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ABSTRACT

Tumor cell adhesion to subendothelial matrix in the presence of
platelets and plasma has been examined in vitro using an entirely
homologous system of rat Walker 256 carcinosarcoma cells, matrix laid
down by rat aortic endothelial cells and rat platelets and plasma. In the
presence of platelets or platelets plus plasma, tumor cell adhesion was
significantly enhanced when compared to adhesion in the absence of
platelets. In the presence of plasma alone (0.1%), we observed no
significant increase in tumor cell adhesion.

In order to determine which platelet factors contribute to the enhance
ment of tumor cell adhesion by platelets, we subjected washed rat
platelets to mechanical lysis or thrombin stimulation followed by centrif-
ugation. The membrane fractions and supernatant fractions containing
platelet attachment proteins were compared for their abilities to support
tumor cell adhesion to subendothelial matrix. Platelet membranes were
also recombined with platelet supernatant fractions to determine if plate
let attachment proteins or platelet membranes required the presence of
the other to enhance tumor cell adhesion. Platelet supernatant fractions
which contained release reaction proteins (confirmed by polyacrylamide
gel electrophoresis) did not enhance tumor cell adhesion. Purified throm-
bospondin, fibronectin, Â«3-thromboglobulin,platelet derived growth factor,
and serotonin had no effect on tumor cell adhesion. Platelet membrane
containing fractions affected tumor cell adhesion to subendothelial matrix
as follows: (a) platelets formed an adhesive bridge between tumor cells
and the subendothelial matrix as demonstrated by scanning electron
microscopy; (A) intact platelets and thrombin stimulated platelets were
the most effective at facilitating tumor cell adhesion; (<â€¢)preparations

containing partially lysed platelet ghosts were more effective in support
ing tumor cell adhesion to subendothelial matrix than were preparations
containing completely lysed platelet membrane fragments; (d) recombi
nation of platelet supernatant fractions with mechanically lysed platelets
did not enhance their ability to support adhesion; (<â€¢)fixed platelets,

either alone or in combination with platelet supernatant fractions, failed
to enhance adhesion. These data indicate that platelet enhanced tumor
cell adhesion appears to be dependent on platelet membrane factors
including receptor mobility, rather than intraplatelet components.

INTRODUCTION

The growth of a primary tumor is followed by the active
migration of tumor cells and their penetration into the blood
stream or their passive release from the primary tumor into the
circulation. Interaction of circulating tumor cells with host
platelets may facilitate tumor cell arrest and adhesion to the
microvasculature. Arrest of tumor cells has been suggested to
be one of the rate limiting steps in metastasis. Studies using
rodent tumors demonstrate a correlation between the ability of
tumor cells to induce platelet aggregation /// vitro and their
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ability to metastasize in vivo (for review, see Ref. l ). Although
the role of platelets in metastasis is presently unclear, a number
of mechanisms have been proposed: (a) platelet thrombi may
provide a protective shield which masks tumor cells from host
immune responses (2); (Â¿>)the release of platelet dense granule
contents may promote vasoconstriction and entrapment of tu
mor cells (3-5); (c) the release of platelet a-granule contents
may provide attachment factors (thrombospondin, fibronectin,
von Willebrand's factor) and/or platelet derived growth factors

(1,6-9); (d) the platelet may provide an adhesive bridge between
the tumor cell and the blood vessel wall (1, 10-12).

Our research has focused on the role of platelets in tumor
cell adhesion to endothelial cells (11) and subendothelial matrix
(8). Platelets are able to enhance the adhesion of tumor cells to
subendothelial matrix (8, 13, 14) and to purified collagen sub
strate (15). However, to date, there are no reports which delin
eate the platelet factors involved in tumor cell adhesion. The
present studies focus on the comparative role in tumor cell
adhesion of: (a) factors released from platelet a- and dense
granules; and (ti) platelet membranes.

MATERIALS AND METHODS

Serum Free Culture of Walker 256 Carcinosarcoma Cells. Fetal calf
serum used as a tissue culture supplement contains factors released
from platelets. These factors may adsorb onto the surface of cultured
W256 cells and influence their behavior in adhesion assays. Therefore,
W2565 cells (originally obtained from the Animal and Human Tumor

Bank, Division of Cancer Treatment, National Cancer Institute, Fred
erick, MD) were adapted for growth in scruni free medium as described
below. Walker 256 cells were passaged in vivoas s.c. tumors in Sprague-
Dawley rats (HarÃanSprague-Dawley, Indianapolis, IN). Subcutaneous
tumors were removed aseptically and diced. Tumor pieces were placed
in culture flasks containing MEM (Gibco, Grand Island, NY) supple
mented with 10% fetal calf serum (Gibco). Tumor pieces were removed,
fresh medium was added to the cultures after 24 h, and adherent tumor
cells were grown to confluence and serially passaged every 3 days in
MEM containing decreasing serum concentrations (10, 5, 2.5, and \%
serum by volume). Serum containing medium was then substituted with
Medium 199 containing: 4 x 10~6g/ml porcine insulin, 2 x 10"' g/ml
transferrin, 6.2 x 10~9g/ml triiodothyronine, 1 x 10~7g/ml hydrocor
tisone, 1.2 x 10~" g/ml estradiol, 1.0 x IO"3g/ml penicillin, and 1.0 x
10~3 g/ml neomycin sulfate (Sigma Chemical Co., St. Louis, MO).

Walker 256 cells grown under these conditions maintained their in
morigenicity as demonstrated by the ability of 1 x 10' cells to form
palpable s.c. tumors in <21 days and the ability of 1 x 10s cells injected

into the lateral tail vein to form lung colonies in <21 days.

5The abbreviations used are: W256, Walker 256 carcinosarcoma; BSA, bovine

serum albumin; ESR, electron spin resonance; Gplb, platelet glycoprotein Ib;
GplIb/IIIa, platelet glycoprotein Hb/IIIa complex; CMF-MEM, Ca2+, Mg2*,

phenol red free minimal essential medium; CLP, completely lysed platelets; CLS,
completely lysed platelet supernatant; MEM, minimal essential medium; mAb,
monoclonal antibody; PAGE, polyacrylamide gel electrophoresis; PBS, phosphate
buffered saline; l'I Â».I, platelet derived growth factor; pAb, polyclonal antibody;

PLP, partially lysed platelets; PLS, partially lysed platelet supernatant, PPP,
platelet poor plasma; RE-ECM, rat aortic endothelial cell extracellular matrix;
SDS, sodium dodecyl sulfate; SF-W256, serum free Walker carcinosarcoma;
TSP, thrombin stimulated platelets; TSS, thrombin stimulated platelet superna
tant; WRP, washed rat platelets; ('"IJIdUrd, 5-|'"I)-2'-deoxyuridine; SEM, scan

ning electron microscopy.
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ROLE OF PLATELET MEMBRANE IN ENHANCEMENT OF TUMOR CELL ADHESION

Release Reaction Proteins and Factors. Purified thrombospondin was
obtained from bovine platelets as described previously (16). Human
fibronectin was obtained through the courtesy of Dr. Leo Furcht
(University of Minnesota). /3-Thromboglobulin was obtained from New
England Nuclear (Boston, MA). Platelet derived growth factor was
purchased from Collaborative Research (Lexington, MA). Serotonin
and human fibrinogen were obtained from Sigma.

|I25I|IdUrd Labeling of Serum Free W256 Tumor Cells. Serum free
W256 tumor cells were labeled with ['"IJIdUrd, (specific activity, 6.55
x 10" Bq/mmol (1700 Ci/mmol; Amersham, Arlington Heights, IL)

in order to quantitate tumor cell adhesion to subendothelial matrix.
Serum free W256 tumor cells were maintained in suspension culture
and labeled by incubation in 1.85 x IO4Bq/ml (0.5 MCi/ml) |'"I]IdUrd

for 48 h. lodinated cells were pelleted by centrifugation at 150 x g for
10 min and washed twice with MEM. Cell concentration was deter
mined using a model ZBI counter (Coulter Electronics, Hialeah, FL)
and adjusted with MEM to 2.5 x IO5cells/ml. Aliquots were examined
for cell viability (>95% by trypan blue exclusion) and ('"IJIdUrd

labeling (Searle 1185 gamma scintillation counter). The specific activity
of labeling ranged between 0.05 and 0.20 cpm/cell.

Preparation of Extracellular Matrix. We had previously demonstrated
that platelets enhance adhesion of tumor cells to microvasculature in a
homologous system, i.e., rat W256 cells, rat platelets and plasma, and
endothelial cells from rat cerebral microvasculature in primary culture
(10, 11). However, we found that these endothelial cells could not be
passaged in vitro and thus could not be grown in quantities sufficient
of perform the present studies. Therefore, for the present studies, we
used rat aortic endothelial cells.

Thoracic aortas were aseptically removed from 6-week-old Sprague-
Dawley rats and washed gently with Ca2+ and Mg2* free MEM to

remove blood elements. Aortas were carefully stripped of the adventitial
layer, cut into 1-1.5-mm "ring" segments and used as expiant cultures.
After 2-3 days in culture (37Â°C),the rings were removed and endothelial

cells which had migrated out from the rings were allowed to grow to
confluency. Endothelial cells were serially cloned using dilution proce
dures such that each well received a single cell. Endothelial cell char
acteristics were verified by using immunofluorescent staining for factor
VIII antigen and angiotensin converting enzyme according to the
procedure of Diglio et al. (17). The endothelial cells were cultured for
14-17 days on 16-mm Costar 24-well plates to form monolayers and
washed three times with CMF-MEM without antibiotics. Endothelial
cells were removed by incubation with ammonium hydroxide. Initial
attempts at endothelial cell removal utilized varying concentrations
(0.1-0.5%) of the detergent Nonidet P-40 as described by Kramer et al.
(18). Removal of cells with deoxycholate was also attempted. However,
scanning electron micrographs (see below) of endothelial cell mono-
layers treated with Nonidet P-40 or deoxycholate revealed incomplete
cell removal (data not shown). Therefore, we used a modification of the
ammonium hydroxide technique of Jones et al. (19). Endothelial cell
monolayers were treated with 0.25 or 0.025 M ammonium hydroxide
for varying time intervals (1-60 min). Tissue culture wells were exam
ined by SEM (see below) and the extracts were subjected to SDS-PAGE
(see below). The optimal ammonium hydroxide concentration (0.025
M), extraction time (30 min), and temperature (25"C) were chosen

based on complete removal of endothelial cells (SEM) with no signifi
cant change in extracellular matrix (SEM) or its components (SDS-
PAGE; data not shown). The removal of endothelial cells was verified
routinely by light microscopy and the integrity of the subendothelial
matrix confirmed by scanning electron microscopy (Fig. 1). The extra
cellular matrix was then washed three times with CMF-MEM and used
immediately for the adhesion assays.

Preparation of Washed Rat Platelets. Rat blood was drawn from the
inferior vena cava of sodium pentobarbitol (50 mg/kg) anesthetized rats
into 0.9% saline (1:9 v/v) containing 3.8% sodium citrate and 4.8%
dextrose. Citrated whole blood was centrifuged at 300 x g for 15 min
and platelet rich plasma was gently aspirated using a plastic transfer
pipet. Platelets were washed with CMF-MEM containing 1.6 mM
EDTA and pelleted at 1000 x g for 10 min. The platelet pellet was
gently resuspended, washed a second time using CMF-MEM, and
pelleted again at 1000 x g for 7 min. Platelets were resuspended in
CMF-MEM, counted on a model ZBI Coulter Counter, and adjusted
to a final concentration of 1.2 x 10' platelets/ml with CMF-MEM.

Platelet Fractional inn and Thrombin Stimulation. The protocol for
thrombin treatment and mechanical lysis of washed rat platelets is
outlined in Fig. 2. Treatment with thrombin (0.5 unit/ml, 15 min,
37Â°C)was used to induce the platelet release reaction. The enzymatic

reaction was quenched using leupeptin (25 Â¿iM)or hirudin (5 units/ml).
The method of quenching did not affect the adhesion reaction nor did
deletion of the quenching step.6 TSP were separated from supernatants

by differential centrifugation; the medium was decanted and designated
TSS.

Washed rat platelets were mechanically lysed following a 20 min
incubation in an Aminco French Press at 4Â°C.The first step achieved

partial lysis at pressures between 500 and 1,000 psi and a flow rate of
8 ml/min. These fractions were designated PLP. The second step
achieved complete lysis at pressures between 2,000 and 2,500 psi and
a flow rate of 4 ml/min. These fractions were designated CLP. Platelet
membrane fractions were separated from supernatant fractions using
differential centrifugation of 1000 x g for 10 min and 20,000 x g for
20 min. The resulting mechanically lysed platelet supernatants were
decanted following centrifugation and designated PLS and CLS, re
spectively. In addition, to ensure that lysis was complete, we used
primary lysis conditions of 2,000-2,500 psi at 4 ml/min and secondary
lysis conditions of 4,000-4,500 psi; lysis was not visibly different from
the CLP preparations described above.

The resulting supernatants from both thrombin stimulated and me
chanically lysed platelets were filtered using a 2 ^M Millipore syringe
filter. These supernatants represented the intraplatelet components and
were utilized in the adhesion assay either alone or in combination with
the various lysed platelet preparations. The experimental strategy was
to determine if these intraplatelet components would facilitate tumor
cell adhesion.

Platelet membrane containing fractions for this study consisted of
the whole membrane pellets which were recombined following the 1,000
x g and 20,000 x g centrifugations. Washed rat platelets were used as
a control for comparison with fractionated samples.

Fixation of Rat Platelets. Fixed platelets were prepared from a 20-
ml aliquot of the original pool of WRP. Fixation was accomplished by
incubating WRP for 30 min at 4Â°Cin 2% paraformaldehyde in 0.05 M

PBS (pH 7.4). Fixed platelets were washed three times with CMF-
MEM and resuspended at the original concentration of 1.2 x id"

platelets/ml.
Electron Spin Resonance Protocol. The effect of paraformaldehyde

fixation on platelet membrane fluidity was evaluated using two probes,
5-doxyl-stearic acid and 12-doxyl-stearic acid (AUlrich Chemical Co.,
Milwaukee, WI). Platelet suspensions (3 x 10'Â°cells/ml) were labeled
by the addition of 8 ^1 of 10 mM 5-doxyl-stearic acid or 12-doxyl-stearic
acid in dimethyl sulfoxide. ESR spectra were recorded with a VarÃan
E-9 EPR spectrometer operating at 9.1 GHz with 100-kHz modulation.
Temperatures between -20Â°C and 50Â°Cwere achieved by means of a

nitrogen flow Dewar. Samples were run in a flat aqueous cell.
Receptor Mobility Protocol. The effect of paraformaldehyde fixation

on the mobility of the platelet surface glycoproteins GPIb and the
GPIIb/IIIa complex was evaluated in response to specific monoclonal
or polyclonal antibodies directed against the corresponding human
platelet glycoproteins. Monoclonal antibody (M226) to human platelet
GPIb was purchased from Serotec (Indianapolis, IN). Monoclonal
antibodies (7E3 and 10E5) to human platelet GPIIb/IIIa complex were
a generous gift from Dr. Barry Coller (Brookhaven, NY). Polyclonal
antibodies (rabbit) to human platelet GPIb and GPIIb/IIIa were a
generous gift from Dr. Laurence Fitzgerald (Gladstone Foundation
Laboratories, San Francisco, CA). Washed rat platelets were prepared
as described above and resuspended in PBS. All subsequent operations
were carried out at 4Â°C.Platelets were divided into two groups, pelleted,

and resuspended in cold 2% paraformaldehyde (fixed) or in cold PBS
(control). Both groups were incubated for 30 min and washed with cold
PBS containing 1% BSA. Each group (fixed or control) was divided
into two groups and incubated for timed intervals from 5 to 90 min
with either mAblb (1:10 dilution with PBS), pA1)1h (1:25 dilution with
PBS), mAbllb/IIIa (1:10 dilution with PBS), or pAbllb/IIIa (1:25
dilution with PBS). Following incubation the control group was fixed

* Unpublished results.
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ROLE OF PLATELET MEMBRANE IN ENHANCEMENT OF TUMOR CELL ADHESION

Fig. 1. Scanning electron micrographs of
monolayer of rat aortic endothelial cells (left,
x 1100) and the subendothelial matrix remain
ing after removal of the endothelial cells (righi,
x 3600).
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Fig. 2. Platelet fractionation study. The protocol for thrombin stimulation

and mechanical lysis of platelets is outlined in this flow diagram. Each experiment
was performed on a single preparation of washed rat platelets prepared from
citrated blood. Membrane and supernatant fractions were separated by differential
centrifugation and supernatants passed through a 2-*im filter before use. Each
experiment was repeated three times.

for 30 min in 2% paraformadehyde to inhibit further patching and
capping. Platelets were washed twice with PBS-BSA incubated with
goat normal serum (1:50) for 20 min to block Fc receptors, washed
twice with PBS-BSA, and incubated with the appropriate fluorescein
isothiocyanate conjugated secondary antibody (1:200 dilution; 30-60
min). Following the antibody incubations, the platelets were washed
twice with PBS-BSA, resuspended in 50% glycerine in PBS-BSA, and
viewed with a fluorescence light microscope using epillumination.

Adhesion Protocol. Adhesion studies were carried out at 25Â°Con 16
mm 24-wo11culture plates as described previously (11). lodinated SI-
W256 tumor cells (2.5 x 104/well) were added to plates that had been

100-

O90-iINT

OFTUMORCOISADHEgÃ¨Â«S3gU

20-w-n-A

= TUMORCEILS ALONE(TC)B
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POOR PLASMA (PPP)
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FXP +PPPI

A B C D E F
ADHESIONCONDITION

Fig. 3. Effect of platelets and/or platelet poor plasma on adhesion of SF-
W2S6 cells to RE-ECM. Basal adhesion of |'"I]IdUrd labeled SF-W256 cells
was approximately 25-30% (A and Q. SF-W256 adhesion increased 250% (to
83%) in the presence of platelets (B). In the presence of both platelets and PPP(/'.<â€¢..aggregatory conditions; /'), SF-W256 cell adhesion was comparable to that

with platelets alone (i.e.. nonaggregatory conditions; O. Light fixation with
paraformaldehyde inhibited the ability of platelets to enhance SF-W256 adhesion
(E and F).

coated previously with rat aortic endothelial cell extracellular matrix
(RE-ECM) as described above. Platelets (2.0 x lO'/ml) and/or platelet

poor plasma (PPP, 0.1%, v/v) were added to the appropriate wells and
the media volume was held constant by adjustment with CMF-MEM.
Recalcification was initiated by the addition of 2 mM (final) Ca2+ and

was used as the starting time point for adhesion. Experiments were
terminated by removing the nonadherent cells using vacuum aspiration.
Wells were gently washed 3 times with CMF-MEM to assure the
removal of remaining nonadherent cells and the adherent cells were
solubilized in 0.5 M sodium hydroxide containing 1% SDS. Following
solubilization, samples were aspirated from each well and the well was
rinsed twice with distilled IM) to remove residual medium. Sample
medium and l M >rinses were pooled and radiometrically evaluated for
the presence of 125Ilabel.

Time course studies were performed initially to determine the opti
mal time for tumor cell adhesion at 25Â°Cand were thereafter standard

ized to 60 min. These studies were performed under conditions outlined
in Fig. 3: (A) [125I]IdUrd labeled tumor cells alone, (B) ['"IJIdUrd
labeled tumor cells plus WRP, (Q ['"IJIdUrd labeled tumor cells plus
PPP, (D) ['"I]IdUrd labeled tumor cells plus WRP plus PPP, (Â£)
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ROLE OF PLATELET MEMBRANE IN ENHANCEMENT OF TUMOR CELL ADHESION

Fig. 4. Effect of platelets on SF-W256 cell
adhesion to RE-ECM. Although SF-W256
cells adhered to RE-ECM (a and *), they did
not undergo spreading during a 60-min incu
bation (a, x 1800; b, x 8400). Under nonag-
gregatory conditions, platelets exhibited exten
sive shape change and activation (c. x 2300; d,
x 9400). Some platelets became associated
between the RE-ECM and adherent surfaces
of SF-W256 tumor cells.

['"IJIdUrd labeled tumor cells plus fixed platelets, (F) [125I]IdUrd

labeled tumor cells plus fixed platelets plus PPP. All radiometrie values
were represented as a percentage of the total number of tumor cells
added to each well.

Polyacrylamide Gel Electrophoresis. In order to assess the effect of
mechanical lysis or thrombin stimulation on the redistribution of plate
let proteins, we performed SDS-PAGE (6, 9, and 12% acrylamide).
Proteins were reduced with 5% 2-mercaptoethanol and 2% SDS in 0.06
MTris-HCl (pH 6.8) at 100'C for 5 min. Electrophoresis was performed

by the method of Laemmli (20). Platelet protein profiles were compared
to thrombospondin, fibronectin, and platelet derived growth factor
standards.

Electron Microscopy. Samples for electron microscopy were prepared
by fixation for l h with 1.0% paraformaldehyde and 1.25% glutaral-
dehyde in 0.1 M sodium cacodylate buffer (pH 7.4). Scanning electron
microscopy samples were allowed to adhere to Thermanox coverslips
for l h prior to postfixation. Samples were postfixed with 1.0% OsO4
in 0.1 M sodium cacodylate buffer (pH 7.5). Scanning electron micros
copy samples were critical point dried with Freon 13 in a Bowmar SPC-
1500 critical point dryer and examined on a Philips 505 scanning
electron microscope. Samples to be thick sectioned were embedded in
EMbed 812, sectioned on a Sorvall MT-2B ultramicrotome, and stained
with toluidine blue at 60Â°C.Thick sections were examined on a Leitz

Orthoplan-Orthomat microscope.

Statistics. Triplicate independent samples were analyzed for statisti
cal significance by analysis of variance. When statistical significance
was demonstrated, the results were further analyzed by Scheffe's mul

tiple contrast test to locate the significant groups. Each experiment was
performed a minimum of three times with consistent results.

RESULTS

Enhancement of Tumor Cell Adhesion by Platelets

We have previously demonstrated in a homologous system
that rat platelets enhance adhesion of rat W256 cells to mono-
layers of cultured rat endothelial cells derived from cerebral
microvasculature (10, 11). In order for tumor cells to induce
platelet aggregation, small amounts of PPP (0.1%) and Ca2+ (2

mM) are required. In our previous studies we evaluated adhesion
of tumor cells in the presence of platelet aggregation (i.e., in
the presence of PPP or aggregatory conditions). Platelets en
hance the adhesion of tumor cells to endothelial cells under
both nonaggregatory and aggregatory conditions; enhancement
under aggregatory conditions is significantly greater.

Aggregatory and nonaggregatory conditions were also used
for the present studies evaluating the ability of rat platelets to
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ROLE OF PLATELET MEMBRANE IN ENHANCEMENT OF TUMOR CELL ADHESION

Fig. S. Effect of platelets and/or platelet
poor plasma on SF-W256 cell adhesion to RE-
ECM. Extensive amounts of fibrin were
formed when SF-W256 cells adhered to RE-
ECM in the presence of 0.1 % PPP (a, x 1800;
b, x 6500, bar = I /jm). SF-W256 cell adhesion
to RE-ECM under aggregatory conditions, i.e..
in the presence of platelets and 0.1% PPP (r,
x 2100: d, x 6800, bar = 1 urn) resembled
adhesion in the presence of platelets alone, i.e.,
nonaggregatory conditions (see Fig. 4, c and
d). The fibrin net which formed in the presence
of PPP alone (a, e) was not observed in the
presence of platelets and PPP (c, d).

enhance adhesion of W256 cells to subendothelial matrix de
rived from rat aortic endothelial cells. Basal adhesion of tumor
cells ranged from 25 to 30% in either the absence (Fig. 3A) or
presence (Fig. 3C) of PPP. Adhesion of tumor cells was en
hanced ~250% by platelets under either nonaggregatory (Fig.
3B) or aggregatory (Fig. 3D) conditions. Platelets which had
been subjected to fixation with paraformaldehyde were not able
to enhance the adhesion of W256 cells to subendothelial matrix
(Fig. 3, fand F).

Morphology of Tumor Cell-Platelet-Subendothelial Matrix In
teractions

Serum free W256 cells remained spherical and did not
undergo extensive spreading during a 60-min incubation on
RE-ECM (Figs. 4 and 5). The bond between SF-W256 cells
and RE-ECM involved limited surface contact (Figs. 4 and 5).
In the presence of 0.1% PPP, extensive fibrin polymerization
induced by tumor cells was observed, forming a network which
entrapped tumor cells (Fig. 5, a and b). Washed rat platelets,
in the presence of tumor cells, demonstrated an ability to
undergo shape change and extension of pseudopodia resulting

in extensive tumor cell contact with platelets (Fig. 4, c and ti:
Fig. 5, c and d). Although a large excess of platelets were
present, relatively few platelets were actually associated with
the adherent tumor cell and the thrombi did not completely
engulf tumor cells (Figs. 4d and 5</). Extensive platelet activa
tion occurred under both aggregatory (Fig. 4, c and d) and
nonaggregatory (Fig. 5, c and d) conditions. The formation of
fibrin in the presence of platelets (Fig. 5, c and d) was less
evident than in the absence of platelets (Fig. 5, a and />). In
many instances platelets formed physical bridges between tu
mor cells and RE-ECM (Figs. 4d and 5d). This was confirmed
by light microscopic examination of thick sections (data not
shown). Platelets may strengthen the bond between tumor cells
and the RE-ECM, particularly when the platelets are in contact
with both the tumor cell and the matrix surface.

Platelet Fractionation and Protein Release

Washed rat platelets enhanced tumor cell adhesion to sub
endothelial matrix whereas paraformaldehyde fixed platelets
had no effect (Fig. 3). These results suggested that the ability
of platelets to promote tumor cell adhesion required fluidity of
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W256 cells to RE-ECM. TSS fractions [alone (A), in the presence of 0.1% PPP
(C), or combined with fixed platelets (F)] failed to enhance the basal adhesion of
SF-W256 cells to RE-ECM (compare with Fig. 3). In contrast, TSP significantly
enhanced SF-W256 adhesion alone (A), in the presence of 0.1% PPP (Q, and in
combination with fixed platelets {/â€¢').

the platelet membrane and/or receptor mobility in the platelet
membrane. The ability of platelets to undergo activation and in
turn to enhance adhesion of SF-W256 cells to RE-ECM (see
Figs. 3-5) suggested that interactions between the platelets and
tumor cells were required for enhancement of SF-W256 cell
adhesion to RE-ECM. To determine whether the platelet mem
brane, proteins released from platelet granules during activa
tion, or both play a role in platelet enhancement of tumor cell
adhesion, we examined fractions from platelets either pre-
stimulated with thombin or mechanically lysed.

The release and the redistribution of platelet release reaction
proteins during thrombin stimulation or mechanical lysis were
examined by SDS-PAGE (using 6, 9, and 12% acrylamide) of
the fractions. Profiles were compared to purified platelet pro
teins (the adhesion proteins, thrombospondin, and fibronectin
as well as PDGF). Thrombin stimulated platelet supernatants
contained proteins which comigrated with thrombospondin and
PDGF. In mechanically lysed platelets, the release of throm
bospondin into the supernatant fraction was not as evident as
with thrombin stimulated platelets (data not shown). Fibronec
tin release was not evident in either thrombin stimulated or
partially lysed platelets; protein bands which comigrate with
fibronectin appeared to remain in the platelet pellet fraction.
The extent of mechanical lysis coincided with the disappearance
of fibronectin from the completely lysed membrane pellet and
the appearance of fibronectin in the resulting supernatant frac
tions (data not shown).

Effect of Platelet Fractions on Tumor Cell Adhesion

Platelet enhanced tumor cell adhesion could result from
platelet membrane or supernatant (cytosolic) components,
plasma components, or a combination of factors from all three
sources. To further investigate the respective role of each plate
let fraction on tumor adhesion, platelets were stimulated with
thrombin or mechanically lysed and their respective platelet
membrane and supernatant fractions were isolated as described
above. The effect of each fraction on tumor cell adhesion, alone
or in combination with its complementary fraction, was deter-
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Fig. 7. Effect of mechanically lysed platelet fractions on adhesion of SF-W256
cells to RE-ECM. Top: The supernatant fraction from PLS either alone (A) or in
the presence of 0.1% PPP (C) or fixed platelets (F), did not significantly enhance
basal adhesion of SF-W256 cells. In contrast, PLP enhanced SF-W256 adhesion
both alone (A) and with 0.1% PPP (Q. The combination of PLS or TSS with
PLP either alone (A) or with 0.1% PPP (Q decreased the ability of PLP to
enhance SF-W2S6 adhesion. Bottom: Neither the supernatant nor membrane
fractions from completely lysed platelets (CLP and CLS) enhanced basal SF-
W256 adhesion, either alone (A) or in the presence of 0.1% PPP (Q or fixed
platelets (F). The combination of CLP with CLS or TSS also did not enhance
SF-W256 adhesion above basal levels.

mined. Recombination studies were performed using nonaggre-
gatory (Fig. 3B) or aggregatory (Fig. 3D) conditions to deter
mine whether the presence of plasma would modify tumor cell
adhesion. In addition, we tested the effect of paraformaldehyde
fixed platelets, in combination with isolated platelet fractions,
on tumor cell adhesion. Fixed platelets were used to determine
whether inactivated platelet surfaces would bind platelet adhe
sion proteins and could thereby enhance tumor cell adhesion.

Thrombin-stimulated Platelets. We have demonstrated pre
viously that W256 tumor cells induce platelet aggregation
through a thrombin dependent mechanism (21). To determine
the importance of thrombin stimulation in the enhancement of
the W256 adhesion by platelets, platelets were prestimulated
with thrombin (0.5 unit) to induce platelet activation and the
release of granule contents. The supernatants of thrombin

6756

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/47/24_Part_1/6751/2958773/cr04724p16751.pdf by guest on 19 M

ay 2023



ROLE OF PLATELET MEMBRANE IN ENHANCEMENT OF TUMOR CELL ADHESION

Fig. 8. Effect of paraformaldehyde treat
ment on platelet membrane fluidity and plate
let membrane receptor mobility. Paraformal
dehyde pretreatment had no effect on platelet
membrane fluidity as treated (bottom) and un
treated (top) platelets exhibited identical ESR
spectra using 12-doxyl-stearate (a) or 5-doxyl-
stearate (not shown). Aggregate of platelets
did not demonstrate patching and capping in
response to mAbGPIb (b). Paraformaldehyde
treatment had no visible effect on the distri
bution of GPIb receptors (not shown). Aggre
gate of platelets did demonstrate patching and
capping (90 min) in response to mAbGPIIb/
Ilia (c) and this effect was inhibited by pretreat
ment (30 min) of platelets with paraformal
dehyde d/).

Fig. 9. Effect of thrombin stimulated plate
let fractions on adhesion of SF-W2S6 cells to
RE-ECM. TSP demonstrated extensive shape
change, formation of pseudopodia, and platelet
microvesicles (a, x 2000; b, x 8000, bar = 1
>im).TSP were located primarily between SF-
W256 tumor cells and RE-ECM, similar to
washed rat platelets (see Fig. 4, c and (/).

stimulated platelets (Fig. 6, TSS) were not able to enhance
W256 cell adhesion to RE-ECM above basal levels (control =
32 Â±1.4%, not shown). This was true for TSS alone (Fig. 6,
TSS-A) or in combination with PPP, i.e., aggregatory condi
tions (Fig. 6, TSS-C). Conversely, the thrombin stimulated
platelet membrane fraction (Fig. 6, TSP-A) enhanced tumor
cell adhesion Â»100%. This was slightly lower than tumor cell
adhesion in the presence of intact platelets (Fig. 3Ã„). The
addition of PPP (Fig. 6, TSP-C) did not significantly increase
the enhancement of tumor cell adhesion by TSP. These results
indicate that thrombin stimulated platelet membranes can ef
fectively enhance tumor cell adhesion in the absence of plasma
components.

Mechanically Lysed Platelets. Since the membrane fraction
from thrombin stimulated platelets enhanced tumor cell adhe
sion, we examined whether the process of stimulation was
required for this enhancement or if isolated membranes from
unstimulated platelets could produce a comparable enhance
ment. Partially lysed platelets retain some ability to enhance
tumor cell adhesion (Fig. 1A, PLP), whereas completely lysed
platelets were unable to enhance tumor cell adhesion (Fig. IB,
CLP) above basal levels (compare with Figs. 3 and 6). The
presence of platelet supernatant fractions from both partially
lysed and completely lysed platelets (Fig. 1A, PLS-A; Fig. IB,
CLS-A) resulted in less tumor cell adhesion than under basal
conditions (control = 32 Â±1.4%; not shown). The addition of
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Fig. 10. Effect of partially lysed platelet
fractions on adhesion of SF-W256 cells to RE-
ECM. PLP bound to both SF-W256 cells and
to RE-ECM (a, x 2,200; b, x 6,500, bar = 1
/im). PLP adhered near cell margins in contact
with RE-ECM or between SF-W256 tumor
cells and the RE-ECM. CLP had no recogniz
able platelet morphology and membrane integ
rity, although some residual platelet fragments
associated with basal surfaces of SF-W2S6
cells (c, x 4,200; d, x 17,000, bar = 1 jjm).

PPP, and presumably the formation of a fibrin net (see Fig. 5a
and b), restored tumor cell adhesion in the presence of PLS
and CLS fractions to approximately basal levels (Fig. 1A, PLS-
C; Fig. 7Ã„,CLS-C).

Fractions were selectively recombined to determine whether
intraplatelet components (PLS, CLS, and TSS) could exhibit
any cooperative effect with mechanically lysed platelet mem
branes for enhancement of tumor cell adhesion. The recombi
nation of PLP with PLS or TSS supernatant fractions in either
the absence or the presence of PPP decreased the ability of
PLP to enhance tumor cell adhesion (Fig. 7/f). The recombi
nation of CLP with CLS or TSS in the presence or absence of
PPP also resulted in no enhancement of SF-W256 cell adhesion
above basal levels. Thus no cooperative effects were observed.

Fixed Platelets. The initial response of platelets to aggrega-
tory stimuli is shape change. This suggests that membrane
changes could be important in the aggregation process. Our
results indicate that the presence of intact platelets significantly
increased tumor cell adhesion to subendothelial matrix. Alde
hyde fixation (/.e., formaldehyde and glutaraldehyde) produces
cross-linking and chemical modification of both amino acids

and unsaturated fatty acids which may decrease but which may
not eliminate membrane fluidity (22-26). Furthermore, platelet
fixation prior to stimulation prevents the reorganization of
membrane surface receptors which bind: (a) cationized ferritin-
wheat germ agglutinin (27); (b) cationized ferritin-concanavalin
A (28); (c) mAbGpIIb/IIIa (29); and (d) the rearrangement of
fibrinogen receptors (30). Paraformaldehyde fixation is known
to prevent molecular flow in platelet membranes (31). There
fore, to determine if platelet membrane fluidity and/or platelet
receptor mobility were necessary for platelet enhanced tumor
cell adhesion, we subjected platelets to light fixation with par
aformaldehyde. The effects of paraformaldehyde fixation on
platelet membrane fluidity were determined by ESR. 5-Doxyl-
stearic acid and 12-doxyl-stearic acid nitroxides were incorpo
rated into platelet membranes to monitor their hydrophobic
region. ESR spectra of nitroxides in platelets pretreated with
paraformaldehyde demonstrated no difference from ESR spec
tra of untreated platelets at 25Â°C(Fig. 8a). If paraformaldehyde

binds to platelet membrane lipids then it is expected that the
phase transition temperature will be altered. Therefore, spectra
were recorded at temperatures ranging from -20Â°C to 50Â°Cin
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Fig. 11. Adhesion of |'"I]IdUrd labeled SF-W256 to RE-ECM in the presence
of purifiai release reaction components. Fibronectin ( (), thrombospondin (B), ÃŸ-
thromboglobulin (C). or 5-hydroxytryptamine (D) did not affect SF-W2S6 tumor
cell adhesion. In contrast, PDGF demonstrated a reproducible 5-10% increase
in tumor cell adhesion at intermediate doses (Al.

5Â°Cincrements. Control platelet samples were found to have

the same phase transition temperature as platelets pretreated
with paraformaldehyde (data not shown). Therefore paraform-
aldehyde fixation under the conditions used in this study does
not alter platelet membrane fluidity.

We next determined whether paraformaldehyde fixation al
tered mobility of platelet membrane receptors. Human platelets
undergo patching and capping in response to mAbGPIIb/IIIa
but not in response to mAbGPIb (29). Monoclonal antibody to
GPIb did not induce patching or capping of WRP (Fig. 8Ã„).
Similar results were obtained with pAbGPIb (data not shown).
Paraformaldehyde pretreatment did not alter the distribution
of GPIb receptors on WRP (data not shown). Monoclonal
antibody to GPIIb/IIIa induced patching of receptors on WRP
at 30 min with capping observed at 90 min (Fig. 8c). Similar
results were obtained with pAbGPIIb/IIIa (data not shown).
Paraformaldehyde pretreatment inhibited patching and capping
of GPIIb/IIIa receptors on WRP (Fig. 8</).Fixed platelets were
unable to enhance tumor cell adhesion above basal levels in
either the absence (Fig. 3e) or the presence of PPP (Fig. 3/),
confirming that platelet receptor mobility was important in
platelet facilitated tumor cell adhesion. Fixed platelets also had
no effect on the enhancement of tumor cell adhesion by platelets
prestimulated with thrombin (Fig. 6). Recombination studies
were performed using fixed platelets and intraplatelet protein
fractions (Fig. 6, TSS; Fig. 7, PLS and CLS). The addition of
fixed platelets in combination with both thrombin stimulated

supernatant (Fig. 6, TSS) and partially lysed supernatant frac
tions (Fig. 7<j,PLS; Fig. Ib, CLS) did not result in enhancement
of SF-W256 adhesion above basal levels. From these data we
conclude that receptor mobility and possibly membrane fluidity
are essential for platelets to enhance tumor cell adhesion.

Morphology of Fractionated Platelets and Tumor Cells

The interaction between the various platelet fractions and
tumor cells was evaluated by scanning electron microscopy. The
membrane fraction of thrombin stimulated platelets exhibited
signs of activation (i.e., shape change) and became associated
with the basal and exposed surfaces of SF-W256 cells during
adhesion to RE-ECM (Fig. 9, a and b). Following thrombin
stimulation, the membrane became more spindle-like in ap
pearance and the association of small membrane vesicles with
tumor cells surfaces was common (Fig. 9b). Thrombin stimu
lation inhibited the ability of platelets to spread on glass sur
faces when compared to intact WRP (data not shown). Partial
mechanical lysis of platelets resulted in the formation of dis
tended platelet membrane vesicles which did not exhibit shape
change and were observed to associate with basal and exposed
tumor cell surfaces (Fig. 10, a and />).In contrast, the membrane
fraction of completely lysed platelets was unable to enhance
tumor cell adhesion (Fig. 7). The tumor cells which did adhere
had amorphous protein material associated with their basal
surfaces (Fig. 10, c and d).

Effects of Purified Release Reaction Factors on Tumor Cell
Adhesion

Studies with platelet supernatant fractions (TSS, PLS, CLS)
suggested that platelet release reaction factors had little effect
on tumor cell adhesion to RE-ECM. To further confirm these
findings, purified platelet release reaction factors were added
to RE-ECM coated wells 1-2 min prior to the addition of
tumor cells and examined for their ability to directly enhance
tumor cell adhesion. The exogenous platelet adhesion proteins,
thrombospondin and fibronectin, did not enhance tumor cell
adhesion to RE-ECM (Fig. 11, a and b). /3-Thromboglobulin
and serotonin also failed to enhance tumor cell adhesion above
control values (Fig. 11, c and d). At intermediate doses, PDGF
marginally (5-10%) enhanced adhesion of tumor cells to RE-
ECM (Fig. I le). Fibrinogen in a dose range of 0.01-1000 pg/
ml was also tested and had no effect on tumor cell adhesion
(data not shown).

DISCUSSION

Exposed subendothelial matrix stimulates platelet activation
and platelet adhesion both in vivo and in vitro (32-37). Tumor
cells have also been shown to readily attach to exposed vascular
subendothelial matrix both in vivo (38, 39) and in vitro (40, 41).
Therefore factors which influence (positively and negatively)
tumor cell attachment to subendothelial matrix may be impor
tant to the formation of hematogenous mÃ©tastases.For exam
ple, Nicolson and Custead (42) have reported that several drugs
(e.g., bleomycin, vincristine, Adriamycin) commonly used for
cancer chemotherapy induce rapid endothelial cell retraction in
vitro. This endothelial cell retraction exposes the subendothelial
matrix resulting in increased tumor cell and platelet adhesion.
Similarly, bleomycin administration in vivo produces pulmo
nary endothelial cell injury resulting in increased pulmonary
retention of intravenously injected tumor cells and increased
tumor colony formation (43, 44). Local thoracic irradiation
also results in endothelial cell injury, exposure of the subendo
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thelial matrix, and increased metastasis (45). Another factor
which may influence tumor cell adhesion /'// vivo is platelets. A

number of laboratories have observed that platelets enhance
tumor cell adhesion to a variety of substrates including extra
cellular matrix in vitro (11, 12, 14, 15). However, the mecha-
nism(s) by which platelets enhance tumor cell adhesion is
largely unknown.

Calcium is required for the activation, shape change, cyto-
skeletal reorganization, and surface receptor rearrangement of
platelets during adhesion to other platelets and to the suben
dothelial matrix (46). We have previously reported that the
optimal enhancement of tumor cell adhesion by platelets to
endothelium requires both Ca2+ and PPP (11, 12). Platelet

enhanced W256 tumor cell adhesion to endothelial cells in
creases 150-250% in the presence of PPP compared to adhe
sion in the absence of PPP (11, 12), whereas adhesion to
subendothelial matrix was not affected by the absence of PPP
(Fig. 2, B and D). We have isolated from W256 tumor cells a
protein which induces blood coagulation and, via the generation
of thrombin, platelet aggregation (21). We believe that PPP
provides substrate(s) for the stimulation of thrombin production
by this tumor cell protein and the subsequent platelet activation
resulting in enhanced adhesion of W256 cells. The differences
between adhesion to endothelial cells and adhesion to suben
dothelial matrix may be explained in part as follows: (a) colla
gen present in the subendothelial matrix and a known agonist
for platelet aggregation may substitute for thrombin; and/or (/>)
the enhancement by platelets of tumor cell adhesion to suben
dothelial matrix may not have the same requirements as tumor
cell induced platelet aggregation or the enhancement by plate
lets of tumor cell adhesion to endothelial cells.

Both in vitro and in vivo, tumor cell induced platelet aggre
gation involves extensive platelet-tumor cell membrane inter
actions (12). In suspension, elutriated W256 cells exhibit nu
merous surface microvilli. However, following contact between
platelets and tumor cells, the surface morphology of the W256
tumor cell becomes altered in the region of platelet contact
(47). We interpreted this observation as evidence of a focal
interaction between these cell types. Concurrent with this focal
interaction, tumor cell membrane microvilli decrease in areas
devoid of platelet contact (47). Microvilli which remain at the
platelet contact site develop into large cellular processes which
become extensively interwoven into the forming platelet aggre
gate (12, 47). Similar results were observed in vivo (12). This
tumor cell process formation appears unique to tumor cell-
platelet interaction, inasmuch as it has not been observed during
the interaction of tumor cells with other cells normally found
within the vasculature [i.e., endothelial cells, neutrophils, mac
rophages, etc. (12)]. In the present study we observed that these
membrane interactions were essential for platelets to enhance
tumor cell adhesion to subendothelial matrix. In addition,
platelet receptor mobility was also essential as demonstrated by
the inability of paraformaldehyde fixed platelets to enhance
adhesion in the presence or absence of both intraplatelet com
ponents and PPP. Platelet receptor mobility is also essential
for the action of thrombin, because thrombin has been shown
to induce the rearrangement of platelet surface glycoprotein
receptors (i.e., GPHb/IIIa; 46). Platelet GPIIb/IHa has been
shown to undergo patching and capping (Ref. 29 and this study).
This rearrangement is required for the spreading of platelets
on endothelium (36) and the binding of platelets to von Wille-
brand's factor (48). We have recently demonstrated that pre

treatment of human platelets with mAbGpIb and/or polyclonal
antibody to GPIIb/IHa inhibits human cervical carcinoma cell

and human colon carcinoma cell induced platelet aggregation
(49). In addition pretreatment of WRP with polyclonal antibody
to GPIIb/IHa decreases platelet facilitated tumor cell adhesion
to subendothelial matrix (50). Therefore, the present work as
well as other unpublished work6 indicate that platelet mediation

of tumor cell adhesion to the subendothelial matrix involves in
part the platelet membrane GPHb/IIIa complex.

Platelet dense granule and a-granule contents affect platelet
activation, platelet attachment, and the contractile state of the
microvasculature (for review see Ref. 51). Platelet dense gran
ules contain 5-hydroxytryptamine and histamine (52), both of
which cause blood vessel contraction and possibly thereby the
intravascular entrapment of tumor cells (3-5). In addition to
stimulating tumor cell mitosis the a-granule protein PDGF also
affects tumor cell motility (53). Platelet a-granule adhesion
proteins, primarily fibronectin, thrombospondin, von Wille-
brand's factor, and fibrinogen (54-57), can directly increase

platelet adhesion to subendothelial matrix (58, 59). Fibronectin
also enhances tumor cell adhesion to extracellular matrix (60).
Theoretically, therefore, the release of these platelet granule
contents could enhance tumor cell adhesion. We have previ
ously demonstrated and quantitated tumor cell induced release
of platelet a-granule and dense granule contents (61). In the
present study we determined the effects of platelet granule
contents (derived from thrombin stimulated or mechanically
lysed platelets) on tumor cell adhesion to subendothelial matrix.
None of the above platelet preparation or purified platelet
release reaction components enhanced tumor cell adhesion. The
lack of an effect with thrombospondin is particularly surprising.
Varani et al. (62) demonstrated that thrombospondin enhanced
adhesion to type I collagen of several human squamous cell
carcinoma lines. Recently Roberts et al. (63) reported similar
results for several human melanoma cell lines and Tuzynski et
al. (64) extended these results to a variety of normal cell types.
We have recently found that purified bovine platelet thrombos
pondin and thrombospondin released from rat platelets during
tumor cell induced platelet aggregation binds to the surface of
W256 tumor cells.7 Nevertheless, purified bovine thrombospon

din under the assay conditions used in this study did not
enhance W256 cell adhesion to subendothelial matrix. It is
possible that bovine thrombospondin does not interact with
matrix derived from rat endothelial cells.

We also determined whether cooperative effects on tumor
cell adhesion could be demonstrated by combining thrombin
stimulated or mechanically lysed platelet supernatant fractions
with platelet membrane fractions. Intraplatelet components
whether present as supernatant fractions recombined with
platelet membrane fractions or as purified factors (i.e., fibro
nectin, thrombospondin, /3-thromboglobulin, serotonin, or fi
brinogen) were not able to enhance tumor cell adhesion to
subendothelial matrix. PDGF minimally but reproducibly en
hanced tumor cell adhesion above basal levels. These results
are not surprising since PDGF increases cell motility (7), a
process which includes many of the cellular changes associated
with adhesion (65, 66). The fact remains that although PDGF
appeared to promote SF-W256 adhesion, this effect was not
significant compared to the ability of intact platelets to enhance
adhesion.

Our working hypothesis has been that the ability of platelets
to enhance tumor cell adhesion may involve contributions from
the following: (a) platelet contact may provide an adhesive

7 D. G. Mauer. D. Walz, J. D. Taylor, and K. V. Honn. Platelet thrombo

spondin release and binding to Walker 256 carcinosarcoma tumor cells, submitted
for publication.
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bridge between tumor cells and the subendothelial matrix; and/
or (b) the release of platelet adhesion proteins may mediate the
formation of, or directly form a binding complex between tumor
cells and subendothelial matrix. In the present study, intact,
thrombin stimulated, and partially lysed platelets had the ability
to enhance tumor cell adhesion. In contrast, completely lysed
platelets, fixed platelets, or platelet release reaction products
were unable to enhance tumor cell adhesion. These data indicate
in a homologous system that platelet-tumor cell membrane
contact, platelet receptor mobility (i.e., GPIIb/IIIa), and plate
let integrity, but not platelet release reaction proteins, may be
essential to the ability of platelets to enhance tumor cell adhe
sion to subendothelial matrix. The ability of platelets to enhance
tumor cell adhesion to the matrix underlying the vasculature
may in turn be critical to the formation of hematogenous
mÃ©tastases.
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