the metastatic cascade
including tumour cell clumping, lodgement within microvessels, adhesion to
endothelium, attachment to ECM, invasion and angiogenesis.

Derivatives of HN/HS might prove a useful starting point for the development of
anti-adhesive drugs, as heparin is already used for the treatment and prevention
of thromboembolism. The use of heparin for therapeutic purposes has been
reviewed by Hirsh (Hirsh,

1991). Heparin is poorly absorbed from the

gastrointestinal tract so that it is administered by intravenous or subcutaneous
injection. Within the circulation it binds to many plasma proteins so that heparin
resistance may occur, often necessitating the use of higher drug concentrations in
patients with inflammatory and malignant disorders. Heparin binds to saturable
sites on endothelial cells which internalize and depolymerize it. Macrophages also
internalize and desulphate these molecules. The most common side effect is
haemorrhage, but other reactions include thrombocytopenia, osteoporosis, skin
necrosis and hypersensitivity reactions. Heparin does not cross the placenta and
therefore does not damage the foetus. The use of low-molecular weight heparins
causes less haemorrhage than standard heparin. In addition, these molecules have
a longer plasma half-life and can therefore be administered once daily. It is
probable that many of the side-effects of treatment with heparin can be eliminated
by removing the population of heparin molecules with anti-coagulant activity.
Indeed, it has been shown that depletion of the anti-coagulant activity associated
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with heparin does not reduce the effectiveness of this polysaccharide at inhibiting
lung metastasis in rats (Parish et al., 1987).

Inhibiting tumour cell extravasation might prove to be a more effective approach
to preventing metastasis. Organ specificity in tumour cell adhesion appears to be
mediated by the molecules involved in initial lodgement, and subsequent firm
adhesion to the endothelial cells. However, it seems that a more restricted range
of adhesion molecules is employed during transmigration into the tissues after
arrest (Muller et al., 1993; Honn and Tang, 1992). In a recent review of
leucocyte-endothelial adhesion molecules Carlos and Harlan described nine
endothelial molecules which mediate leucocyte rolling and firm adhesion, but only
three which mediate diapedesis through the monolayer (Carlos and Harlan, 1994).
If this is the case then there is a less daunting range/combination of molecules to
block. Blocking tumour cell transmigration, rather than organ-specific adhesion to
endothelial cells, would inhibit metastasis to a wide range of organs rather than to
restricted sites. Such an approach could provide an anti-adhesive drug with activity
against a range of malignancies metastasizing to a range of organs. However, it
must be remembered that the small number of molecules which have been
described as mediating diapedesis, may be due to the difficulties involved in
experimentally discriminating molecules which are involved in diapedesis rather
than adhesion. Also, the blockade of any molecules which mediate diapedesis
would fail if tumour cells cause the retraction of endothelial cells rather than
emigrating through cell-cell junctions (Honn et al., 1994).

After extravasation tumour cells can migrate to local blood vessels, around which
they wrap themselves to form perivascular cuffs (Koop et al., 1994; Morris et al.,
1994). However, inhibiting post-extravasation interactions such as adhesion to the
ECM, or the activity of matrix digesting enzymes, would introduce the problem of
targeting drugs to tumour cells hidden within tissues. A more satisfactory approach
might be the inhibition of angiogenesis, as the formation of new blood vessels is
critical to the development of both primary and secondary tumours. Brooks et al.
recently demonstrated that antibodies directed against integrin avps, which is a
marker for angiogenic blood vessels, disrupt angiogenesis by promoting the
apoptosis of endothelial cells (Brooks et al., 1994). This treatment led to the
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regression of human tumours transplanted onto chick chorioallantoic membrane.
Although such approaches are promising, they would interfere with normal
angiogenic events such as wound repair (i.e. post surgery recovery) and the
female reproductive cycle.

8.3

Summary

In conclusion, the MDA-MB-231 carcinoma and RPMI-7951 melanoma cell lines
share common adhesion pathways, as well as employing differing pathways. Both
display a calcium- and temperature-dependent adhesion to HUVEC which is
abrogated by protease-treatment of the tumour cells, and chondroitinase A/C
treatment of the endothelial cells. Additionally, tumour cell and endothelial cell pi
integrins mediate adhesion via heterophilic interactions. The adhesion of RPMI7951 cells, but not MDA-MB-231 cells, appears to be partly mediated by the
heterophilic interactions of endothelial PECAM-1, and by endothelial CD44
interacting with tumour cell HA.

The adhesion of both lines is enhanced by pretreatment of the HUVEC with TNFa
for twenty-four hours. For the melanoma line this enhanced adhesion is due the
interaction of VLA-4 on the tumour cells, with VCAM-1 on activated HUVEC. The
same mechanism is employed to adhere to HUVEC which have been activated for
five hours. The carcinoma line appears to employ alternative pi integrins to
mediate enhanced adhesion to activated HUVEC. In addition to displaying
differential adhesion to activated HUVEC, the tumour cell lines also display
differential adhesion to microvessel endothelial cells. The carcinoma line
demonstrates a much stronger preference for microvessel endothelial cells,
especially those derived from abdominal fat (HuAMEC), than for the HUVEC. The
melanoma line, however, adheres equally well to all types of endothelial cell tested.
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Appendix 1: Assaying adhesion under conditions of flow
A1.1

Flow experiments

Performance of adhesion assays under conditions of flow may provide a more
physiologically relevant model of tumour cell-endothelial cell adhesion. Such an
assay would allow the determination of the sequence of events which occur during
tumour cell adhesion. Therefore analysis of tumour cell adhesion to HUVEC under
conditions of shear stress was carried out as described by Cooke et al., who grew
HUVEC within glass microcapillary tubes to study the adhesion of blood cells under
conditions of flow (Cooke at a!., 1993).

A1.2 Materials and methods
Preparation of microslides

Flat, open-ended glass microcapillary tubes (Microslides; Camlab Ltd, Cambridge,
UK) with the outer dimensions of 0.6 x 2.4 x 50 mm (internal depth of 0.2 mm)
were cut to a length of 40 mm and placed in a glass test tube. They were cleaned
in 1:1 methanoliconcentrated HCI for 1h. The microslides were then rinsed twice
in anhydrous acetone before being immersed in a freshly made solution of 4% v/v
3-aminoprôpyl-triethoxy-silane (APES; Sigma) in anhydrous acetone. After one
minute they were immersed in a second solution of 4% APES for a further minute.
The microslides were rinsed once more with acetone and three times with distilled
water, ensuring they were thoroughly drained between each step. The slides were
then allowed to dry at 37°C. A 20 mm length of silicon rubber tubing, with an
internal diameter of 2.0 mm and an external diameter of 3.0 mm (Portex Ltd,
Hythe, Kent, UK), was attached to each end of each microslide. The tubing was
glued in place with cyano-acrylate adhesive (Loctite, Welwyn Garden City, UK) and
the glass/rubber junction sealed with silicone grease (RS Components, Corby,
UK). The assembled microslides were then autoclaved and stored aseptically at
RT until required.

Seeding microslides with HUVEC

A T75 flask of HUVEC was washed with PBS/A and the cells brought into
suspension with 3 ml trypsin/EDTA. Five ml of medium was added to the flask and
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the cell suspension centrifuged at 650 g for 5 min. The pellet was resuspended in
1.5 ml HUVEC medium and the cell suspension loaded into the microslides. This
was done by inserting a sterile pipette tip into the length of rubber tubing and using
an automatic pipette to aspirate enough solution to fill each microslide (- 25 pi). The
microslides were then placed into a sterile petri dish and incubated at 37°C and 5%
CO for 2-3 h to allow the HUVEC to attach. The microslides were laid across a
2

sterile, glass microscope slide in the petri dish so that they did not stick to the base
of the petri dish.

Culture o f HUVEC under flow

A dish for the culture of cells in microslides was constructed using 90 mm diameter
bacterial culture dish (Griffiths and Nielson). Culture dishes suitable for mammalian
cells were not used so that the HUVEC could not grow out into the dish instead of
along the microslides. Four holes of 2.5 mm diameter were drilled into one side of
each culture dish. The holes were 15 mm apart and 2 mm from the base of the
dish. Plastic pipette tips (Sarstedt), which fit 200 pi automatic pipettes, were
trimmed to a length of 25 mm and glued into the holes using cyano-acrylate
adhesive. The outer joints were sealed with silicone grease. Ten cm lengths of
silicone rubber tubing were then pushed over the external ends of the pipette tips
to form a leak-free connector. The assembled culture dishes were then washed
with 70% ethanol and left to dry in a flow hood. The microslides, which had been
seeded with HUVEC, were then connected to the internal ends of the pipette tips
via the microslides' attached lengths of tubing. The microslides were sandwiched
between sterile, glass microscope slides within the culture dishes. This kept them
flat, allowing their contents to be viewed with a microscope.

The culture dishes were filled with HUVEC medium (50 ml) before being
transferred to an incubator. Within the incubator the connectors were linked to
lengths of transparent vinyl tubing with an internal diameter of 1.5 mm and an
external diameter of 2.1 mm (Portex). This tubing led out through a port in the
incubator wall and was connected to an eight channel, peristaltic pump (model
202U/AA, Watson-Marlow Ltd, Falmouth, Cornwall, UK). The pump was used at
the minimum flow rate (0.01 ml/min) for 30 sec. to prime the microslides and tubing
with fresh medium. Very low flow rates were initially required to prevent stripping
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of the freshly attached HUVEC. Thereafter the pump was switched on once every
hour, for 40 sec, with a flow rate of 0.22 ml/min using an electric time-switch. This
allowed frequent replenishment of the growth medium within the microslides. The
medium

within

the

microslides

rapidly

loses

buffering

capacity,

with

an

accompanying fall in pH, when it is in contact with cells (Cooke et al., 1993). This
means that if it is not replaced frequently the cells will fail to colonize the whole
microslide. The medium aspirated by the peristaltic pump was discarded as waste.
It was not recycled in order to reduce the risk of contamination. The HUVEC were
cultured at 37°C and 5% COg until they were confluent along the length of the
microslides. This usually took around four days. The microslides were then ready
for use in flow experiments.

Dynamic adhesion assay

A microslide containing healthy monolayers of HUVEC were removed from the petri
dish along with the tubing which was glued to each end. The surface was wiped
dry to improve the optical properties. The microslide was then attached to a clean
microscope slide by double-sided sticky pads ('Sticky Fixers', Sellotape GB Ltd,
Dunstable, UK) and placed across the stage of a Nikon TMS inverted microscope
with phase contrast optics for viewing. One end was connected via the attached
tubing to an infusion/withdrawal syringe pump (Model 2400-003,

Harvard

Apparatus, South Natick, MA, USA). The other end was connected to tubing which
led to a suspension of tumour cells. A confluent T75 of tumour cells (RPMI-7951)
was treated with 10 mM EDTA to disaggregate the tumour cells as described for
the static adhesion assay (Ch. 2). The cells were washed, resuspended in 15 ml
assay medium and the cell suspension incubated in a beaker on a heated,
magnetic stirrer set at 37°C. The suspension was gently stirred to prevent the cells
from settling. When all leaks and air bubbles had been eliminated from the system
the syringe pump was used to smoothly draw the tumour cell suspension over the
HUVEC monolayer. Cell-cell interactions were observed within areas of the
endothelial monolayer which had retained their integrity during the transfer from the
culture system to the microscope stage.

Caicuiations for shear stress

For simplicity blood is assumed to be a Newtonian fluid in which the shear rate is
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proportional to the shear stress. Also, flow is assumed to be Poiseuille or laminar,
where cylinders of fluid flow over each other with maximum velocity at the vessel
axis (Evans, 1991). During laminar flow the rate is greatest in the centre of the
channel and least adjacent to the wall. In addition, if the fluid contains particles the
largest ones tend to accumulate in the regions of fastest flow while the smallest will
accumulate at the walls.

a) Shear rate is the velocity gradient which is established by a fluid flowing over
a solid surface with a velocity which is proportional to the perpendicular distance
from the surface.

b) Shear stress arises as neighbouring layers withina fluidtravel at different rates,
and therefore flow over each other. This induces ashearing

stresswhich

is

tangential to the surface and proportional to the shear rate.
The following calculations and assumptions were used to estimate the required
flow rates needed to generate appropriate shear stresses in this flow model.

Wall Shear Stress (i) isgiven by:
X = (6 . n . Q) / (h\ w)
Where

[1] (Barabino et a/., 1987)

x = shear stress in Dynes/cm
n = fluid viscosity in Poises (Po)
Q = flow rate in cmVsec
h = internal height of microslide in cm
w = internal width of microslide in cm

To convert to SI Units (Newton/m^ or Pascal):
(x) (Pa, N/m^ ) =

0.1 X X (Dynes/cm^ )

To calculate Flow rate (ml/sec):
Q = ( X . h^ . w . 10^ ) / (6 . n )
where x is in Pa; n is incenti-Po.

[2]
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Estimated shear stress in postcapiiiary venules

Our estimates were based upon known parameters for post-capillary venules in
terms of wall shear rates and dimensions.

Wall Shear Rate (sec^ ) =
therefore

t

(t

/ n)

[3]

= n x wall shear rate.

The following assumptions were then made in the calculation of the expected shear
stress experienced in a post-capillary venule.

(i)

Wall shear rate « 100 - 200 sec'^
(Atherton and Bom, 1972; Schmid-Schoenbein etal., 1975).

(ii)
(iii)

Diameter of postcapillary venules - 30 pm in cat (Bienvenu et al., 1992).
In a capillary of diameter 30 pm, relative haematocrit is « 0.6 x normal; i.e.
27%

(iv)

(Barbee and Cokelet, 1971).

27% haematocrit = relative viscosity of 1.6 x plasma viscosity
(Levey and Share, 1953).

(v)

The viscosity of plasma is - 1.25 that of water therefore the relative viscosity
of bJood in a venule is ; 1.6 x 1.25 = 2.0 i.e. twice the viscosity of water.

(v)

At 37°C the viscosity of water is

7 mPoise (Lawrence et al., 1990).

Therefore, blood would have a viscosity of ; 2 x 7 mPo = 14 mPo.

This is assuming that there is a normal haematocrit level and that thevenulehas
a diameter of 30 pm. Taking the upper estimate of a shear rate of 200 sec'^ in
venules we are aiming to achieve a shear stress of ;

200 sec'^

X

0.014 Poise = 2.8 Dynes/cm^ or 0.28 Pa (from equation 3).

In the flow system h = 0.02 cm
w = 0.2 cm
n = 0.007 Po (viscosity of assay medium at 37°C).

To obtain a shear stress of 0.28 Pa, a flow rate through the microslides of 0.28
ml/min at 37°C (using equation 2), would be required.
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A1.3 Observations
Preliminary experiments with the MDA-MB-231 line showed that at flow rates as
high as 0.28 ml/min, the tumour cells appeared to be moving too rapidly to study,
or to interact with the HUVEC monolayers. However, when the rate was reduced
to 0.04 ml/min, which is equivalent to 0.04 Pa, it was possible to easily observe
individual tumour cells. This shear stress is very close to that reported to allow the
adhesion of A375 human melanomas to resting HUVEC by Giavazzi et al. (0.06
Pa; Giavazzi et a/., 1992). At a flow rate of 0.04 ml/min individual tumour cells
were observed to move over the surface of the confluent HUVEC. They did not
appear to be rolling as their velocity remained constant as they travelled across the
field of view. The cells often appeared to be tortuously travelling along the
endothelial cell-cell junctions rather than over the top of the endothelial cells in a
linear fashion. Presumably these Junctional areas provide the path of least
resistance or the greatest concentration of adhesion molecules.

Very few tumour cells were observed to adhere firmly to the HUVEC. However,
those that did cease travelling did so in a dramatic and sudden manner. These
cells jerked to halt without any obvious slowing down beforehand. Having stopped
they rapidly became indistinguishable from the HUVEC on which they were resting
(within around five minutes). To remain identifiable the tumour cells would have to
be stained with non-fluorescent dyes (methylene blue and neutral red were
promising markers), or the adhesion assay performed using a fluorescence
microscope which would make it more difficult to simultaneously monitor both the
integrity of the endothelial monolayer and the behaviour of the tumour cells. Initial
studies showed that staining with 5% methylene blue (Sigma) or neutral red
(Sigma) for 20 min. at 37°C might provide a suitable solution to this problem.
Methylene blue gave better coloration but two hours after staining the cells treated
with neutral red appeared healthier and exhibited less "blebbing" and "ghosting".
Further testing is required to determine the ideal staining regime.

Although healthy monolayers of HUVEC were obtained using the flow based
culture system (75% of microslides were seeded successfully), problems occurred
during the transfer of the microslides to the microscope stage for dynamic adhesion
assays. It proved difficult to link the microslides to the syringe pump without
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introducing air bubbles and leaks to the system. In addition, if it took more than a
couple of minutes to transfer the microslides the monolayers often became
denuded when flow was re-introduced. An added problem was that it was not
possible to effectively monitor and maintain a constant temperature on the
microscope stage. Either the equipment would have to be set up in a constant
temperature room, the microscope stage enclosed with a heated container, or a
thermal microscope stage employed (Techne Ltd, Duxford, Cambs, UK). Difficulties
also arise from the use of a stirrer to prevent the tumour cells settling out of
suspension prior to being drawn through the microslides. If the cells are stirred too
vigorously they are damaged so that care must be taken to achieve a rate which
is gentle yet effective. Once such technical difficulties are ironed out a flow-based,
the in vitro adhesion assay should be quite straight-forward to perform. Ideally the
microscope would be linked to a video recorder so that all the cell-cell interactions
could be analyzed in detail. The assay could then be employed to determine how
the tumour cells behave under conditions of flow, for instance do they roll or
adhere directly, and which previously identified adhesion molecules are necessary
to mediate adhesion under these conditions.
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Appendix 2: Glycosaminoglycan digestion

A2.1

Materials and methods

PAGE analysis

The optimum working conditions for the GAG digesting enzymes were ascertained
using the purified GAGs and enzymes described in Chapter 2 (Materials and
methods). The enzymes were tested on 1 mg/ml solutions of each GAG in assay
medium (M199 supplemented with 0.1% BSA). Each enzyme was tested at 25°C
and at 37°C over a range of enzyme concentrations, pH levels and times. Controls
used the same conditions as the samples but were held on ice over the course of
the digestion. 15 pi of each digest was run on 15% polyacrylamide gels which were
0.75 mm thick. Stacking gels were not used. The electrophoresis was performed
on 'Mini-PROTEAN IT mini-gel apparatus (Bio-Rad Ltd, Hemel Hempstead, Herts,
UK). Each 15 pi sample received 5 pi of dye stop (1:3 glycerol:PBS containing
0.2% bromophenol blue; Bio-Rad) before loading into the wells. The 15% gel was
made up of 12.5 ml of 30% Protogel (Flowgen Instruments Ltd, Sittingbourne, UK),
9 ml of 1 M tris-hydroxymethylamino-methane (Tris-HCI; Boehringer Mannheim,
Lewes, East Sussex, UK) buffer at pH 8.0, 2.9 ml distilled water, 0.25 ml of fresh
10%

amhrionium

persulphate

(APS;

Sigma)

and

15

pi

of

N,N,N,N-

tetramethylethylenediamine (TEMED; Sigma). Protogel consists of 30% w/v
acrylamide in an 0.8% w/v bisacrylamide stock solution. The gels were run at 100
V until the dye front was about 1 cm from the bottom of the gel ( - 3 h). The running
buffer consisted of 1.88% glycine (Sigma) in 0.3% Tris. Sodium dodecyl sulphate
(SDS) was not included in the gel or running buffer. After a quick wash in distilled
water the gels were fixed in a solution of 50% methanol and 7% acetic acid for 30
min. They were then stained with 0.1% toluidine blue (Sigma) in 1% acetic acid for
30 min. Finally the gels were destained in 1% acetic acid, placed on a light box
and photographed (f32 for 1/60 sec) using Polaroid type 667 black and white film.
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A2.2 Results
The conditions used for digestion of cell surface GAGs (Tab. APP2.1) were
determined by initially using the optimum conditions for each enzyme as
determined by PAGE analysis (Figs. A2.1A - A2.6B). If the HUVEC monolayers
lost their integrity, or tumour cell viability in suspension was reduced under these
conditions, then the enzyme concentration and period of digestion were varied so
that the cells remained healthy after treatment. Figure A2.7 demonstrates the
profiles of polysaccharides which had not been treated with enzymes. The data
from the PAGE analysis is summarised in section A2.3

Enzyme

Cone.

Temp.

pH

Ca/Mg

Time

Hyaluronidase

500 mU/ml

37°C

6.0

-

2h

Heparinase

500 mU/ml

25°C

7.0

Heparanase

500 mU/ml

25°C

7.5

Chondroitinase ABC

50 mU/ml

25°C

7.5

1 mM

30 m

Chondroitinase AC

1.5 mU/ml

37°C

7.5

1 mM

30 m

Chondroitinase B

500 mU/ml

25°C

7.5

1 mM

45 m

1 mM
-

1h
1h

Table APP2.1 The conditions used for enzyme digestion of cell surface
glycosaminoglycans.
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A2.1

Hyaluronidase: Results of digestion of 1 mg/ml GAG using 500 mU/ml

enzyme in assay medium at pH 6.0. GAG digested for 2 h at 37°C.

A)

LJ I

I

■a

''4^ .

1) HN at 0 min.
4) HS at 0 min.
7) HA at 0 min.

2) HN at 2 h.
5) HS at 2 h.
8) HA at 2 h.

3) HN at 2 h, heat inactivated enzyme.
6) HS at 2 h, heat inactivated enzyme.
9) HA at 2 h, heat inactivated enzyme.

2) CSA at 2 h.
5) DS at 2 h.
8) CSC at 2 h.

3) CSA at 2 h, heat inactivated enzyme.
6) DS at 2 h, heat inactivated enzyme.
9) CSC at 2 h, heat inactivated enzyme.

B)

1) CSA at 0 min.
4) DS at 0 min.
7) CSC at 0 min.
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A2.2 Heparinase: Results of digestion of 1 mg/ml GAG using 2 U/ml enzyme in
assay medium (1 mM Ca^^ and Mg^"^ ) at pH 7.0. GAG digested for 2 h at 25°C.

A)

1) HA at 2 h.
5) HN at 2 h.

2) HA at 0 min.
6) HN at 0 min.

3) HS at 2 h.

4) HS at 0 min.

B)
■.
1

1) CSC at 2 h.
5) CSA at 2 h.

2

: 1'
3

. '
4

2) CSC at 0 min.
6) CSA at 0 min.

!
5

6

3) DS at 2 ti,
7) HN at 2 ti.
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4) DS at 0 min.
8) HN at 0 min.

A2.3 Heparanase: Results of digestion of 1 mg/ml GAG using 1 U/ml enzyme in
assay medium at pH 7.5. GAG digested for 2 h at 25°C.

A)

#

9

1) HS at 0 min.
5) HA at 0 min.

6

2) HN at 0 min.
) HA at 2 ti.

3) HN at 2 h.

4) HS at 2 ti.

3) CSA at 0 min.
7) CSC at 0 min.

4) CSA at 2 h.
8) CSC at 2 ti.

B)

1) HS at 0 min.
5) DS at 0 min.

2) HS at 2 ti.
) DS at 2 ti.
6
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A2.4 Chondroitinase ABC: Results of digestion of 1 mg/ml GAG using 50 mU/ml
enzyme in assay medium (1 mM Ca^ and Mg^^ ) at pH 8.0. GAG digested for 30
min. at 37°C.

A)

1)HNatO m in.
5) HA at min.

2) HN at 30 min.
) HS at 0 min.
) HA at 30 min. 7) CSC at 0 min.
3

0

6

8

4) HS at 30 min.
) CSC at 3C min.

B)

1) CSA at 0 min.
5) CSC at 0 min.

2) CSA at 30 min. 3) DS at 0 min.
) CSC at 30 min.
6
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4) DS at 30 min.

A2.5 Chondroitinase AC: Results of digestion of 1 mg/ml GAG using 2.5 mU/mi
enzyme in assay medium (1 mM Ca^^ and Mg^^ ) at pH 7.5. GAG digested for 1
h at 37°C.

A)

1) HN at 0 min.
5) HA at 0 min.

2) HN at 1 h.
) HA at 1 h.

3) HS at 0 min.

4) HS at

1

h.

2) CSA at 1 h.
6) CSC at 1 h.

3) DS at 0 min.

4) DS at

1

h.

6

B)

1) CSA at 0 min.
5) CSC at 0 min.
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A2.6 Chondroitinase B: Results of digestion of 1 mg/mi GAG using 500 mU/mi
enzyme in assay medium (1 mM Ca^ and Mg^ ) at pH 7.5. GAG digested for 1
h at 25°C.

A)

1) HN at 0 min.
5) HA at 0 min.

2) HN at 1 h.
) HA at 1 h.

3) HS at

0

min.

4) HS at

1

ti.

6

B)

J

1) CSA at 0 min.
5) CSC at 0 min.

2) CSA at 1 h.
6) CSC at 1 h.

3) DS at 0 min.
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4) DS at 1 h.

A2.7 PAGE profile of 1 mg/ml polysaccharides in assay medium. The
polysaccharides were not treated with enzymes.

$

1) DX

2) CSA

3) DS

5) HN

6

) HS

7) HA

4) CSC

A2.3 Summary
1) Hyaluronidase digests hyaluronic acid. Fig. A2.1A, lanes 7 and .
8

ii) Heparinase digests heparin. Fig. A2.2B, lanes 7 and .
8

iii) Heparanase (heparatinase) digests heparan sulphate. Fig. A2.3, lanes 1 and 2.
iv) Chondroitinase ABC (Fig. A2.4B) digests chondroitin sulphate A (lanes 1 and
2), dermatan sulphate (lanes 3 and 4) and chondroitin sulphate C (lanes 5 and ).
6

It also digests hyaluronic acid. Fig. A2.4A, lanes 5 and .
6

v) Chondroitinase AC (Fig. A2.5B) digests chondroitin sulphate A (lanes 1 and 2)
and chondroitin sulphate C (lanes 5 and ). It also digests hyaluronic acid. Fig.
6

A2.5A, lanes 5 and .
6

vi) Chondroitinase B digests dermatan sulphate. Fig. A2.6, lanes 3 and 4.
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Appendix 3: Analysis of endothelial heparan sulphate
A3.1

Introduction

It has been postulated that if endothelial heparan sulphate plays a role in tumour
cell adhesion, then it may do so via specific GAG chain sequences. HS chains
consist of alternate regions of sulphate-rich and sulphate-poor domains (Turnbull
and Gallagher, 1991) with the regions of sulphation usually being restricted to
sequences of two to nine disaccharide units. The sulphate rich sequences are
important structural components of the chain, introducing areas of concentrated
anionic charge which can participate in electrostatic interactions. Additionally, the
epimerization of glucuronate to iduronate introduces flexibility into the GAG chains,
as well as providing extra sites for the addition of sulphate groups. Sulphated
domains within GAG chains can act as specific protein recognition sequences. For
instance, the pentasaccharide binding sequence for antithrombin III in heparin
includes a unique 3-0-sulphated GlcNSO^ residue, as well as three other critical
sulphate residues (Lindahl et al., 1984). Also, a specific sequence of seven
disaccharides from the N-sulphated domains of fibroblast HS contains a high
affinity binding sequence for bPGF (Turnbull at a/., 1992). N-sulphate and
iduronate- -sulphate groups are both necessary for the latter interaction whereas
2

6-0-sulphates appear to contribute little to bFGF binding. If endothelial cell HS
utilize particular structural motifs to bind to the surfaces of tumour cells, then
variations in the HS chain sulphation patterns of endothelial cells of different origin
might account for differences in tumour cell adhesion. HUVEC, HuMMEC and
HuAMEC were therefore analyzed to determine whether they display HS chains
which differ in their patterns of sulphation.

A3.2 Materials and methods
GAG labelling

HUVEC, HuAMEC and HuMMEC were plated onto five gelatinized 94 mm tissue
culture plates (Greiner Labortechnik, Dursley, Glos, UK). When the cells reached
confluence each plate received 5 ml of microvessel growth medium (see chapter
2) containing 10 pCi/ml of ^H-glucosamine (Du Pont MEN, Stevenage, Herts, UK)
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and

S-sulphate (sodium sulphate; Du Pont NEN). The cells were incubated in this

medium for 48 h at 37°C in 5% COg. The medium was then collected and each
plate washed with 4 ml of PBS/A. The wash was added to the medium which was
then centrifuged to remove cellular debris. The combined medium/wash was then
dialysed in Visking tubing (pore size 12 kD - 14 kD; Fisons Scientific Equipment,
Loughborough, Leics, UK) at 4°C against 3 changes of 1.5 L of PBS/A to remove
free radio-isotope. After removal of the medium the tissue culture dishes were
washed once more and the wash discarded. Each dish received 4 ml of 50 pg/ml
crystalline trypsin type IX (Sigma) in PBS/A containing 1 mM EDTA and the cells
incubated at 37°C for 15 min. The trypsin was inactivated by addition of 0.25 vols
of 200 pg/ml trypsin inhibitor type l-S from soybean (Sigma). The suspended cells
were pelleted by centrifugation at 1200 rpm for 5 min and the supernatant retained.
The cell pellets were washed in 20 ml of PBS/A which was added to the cell
surface supernatant. The pellets were then dissolved in 1 ml of

6

M urea in PBS

containing 1% v/v Triton X-100 (Sigma).
Samples were sealed in dialysis tubing (MW cut off of 12-14 kD), laid on a tray,
coated with polyethylene glycol compound (M.W 15 kD - 20 kD, PEG; Sigma), and
left overnight at 4°C to concentrate by reverse osmosis. The tubing was then
washed down with distilled water and dialysed against distilled water for 9 h at 4°C
to dissolve any precipitates. The concentrated samples were then dialysed against
Pronase buffer (0.1 M Tris-HCI in 5 mM calcium acetate, pH 7.65) for 24 h at 4®C.
Protease type XXV (Pronase E; Sigma) was added to the samples to give a
concentration of 1 mg/ml. The samples were digested overnight at 37°C before the
addition of an extra 1 mg/ml enzyme. After another 4 h of digestion the samples
were boiled for 5 min to destroy the enzyme and precipitate any protein. The
solutions were centrifuged at

2

0

0

0

rpm (600 g) for

1 0

min and the resulting pellet

washed in Pronase buffer. The supernatant and wash from each cell line were
pooled before the addition of

1 0

pg/ml of chondroitin sulphate C to act as a carrier.

GAGs were precipitated by the addition of 3 vols of ethanol supplemented with 1%
potassium acetate (Sigma) to aid precipitation. Precipitation was allowed to
proceed at 4°C for an hour. The precipitate was recovered by centrifugation,
resuspended in water and the ethanol precipitation repeated. The pelleted
precipitate was air dried and stored at - 20°C until analyzed.
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HS analysis

The precipitates were analyzed by Mr. J. Deakin (C.R.C. Dept. Medical Oncology,
Christie CRC Research Centre, Christie Hospital, Manchester.) as described by
Lyon et al. (Lyon et ai, 1994).

Preparation of HS chains

GAG chains were initially purified by ion-exchange chromatography. Samples were
applied to a small DEAE-Sephacel column (Pharmacia Ltd.) and washed with 0.3
M NaCI, 20 mM sodium phosphate containing 1 % (v/v) Triton X-100, pH 7.0.
GAGs were recovered by step elution with 1.5 M NaCI, 20 mM sodium phosphate
containing 1 % (v/v) Triton X-100, pH 7.0. The recovered chains were dialysed
against 50 mM NaCI / 50 mM Tris-HCI, pH 8.0. After concentration by reverse
osmosis against PEG, the samples were digested with 0.1 U/ml chondroitinase
ABC (EC 4.2.2 4, Seikagaku Kogyo Co, Tokyo, Japan) for 4 h at 37°C to
breakdown CS and HA chains. The intact HS chains were recovered by application
to a small DEAE-Sephacel (Pharmacia Ltd.) column followed by step elution with
1.5 M NaCI / 20 mM sodium phosphate at pH 7.0. The HS chains were
precipitated from the 1.5 M NaCI eluent by addition of 3 volumes of 95% (v/v)
ethanol, air-dried, and redissolved in distilled water.

Disaccharide compositional analysis

^H/^®S-labelled HS chains were digested with 20 mlU/ml each of heparinases I (EC
4.2.2.7, Seikagaku Kogyo Co), II (no EC No, Grampian Enzymes, Aberdeen, U.K.),
and ill (EC 4.2.2. , Grampian Enzymes) in 0.1 M sodium acetate, 0.1 mM calcium
8

acetate, 1 mg/ml BSA, pH 7.0 for 18 h at 37°C. The same quantities of enzymes
were added and the mixture incubated for a further 4 h. The digest was analyzed
by gel filtration chromatography on a Bio-Gel P-2 column (1 x 111 cm, Bio-Rad
Labs, Hemel Hempstead, U.K.) eluted with 0.2 M NH HCO at a flow rate of 4
4

3

ml/h. Fractions were collected and analyzed for radioactivity. Disaccharides were
pooled and lyophilized to remove the NH HCO . The samples were then dissolved
4

3

in distilled water acidified to pH 3.5 by addition of HCI. The disaccharides were
then resolved by anion-exchange chromatography on a 5 pm Spherisorb SAX
column (Technicol, Stockport, U.K.) linked to a Dionex HPLC system. After sample
injection, the column was washed with 5 ml of acidified water, pH 3.5, followed by
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elution with a 40 ml gradient of 0-0.75 M NaCI, pH 3.5, at a flow rate of 1 ml/min.
Radioactivity was monitored using an on-line Radiometric Flo-One/Beta Series A200 detector (Canberra Packard, Berkshire, UK) employing a 0.5 ml flow-through
liquid cell and a scintillant;sample ratio of 3:1. Disaccharides were identified by
comparison with the elution positions of eight known disaccharide standards. Spill
correction was performed on the radioactivity data so that the disaccharide
composition could be calculated by integration of the ^H-labelled disaccharide
peaks.

The eight standard disaccharides were:
1)

AHexUA-GlcNAc

2)

AHexUA-GlcNSOa

3)

AHexUA-GlcNAc ( -OSO )

4)

AHexUA ( -OSO )-GlcNAc

5)

AHexUA-GlcNS

6

)

7)
8

)

6

2

3

3

0

( -OSO )

3

6

3

AHexUA ( -OSO )-GlcNS
2

3

0

3

AHexUA ( -OSO )-GlcNAc ( -OSO )
2

3

6

AHexUA ( -OSO )-GlcNS
2

3

0

3

3

( -OSO )
6

3

The standards were prepared by enzymatic depolymerization of chemically
modified bovine aortic heparin by Mr. J. Deakin (C.R.C. Dept. Medical Oncology,
Christie CRC Research Centre, Christie Hospital, Manchester).

A3.3 Results and discussion
Table A3.1 summarises the results of SAX-HPLC disaccharide analyses of multiheparinase digested heparan sulphate chains derived from HUVEC, HuMMEC and
HuAMEC. The data are the averages of the values obtained from the mediumderived samples and the cell surface samples. The pellets obtained from the
intracellular compartments did not yield enough counts to enable analysis. The
data for the medium-derived, and cell surface-derived HS chains, were combined
as they gave very similar values.
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DISACCHARIDE

HUVEC

HuMMEC

HuAMEC

UA-GlcNAc

59.95 (1.81)

54.40 (1.86)

49.29 (3.99)

UA-GlcNAc ( S)

8.73 (2.85)

8.97 (2.20)

11.45 (6.94)

UA-GICNSO

19.04 (1.20)

21.07 (1.39)

23.33 (0.84)

UA-GICNSO ( S)

3.44 (0.51)

2.74 (1.19)

2.97 (0.29)

UA(2S)-GIcNS03

3.68 (0.76)

7.09 (0.35)

7.25 (1.26)

UA(2S)-GIcNS03(6S)

4.84 (0.54)

5.71 (0.82)

4.61 (0.44)

UA(2S)-GlcNAc

0.97

-

2.55

UA(2S)-GlcNAc ( S)

-

-

-

Total SO /100 disacc.

56.53

66.83

70.35

NSO /100 disacc.

31.10

36.61

38.16

O-SO /100 disacc.

25.53

30.22

32.16

6

3

3

6

6

3

3

3

2

-O-SO 7100 disacc.

8.52

12.80

13.14

6

-O-SO

17.01

17.42

19.03

3

3

/ 1 0

0

disacc.

Table A3.1 Disaccharide analysis of muiti-heparinase digested endothelial
heparan sulphate by SAX-HPLC chromatography. Each value is the mean of three
runs for the HUVEC and HuMMEC HS (two medium and one cell surface), or two
runs for HuAMEC HS (one medium and one cell surface). Brackets indicate the
standard errors for each batch of samples.

Rows 1-8 of table A3.1 give the proportions of each of the major HS disaccharides
present in each sample. For all the cells tested UA-GlcNAc, followed by UAGICNSO , are the most abundant disaccharide species. The last five rows of the
3

table are derived from the first eight. Row nine gives the overall levels of
sulphation for each line and shows that HuAMEC produce the most highly
sulphated HS chains (70 sulphate groups per 100 disaccharides), while HUVEC
HS chains are the least sulphated (56 sulphate groups per 100 disaccharides).
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These sulphates may be present as a sulphamino group on glucosamine (N-SO ),
3

on C

of glucosamine ( -O-SO ), or on C-2 of iduronate residues ( -O-SO ). The

- 6

6

3

2

3

final four rows summarise the general sulphation patterns displayed by each cell
line. The overall differences in HS sulphation exhibited by the endothelial cells
appear to be due to the levels of N-SO and
3

2

-O-SO . The data obtained for the
3

overall sulphation of HUVEC HS chains compare well with that previously
published by Lindblom and Fransson (Tab. A3.2) (Lindblom and Fransson, 1990).

DISACCHARIDE

HUVEC

Lindblom

59.95 (1.81)

56

UA-GlcNAc ( S)

8.73 (2.85)

9

UA-GICNSO

19.04 (1.20)

28

UA-GlcNAc
6

3

UA-GICNSO ( S)

3.44 (0.51)

2

UA(2S)-GIcNS03

3.68 (0.76)

5

UA(2S)-GIcNS03(6S)

4.84 (0.54)

2

0.97

-

-

-

3

6

UA(2S)-GlcNAc
UA(2S)-GlcNAc ( S)
6

SO

56.53

57

NSO /100 disacc.

31.10

37

O-SO

25.53

2

3

/

1

0

disacc.

0

3

3

/

1

0

0

disacc.

0

Table A3.2 A comparison of the data obtained for HUVEC HS disaccharide
composition, with that previously published by Lindblom and Fransson (Lindblom
and Fransson, 1990).
Although the overall levels of sulphation were the same, a higher figure for
groups and a correspondingly lower figure for

O

- S

O

3

N

- S

O

3

groups were obtained. The

authors did not specify the labelling conditions used for the HUVEC, but Klein et
al. reported that GAG synthesis in HUVEC was sensitive to a number of variables
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including the type of culture medium, flask, serum batch, cell proliferation and age
of culture (Klein et al., 1992). Differences in labelling protocol could therefore lead
to the differences in the disaccharide composition which we determined in our
analysis. Gordon at ai. found that cultures of late passage HUVEC produced less
CS but more HS than early passage cells (Gordon at a/., 1985). Also, they found
that incorporation of labelled GAGs into ECM depended upon the concentration of
EC growth factor and the ECM upon which the cells were grown. However, Wang
at a i found that when bovine corneal endothelial cells reached confluence the rate
of production of cell-associated GAGs appeared to increase (Wang at ai, 1985).

Although the levels of HS sulphation (HuAMEC>HuMMEC>HUVEC) correlate with
the affinity of the MDA-MB-231 line for each cell type (Ch. 3, Fig. 3.6) it seems
unlikely that the endothelial HS is mediating the adhesion of this line. In Chapter
7 it was shown that digestion of HUVEC HS leads to increased MDA-MB-231 cell
adhesion (Fig 7.3). Although these GAGs clearly modulate the adhesion of these
cells to HUVEC, they may do so by decreasing cell adhesion. Interestingly,
heparanase (heparitinase) treatment of HUVEC reduces MDA-MB-231

cell

adhesion but heparinase II treatment has no effect. Heparinase cleaves glycosidic
linkages within regions of high sulphation and appears to have weak activity
against unsulphated regions (Linhardt at ai, 1990). It does not completely degrade
HN or HS and presumably leaves a proportion of HN/HS residues attached to the
cell surface which have been cleaved within regions of high sulphation. These
residues may contain enough of the postulated "anti-adhesive" structures to retain
their ability to modulate MDA-MB-231 cell adhesion. In contrast, heparanase is
efficient at removing cell surface HS chains. This enzyme cleaves glycosidic
linkages within regions of low sulphation where N-acetylated disaccharides are the
predominant unit (Turnbull and Gallagher, 1991). There is a susceptible region of
disaccharides adjacent to the protein linkage region (Lyon at ai, 1987). This
means that the residual HS chains on the cell surface may therefore consist of
short, non-sulphated regions cropped close to the protein core, with no remaining
"anti-adhesive" motifs.

Although the differences in endothelial HS sulphation may not be related to the
ability of the GAGs to act as adhesion molecules for tumour cells, they probably
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do represent real differences in the functions of these cells. Membrane bound
forms of HS are able to bind growth factors such as basic fibroblast growth factor
(Kiefer et al., 1990) and hepatocyte growth factor (Lyon et a!., 1994). Other factors
such as interleukin-3, granulocyte-macrophage-colony stimulating factor and
pleiotrophin possess GAG binding sites (Roberts et a!., 1988; Li et a!., 1990). It has
been suggested that endothelial cell HS may capture locally released cytokines
and present them to leucocytes (Tanaka et a/., 1993b). Indeed, Tanaka et al.
demonstrated firstly that macrophage inflammatory protein-1 (3 (MIP-lp) can be
immobilized to HUVEC by binding to HS proteoglycans, and secondly that this
cytokine augments the adhesion of T-cells to VCAM-1 (Tanaka et al., 1993a).
Endothelial cells in different vascular beds might therefore present different
combinations of cytokines to passing leucocytes, thus contributing to the specificity
of lymphocyte trafficking. More simply, the endothelial cells themselves might
respond to different growth factors. Endothelial HSPGs also interact with many
components of plasma including protease inhibitors (de Agostini et al., 1990), low
density lipoproteins (Cheng et al., 1981) and thrombospondin (Schon et al., 1992).
The expression of different HS chains could therefore modulate the ability of cells
in different organs to sequester such molecules, thus producing vascular beds with
variable rôles in processes such as lipid metabolism.

As well as displaying differences in the expression of one type of GAG (HS) it is
likely that these cells also express different levels of other GAGs. Indeed,
endothelial cells synthesize at least five types of HSPG (Ihrcke et al., 1993) and
more than one type of CSPG (Lindblom et al., 1989). Endothelial cells also
produce a small amount of DS (Oohira et al., 1983). Bar et al. reported that bovine
adipose capillary endothelial cells synthesize higher levels of DS than cells derived
from large vessels (Bar et al., 1985). In my system the only endothelial GAG which
supported tumour cell adhesion was CSA/C. The MDA-MB-231 carcinoma line
displays slightly greater affinity for CSA/C treated HUVEC and plastic than the
RPMI-7951 melanoma line. It also displays a greater affinity for microvessel
endothelial cells, especially those derived from abdominal adipose tissue. Hence,
it would be interesting to determine whether the micro vessel cells express different
levels of CSA/C than the HUVEC, and whether treatment of these cells with
chondroitinase AC abrogates the higher levels of tumour cell adhesion.
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