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vessels thus allowing tumour cell-endothelial adher-
Cancer metastasis involves the passage of tumour ence. Once attached, they may extravasate into the

cells into and out of blood or lymphatic circulatory surrounding extracellular matrix. A number of studies
systems and requires their interaction with the endo- have demonstrated HGF/SF to be a potent stimulator
thelial cells lining these vessels. Hepatocyte growth of tumour cell invasion into extracellular matrix com-factor/scatter factor (HGF/SF) is a multifunctional pro- ponents such as collagen and fibronectin (for review,tein that enhances tumour cell motility and extracellu-

see refs 1 and 2) but its function on tumour cell-endo-lar matrix invasion and has been implicated as a medi-
thelial interactions are not widely reported.ator of metastasis. In this study, we have investigated

Metastasising tumour cells share many propertiesthe effect of HGF/SF on tumour cell–endothelial cell
with activated lymphocytes in that they both exhibitinteractions. A fluorescent tumour cell–endothelial
invasive behaviour and migration via reversible adhe-cell attachment assay demonstrated that, following en-
sive contacts and recent data suggests that commondothelial monolayer stimulation with HGF/SF, tumour
molecular mechanisms may be involved in these phe-cell attachment to endothelium is increased. Addition
nomena (7).of anti-CD44 antibodies in this assay inhibited the ef-

Here we report that HGF/SF up-regulates the ex-fects of HGF/SF. Western blotting studies showed that
HGF/SF increased expression of the adhesion mole- pression of CD44 receptors on the surface of endothelial
cule CD44 in endothelial cells. These results were con- cells and enhances tumour cell-endothelial adhesions.
firmed by both immunohistochemical staining and a These observations further implicate HGF/SF as a key
cell-surface adhesion molecule ELISA. These results mediator of metastatic tumour spread.
suggest that HGF/SF plays a key role in the initial ad-
hesion mechanism between tumour cells and endothe- MATERIALS AND METHODS
lial cells via up-regulation of CD44. q 1997 Academic Press

Cell lines. A human vascular endothelial cell line, ECV304, to-
gether with a human colon cancer cell line, HT115, were obtained
from the European Collection of Animal Cell Cultures (ECACC,
Sailsbury, U.K.). The human breast cancer cell line, MCF7 was ob-Hepatocyte growth factor/scatter factor (HGF/SF) is tained from the American Tissue Type Collection (ATCC, Maryland,

a multifunctional cytokine that stimulates profound U.S.A). HT115 and MCF7 cells were maintained in Dulbecco’s Modi-
fied Eagle’s medium (DMEM; Sigma Ltd, Poole, Dorset, UK) supple-motogenic responses in tumour cells, enhancing both
mented with 10% foetal calf serum; ECV304 cell were cultured intheir motile and invasive potential. Tumour cell motil-
M199 medium (GibcoBRL) containing 10% serum.ity and invasion are essential requirements for the met-

Materials. The fluorescent label, 1,1*-dioctadecyl-3,3,3*,3*-tetra-astatic spread of cancers and thus HGF/SF has been
methylindocarbocyanine (DiI) was purchased from Molecular Probesimplicated in this pathophysiological process (1-4). Inc. (Eugene, Oregon, USA) and stored as a 5mM stock solution (in

A key step in the metastatic spread of cancers is DMSO) at 0207C. Human recombinant HGF/SF was a generous gift
the arrest of circulating tumour cells in capillaries or from Dr. T. Nakamura, Osaka, Japan. Anti CD44, E-selectin and

VCAM-1 antibodies were obtained from R&D systems Ltd (Abingdon,lymphatic vessels near distant organs and their subse-
Oxford, UK) together with an anti mouse peroxidase-conjugated IgGquent invasion through the circulatory vessel wall and
was from Amersham Ltd (Little Chalfont, Bucks, UK). A chemilumi-extracellular matrix (4-6). In order for this to occur, nescence detection kit was purchased from Insight Biotechnology

the metastasising cells must be brought into close con- (Wembley, Middlesex). All other materials were from Sigma Ltd un-
less otherwise stated.tact with the endothelial cell lining of the circulatory
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Tumour cell-endothelial cell attachment assay. Labelled tumour
cells were seeded onto HGF/SF-treated (or plain medium as control)
endothelial monolayers in 96-well plates at 51104 cells/well. Tumour
cells were co-cultured with the endothelial cells for 50 minutes follow-
ing which the wells were washed twice with BSS. The plates were
then read using a fluorescent plate reader (Denley, Sussex, UK) with
l (excitation) set at 540nm and l (emission) set at 590nm. Results
are shown as mean of three experiments { S.E.M.

Fluorescent labelling of tumour cells. Tumour cells were first la-
belled with the fluorescent marker, 1,1*-dioctadecyl-3,3,3*,3*-tetra-
methylindocarbocyanine (DiI), prior to their addition to endothelial
cell-coated wells of a 96-well plate as described previously (8).

Cellular adhesion molecule ELISA. Expression of adhesion mole-
cules on the surface of the endothelium was facilitated by an ELISA
method based on that described by Rice et al (9). Equal numbers of
ECV304 cells were seeded into the wells of a 96-well ELISA plate
and allowed to form monolayers. Following stimulation with HGF/
SF for between 30 minutes and 16 hours, the wells were washed and
cells fixed with 100% methanol. Following blocking with 10% milk
protein (in TBS), primary antibodies were added (0.2mg/ml in TBS
containing 3% milk) and incubated at room temperature for 1 hour.
Monolayers were then washed and the secondary antibody added
(peroxidase-conjugated IgG, 1:5,000 in 3% milk solution). Colour was
developed by the addition of 0.6mg/ml 1,2-phenylenediamine dihy-
drochloride (OPD) (/0.15% H2O2) for 15 minutes, after which the
reaction was terminated with 3N H2SO4. Plates were then read in
a Titerteck plate reader at lÅ490nm.

Western blotting. Endothelial cell cultures were treated with
HGF/SF (40ng/ml) for either 30 minutes, 1, 2, 4 or 8 hours. Cells
were then pelleted at 1200 rpm prior to lysis in cell lysis buffer
(50mM Tris, pH 7.8, 150mM NaCl, 1% Triton, 0.1% SDS, 0.02%
NaN3, 10mM NaF, PMSF 100mg/ml, Leupeptin 2mg/ml) at 47C for
30 minutes. Cellular debris was removed by centrifugation at 12000
rpm following which sample protein concentration was determined.
After addition of electrophoresis sample buffer (50mM Tris, 10% glyc-
erol, 2% SDS, 0.1% bromophenol blue, 5% b-mercaptoethanol) and
boiling, equal amounts of protein were separated with SDS-PAGE
and transferred onto an inert support by electro blotting. Immu-
noblots were probed with either anti-CD44, E-selectin or VCAM-1
antibodies (in TBS containing 3% milk protein and 0.1% Tween 20).
Bound primary antibodies were detected by peroxidase-conjugated
immunoglobulins and an enhanced chemiluminescence system. After

FIG. 1. Quantification of tumour cell attachment to HGF/SF-developing the films, the antibody signals were quantitated by mea-
activated endothelium using DiI. Endothelial monolayers were incu-suring band densities using scanning laser densitometry.
bated with HGF/SF (40ng/ml) for between 0.5 and 8 hours following

Immunohistochemical staining of cell-surface CD44. Endothelial which human tumour cells were allowed to adhere for 50 minutes.
cell monolayers were activated with HGF/SF (40ng/ml) for 4 hours After washing, the numbers of cells remaining attached to the endo-
then fixed with formalin. Following inhibition of endogenous peroxi- thelium were quantified using a fluorescence plate reader. (a) HT115
dases with H2O2 (0.3% in methanol) and blocking with milk solution cells, (b) MCF7 cells. j, no CD44 antibody; m, CD44 antibody in-
(10% in BSS, / 0.1% Tween20), anti-CD44 antibodies were added cluded (0.3mg/ml). Activation of endothelium with HGF/SF promotes
and incubation carried out for 1 hour at room temperature. After tumour cell attachment, an effect that is blocked by inclusion of an
extensive washing, bound CD44 was detected by means of a peroxi- anti-CD44 antibody.
dase-conjugated secondary antibody together with diamino benzidine
(DAB, 180mg/ml in 0.025M Tris, pH7.4 containing 0.015% H2O2). Cell
nuclei were counter stained with methyl green and cells photo-
graphed. 1a, j). Inclusion of an anti-CD44 antibody in this assay

blocked the effect of HGF/SF and no significant rise
in tumour cell adherence was seen following HGF/SFRESULTS
activation of the endothelium (figure 1a, m). Similar
results were observed for the breast cancer cell line,Tumour cell attachment to endothelial cells. Follow- MCF7 (figure 1b).ing HGF/SF stimulation, the number of cancer cells

attaching to the endothelium significantly increased, Adhesion molecule ELISA. Detection of cell-surface
CD44 following HGF/SF stimulation was facilitated byreaching maximal levels in samples in which the endo-

thelium was incubated with HGF/SF for 4 hours (figure an ELISA based method. Following culture of endothe-
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FIG. 3. Western blotting of cellular proteins. Following separa-
tion of total cellular proteins from HGF/SF-stimulated and unstimu-
lated endothelial cells by 8% SDS-PAGE and subsequent electro blot-
ting, membranes were probed for the presence of CD44. An 80kDa
protein corresponding to mature CD44 was seen to increase in re-
sponse to HGF/SF stimulation, reaching a maximum after 4 hours
incubation.

lial cells with HGF/SF in 96-well plates and incubation
with anti-CD44 antibodies, a colourimetric product was
obtained by addition of OPD. An increase of CD44 was
observed in cells treated with HGF/SF (figure 2a). Ex-
pression of VCAM-1 and E-selectin was also measured
using similar techniques. Resting levels of these mole-
cules were much lower than that of CD44, and were
not seen to increase following cell treatment with HGF/
SF (figure 2b-E-selectin, figure 2c-VCAM-1).

Western blotting. Following treatment of endothe-
lial cells with hepatocyte growth factor for between 30
minutes and 8 hours, the amount of CD44 protein in
these cells was determined by Western blotting as de-
scribed above. Blots revealed the presence of an 80kDa
protein corresponding to the mature CD44 product
(figure 3). Expression of this protein was observed to
increase in response to the length of HGF stimulation,
reaching a maximum level following 4 hours stimula-
tion. After 8 hours of culture with HGF levels of CD44
protein had fallen but were still higher than that of the
control (not treated) sample.

Immunohistochemical staining of CD44. The ex-
pression of cell surface CD44 was determined in both
untreated and HGF-stimulated endothelial cell mono-
layers by immunocytochemistry (cell nuclei were
counter-stained with methyl green in both cases). En-

FIG. 2. Expression of endothelial cell surface adhesion molecules VCAM-1 was determined using an ELISA. (a) CD44, (b) E-selectin,
following HGF/SF stimulation. Following activation of endothelial (c) VCAM-1. Levels of CD44 increase in response to HGF/SF stimula-
monolayers in 96-well plates, expression of CD44, E-selectin, and tion, whereas E-selectin and VCAM-1 show no significant change.
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cytes posses comparable molecular properties and thus
activities such as invasive behaviour, migration and
extravasation occur via similar mechanisms. These cel-
lular functions are dependant upon a number of cell-
surface adhesion proteins and CD44 has been impli-
cated as one such molecule (7,10).

CD44 (11) is a 80-120 kDa transmembrane protein
originally implicated in the attachment of lymphocytes
to high endothelial venules (HEV) and their subse-
quent migration into lymph nodes (12,13). CD44 is
known to exist in many different isoforms arising by
alternative splicing events (14). Recent studies have
shown that the some isoforms may be involved in homo-
typic binding, aiding leukocyte extravasation (15) and
the presence of yet others may correlate with enhanced
metastatic function or tumour progression (16-18). It
should be noted, however, that other studies suggest
no correlation between CD44 presence and metastatic
behaviour (19) so the exact role of CD44 in metastases
formation is unclear.

It may be the case that CD44 plays a role in the
initial capture of metastasising tumour cells passing
over endothelium as it does to neutrophils during an
inflammatory response or lymphocytes travelling
through lymph nodes. This would then allow other ad-
hesion molecules to come into play, establishing firmer
contacts between these cells and the endothelium. Our
study here shows that stimulation of endothelial mono-
layers with HGF/SF resulted in an up-regulation of
CD44 expression together with enhancement of tumour
cell-endothelial cell adherence. This increase in the
number of tumour cells attaching to the activated endo-

FIG. 4. Immunohistochemical staining of CD44 in normal and thelium could be attributed to increased CD44 expres-
HGF/SF activated endothelium. Unstimulated endothelial cells (a) sion as inclusion of anti-CD44 antibodies inhibiteddisplay a uniform, weak stain for CD44. Following 4 hours incubation

these effects. The effects of HGF/SF in vivo on endothe-with HGF/SF (b), the cells show a more intense staining, particularly
lial cells has not been assessed, but preliminary resultsat cell edges.
using HUVEC cells in vitro have shown similar results
(data not shown).

Several studies have shown that CD44 promotes in-dothelial monolayers not treated with HGF/SF were
tracellular signal transduction events which may inobserved as a compact monolayer, displaying a weak,
turn regulate the expression of other adhesion mole-uniform surface stain with visible areas of cell-cell con-
cules or growth factors by the cell (20,21). Althoughtact (figure 4a). After 4 hours HGF/SF treatment these
HGF/SF up-regulates the expression of CD44 on endo-cells showed a more intense staining of CD44 on their
thelial cells, no effect on other adhesion molecules in-surface, particularly at the cell edge (figure 4b).
volved in the stronger endothelium-tumour cell inter-
actions, E-selectin and VCAM-1, could be detected.

DISCUSSION It is interesting to note that a recent study by Kawa-
kami et al (22) has shown that HGF/SF up-regulates
the expression of tumour cell intergrin molecules, re-The spread of tumours throughout the body can be

considered to occur in a number of steps, collectively sulting in enhancement of their adhesive properties
towards extracellular matrix components. These obser-termed the metastatic cascade. A key stage of this

process is the arrest of circulating tumour cells at vations further implicate HGF/SF in the enhancement
of tumour cell interactions necessary for successful me-capillary walls or within draining lymph nodes fol-

lowed by extravasation and migration into the sur- tastasis.
We conclude that the increased avidity of metastaticrounding organ (5,6).

Metastasising tumour cells and activated lympho- cells for molecules expressed on the surface of the endo-
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