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ABSTRACT

Components of the tumor cell cytoskeleton (i.e., microtubules, micro-

filaments, and intermediate filaments) have been reported to affect met
astatic ability, since disruption of these components leads to a decrease
in metastasis. One mechanism of metastasis which has not been previ
ously considered is the decreased interaction of tumor cells with platelets.
We present evidence that disruption of the tumor cell cytoskeleton
decreases the ability of tumor cells to aggregate homologous platelets.
This effect is dependent upon the disruption of microfilaments/interme-

diate filaments but not disruption of microtubules. In addition, tumor cell
platelet interactions require the lateral mobility of specific receptors (i.e.,
clustering) on the tumor cell plasma membrane. A membrane glycoprotein
immunologically related to the platelet glycoprotein Hb/IIIa complex
was identified on Walker 256 carcinosarcoma cells using specific poly-

clonal and monoclonal antibodies and Northern blot analysis using com
plementary DNA probes for lib and Ilia. Mobility of this receptor is
dependent upon tumor cell microfilaments/intermediate filaments, but
not microtubules. Furthermore, treatment of tumor cells with specific
antibodies to the platelet glycoprotein Hb/IIIa complex inhibits tumor
cell-platelet interaction at the macroscopic level (i.e., aggregation) and at

the ultrastructural level (i.e., platelet adhesion to the tumor cell surface).
These results suggest that this immunologically related glycoprotein lib/
Ilia is a receptor for platelet binding to the tumor cell surface, an event
which precedes overt platelet aggregation and is dependent upon an intact
tumor cell microfilament and intermediate filament network. Therefore,
the decreased metastasis observed by others following disruption of the
tumor cell cytoskeleton may be due, in part, to a decreased tumor cell-

platelet interaction.

INTRODUCTION

The ability of tumor cells to metastasize is one of the major
obstacles to the development of a successful cancer therapy.
The metastatic cascade is a complex sequence of events involv
ing multiple cell-cell interactions (i.e., tumor cell-endothelial
cell, tumor cell-platelet, etc.). Tumor cells possess a well devel
oped cytoskeleton (1). Elements comprising the cytoskeleton,
such as microtubules, microfilaments, and intermediate fila
ments, are composed of the proteins tubulin, actin, and numer
ous proteins including vimentin, respectively. Other cytoskel-
etal proteins (i.e., vinculin) have been associated with focal
points (adhesion plaques) of tumor cell adhesion to substrata
(1). Vinculin has also been suggested as a linking molecule for
actin filament binding to the plasma membrane (2). Several
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studies have implicated a role for the tumor cell cytoskeleton
in metastasis. Hart et al. (3) reported that B16-F10 cells pre-
treated with colchicine (a microtubule inhibitor) and/or cyto-
chalasin B (a microfilament inhibitor) demonstrated decreased
lung colonizing ability when compared to solvent treated con
trols. In addition, cytochalasin B and/or colchicine treated B16-
F10 cells demonstrated decreased adhesion to endothelial cell
monolayers when compared to untreated controls (3). Inter
mediate filaments may also play a role in tumor cell metastasis
(4). Cycloheximide reduces the synthesis of vimentin, tubulin,
and actin by decreasing concentrations of mRNAs coding for
these proteins (4). However, of these three cytoskeletal elements
only the organization of intermediate filaments is disrupted by
cycloheximide (4). B16-F1 cells previously treated with cyclo-
heximide demonstrated a decreased capacity to form lung col
onies in vivo when compared to untreated cells, and this effect
was reversible (4). The above results suggest that the organiza
tion and synthesis of cytoskeletal elements are related to the
metastatic capability of tumor cells. Since cytoskeletal elements
play a major role in cell shape, the changes in organization of
cytoskeletal components in metastasizing tumor cells suggest a
means of facilitating (a) tumor cell deformability, (h) adhesion,
(c) chemotaxis, and (d) invasion.

During hematogenous metastasis tumor cells interact with
platelets, an event which is believed to facilitate tumor cell
adhesion to the vessel wall (5, 6). Therefore, disruption of the
tumor cell cytoskeleton may decrease tumor cell-platelet inter
action, in addition to decreasing tumor cell-endothelial cell
interaction. Previous studies from our laboratory have demon
strated that tumor cell-platelet interactions depend upon certain
plasma membrane and cytoskeletal components (7, 8). For
example, platelet-enhanced tumor cell adhesion to the suben-
dothelial matrix can be inhibited when platelets are pretreated
with paraformaldehyde (i.e., an inhibitor of platelet membrane
receptor mobility) or agents which disrupt platelet microfila
ments (7). We have demonstrated that platelets interact with
limited areas on the tumor cell plasma membrane (9, 10), an
event which may be dissociated from platelet aggregation (11).
The aggregation of washed platelets by tumor cells requires the
presence of calcium, PPP5 (12), and a prothrombogenic protein

present on tumor cell surfaces; the latter is responsible for
thrombin generation, which induces localized platelet activation
(13, 14). Platelet poor plasma contributes coagulation factors
necessary for this thrombin generation.

5The abbreviations used are: PPP, platelet poor plasma; ESR, electron spin

resonance; FITC, fluorescein isothiocyanate conjugated; GpIIb/IIIa, platelet gly
coprotein lib 'I Ila complex; IRGpIIb/IIIa, immunoreactive glycoprotein Hb/IIIa;
MEM, minimum essential medium; mAh. monoclonal antibody; SSC, 0.15 M
NaCl and 0.0 IS M sodium citrate, pH 7.0; pAb. polvi lona! antibody; pAhl Ib/
Illa, polyclonal antibody raised against human platelet Hb/IIIa complex; PBS,
phosphate buffered saline; PRP, platelet rich plasma; TCIPA, tumor cell induced
platelet aggregation; vWF, vonWillebrand factor; W256, Walker 256 carcinosar
coma; cDNA, complementary DNA; SDS, sodium dodecyl sulfate.
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Coincubation of W256 tumor cells with washed rat platelets
in the absence of PPP and overt platelet aggregation results in
adhesion of isolated platelets to tumor cell surfaces (11). This
suggests that TCIPA involves (a) initial platelet adhesion to
the tumor cell plasma membrane and (b) generation of throm
bin which results in overt platelet aggregation. We have dem
onstrated IB vitro and IB vivo that platelets form focal points of
attachment to tumor cells and that additional platelets are
recruited into the aggregate once a focal interaction has been
established (9, 10). This initial interaction results in rapid
disappearance of tumor cell microvilli in areas not involved in
platelet contact and a subsequent formation of cellular proc
esses in regions of focal platelet attachment. These processes
project deep into the core of the aggregated platelet thrombi
(10, 11). These results suggest that there may be specific recep
tors for platelet attachment to tumor cell membranes (i.e., focal
contacts) and that this attachment may induce a subsequent
rearrangement of the tumor cell cytoskeleton (i.e., process
formation). Therefore the decrease in lung colony formation
following tumor cell cytoskeletal disruption may be due in part
to decreased platelet-tumor cell interaction. Thus, in the present
study we demonstrate that tumor cell cytoskeletal disruption of
microfilaments and intermediate filaments result in a decreased
ability of tumor cells to induce platelet aggregation. This cyto
skeletal disruption also inhibits the mobility of a tumor cell
membrane glycoprotein which is immunologically related to
the platelet Hb/IIIa complex. The platelet GpIIb/IIIa complex
is the fibrinogen receptor on activated platelets, which is nec
essary for platelet aggregation (15-18). Finally, we present
evidence that this membrane glycoprotein may serve as an
adhesion receptor during platelet-tumor cell interaction.

MATERIALS AND METHODS

Tumor Cell Serum Free Culture

W2S6 carcinosarcoma cells were obtained from the Animal and
Human Tumor Bank (Division of Cancer Treatment, National Cancer
Institute, Frederick, MD). Tumors were passaged in vivo. s.c. in female
Sprague-Dawley rats (HarÃanSprague Dawley, Indianapolis, IN). Sub
cutaneous tumors were removed aseptically, minced, and placed in
culture flasks containing MEM (GIBCO, Grand Island, NY) supple
mented with 10% fetal bovine serum (GIBCO). After 24 h, tumor pieces
were removed and fresh medium was added to the cultures. Adherent
tumor cells were grown to confluence, serially passaged every 3 days in
MEM containing decreasing serum concentrations, and adapted for
growth in serum free medium as described previously (7).

Endothelial Cell Culture

Aortic endothelial cells were isolated from Sprague-Dawley rats,
cloned, and characterized as described previously (19, 20). Cultures
were maintained in a humidified 5% COi atmosphere in Dulbecco's
modified Eagle's medium supplemented with 10% fetal calf serum and

antibiotics (GIBCO) as described previously (19).

Cytoskeletal Inhibitors

Cytochalasin D (Sigma Chemical Co., St. Louis, MO), a microfila-

ment inhibitor, was solubilized in dimethyl sulfoxide. Colchicine
(Sigma), a microtubule inhibitor, was solubilized in glass distilled water.
Cycloheximide (Sigma), an inhibitor of intermediate filaments (4), was
solubilized in absolute ethanol.

Antibodies

secondary antibody. Antiserum to mouse vimentin was produced in
goats (ICN). In the latter case the secondary antibody was FITC
conjugated anti-goat IgG raised in mice (ICN).

Antibodies to Platelet GpIIb/IIIa Used to Identify IRGpIIb/IIIa. The
immunological relatedness of tumor cell glycoproteins to human plate
let Hb/IIIa was determined by probing the cells with a panel of mono
clonal and polyclonal antibodies. Five IgG fractions of mouse niAb to
the human platelet Hb/IIIa complex were used; MCA227 (Serotec Ltd;
Bicaster, England); M722 (Dakopatts, Glostrup, Denmark); mAblOES
and mAb7E3 (a generous gift from Dr. B. S. Coller, Stony Brook, NY);
and mAbAP-2 (a generous gift from Dr. T. J. Kunicki, The Blood
Center of Southeastern Wisconsin, Milwaukee, WI). Polyclonal anti
body to Hb/IIIa was elicited in rabbits as described previously (21).
Rabbit nonimmunized IgG and the IgG fraction of rabbit antihuman
transferrin antisera (Cooper Biomedicai, Malvern, PA) were used as
negative controls in aggregometry and immunofluorescence studies.
Goat whole serum (34-37 rig/ml total protein; Cooper Biomedicai) was
used as a blocking serum for Fc receptors in immunofluorescence
studies, and goat anti-mouse or goat anti-rabbit IgG-FITC was used as
the secondary antibody. Aliquots of all antibodies were stored at -20Â°C

prior to use.

Fixation of W256 Tumor Cells

Fixed tumor cells were prepared by placing 7 x IO6 cells/ml in 2%

paraformaldehyde in SO m\i PBS (50 HIMsodium phosphate plus 150
mM NaCI; pH 7.4) for 30 min at 4Â°C.Fixed tumor cells were washed

3 times with sterile MEM and resuspended to their original concentra
tion.

Immunofluorescence

Localization of Cytoskeletal Components. W256 cells (Sx 10* cells/
ml) were grown on coverslips placed in 6-well culture plates (Falcon;
Becton Dickinson, Oxnard, CA) for 48 h at 37Â°C.Coverslips were

incubated with cytochalasin D or colchicine (50-150 MM)or appropriate
solvent controls for 15 min, rinsed in PBS buffer (pH 7.2), and drained
to remove excess buffer. Additional coverslips were incubated with
cycloheximide (50 MM)for 8 h, rinsed in PBS buffer (pH 7.2), and
drained to remove excess buffer. To permeabilize cells prior to the
localization of actin and tubulin, the coverslips were placed in absolute
methanol (4"( ') for 2 min, removed, air dried, and then placed in a

humidified chamber. Prior to the localization of vimentin a 20-min
fixation in absolute methanol (4Â°C)followed by a 5-min incubation in
acetone (4Â°C)was used. All coverslips were then incubated with 50 n\
of the appropriate diluted primary antibody (1:20) at 37"C in a humid

ified atmosphere for 30 min and washed twice with distilled water. All
coverslips were then incubated for 30 min with 50 n\ of the appropriate
FITC secondary antibody in a dark chamber at 37Â°C.Following incu

bation, the coverslips were washed twice with distilled water and
mounted on a drop of glycerol placed on glass slides.

Localization of IRGpIIb/IIIa on W2S6 Cells. The IgG fraction of the
pAbllb/IIIa and the Fab' and Fab" fragments of this antibody were
prepared as previously described.6 In this study glycoproteins detected

by the above mentioned pAb and niAbs are termed IRGpIIb/IIIa until
purification and definitive identification is completed. Cells (1.5 x 10s)

were plated on 6-well plates (Falcon) containing glass coverslips and
allowed to grow for 4 days. Coverslips with plated cells (50-65%
confluent) were washed 3 times with platelet wash (phenol red free
MEM, pH 7.2; GIBCO) to remove serum proteins and fixed in 0.07%
paraformaldehyde for 10 min. Coverslips were then washed 3 times
and treated with the various primary antibodies (i.e., niAb or pAb; see
above) against human platelet GpIIb/IIIa for 2 h at 20Â°Cin a humidified

atmosphere. Negative controls were run using antibodies against trans
ferrin, an unrelated antigen or normal rabbit IgG. Rat aortic endothelial
cells were cultured as described above and probed with mAb7E3,
mAblOES, and mAbAp-2 to determine the cross-reactivity of these
mAbs for the vitronectin receptor.

Antibodies to Cytoskeletal Proteins. Antiserum to chicken actin and . ÃŸw S(einert , M GrossÂ¡L A Umbarger L A Fitzgerald, and K. v.
tubulin was produced in rabbits (ICN Immunobiologicals, Lisle, IL). Honn. Role of platelet eicosanoid metabolism and membrane glycoproteinsin
FITC conjugated IgG (rabbit) raised in goats (ICN) was used as the tumor cell inducedplatelet aggregation,submitted for publication.
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Demonstration of the Effects of Cytoskeletal Inhibitors and Paraform
aldehyde on Mobility of the IRGpIIb/IIIa Receptor. W256 tumor cells
were grown on coverslips as described above and incubated with cyto-
chalasin D or colchicine for 15 min (20Â°C)or cycloheximide for 8 h
(37Â°C)or paraformaldehyde for 30 min (4Â°C)and processed for im-

munofluorescence to localize IRGpIIb/IIIa using mAblOES as the
primary antibody.

Fluorescent photomicrographs were taken on a Leitz Orthoplan
microscope using Kodak TMAX 400 panchromatic film.

Immunocytochemistry

Cells for immunocytochemistry, grown in monolayer (50-65% con
fluent), were washed free of serum proteins 3 times with PBS (pH 7.2)
containing 2 mM Ca2* and 2 mM Mg2+. Cells were then fixed with 1%

paraformaldehyde in 0.1 M phosphate buffer (pH 7.2) for 15 min at
20Â°C.After fixation cells were washed 3 times with PBS and preincu-

bated with normal mouse serum (34-37 ng/ml total protein) for 25
min. Serum was removed and the IgG fraction of pAbllb/IIIa was
applied to the coverslips (0.08 mg/ml total protein) and incubated for
1 h. The cells were washed 3 times and incubated with biotinylated,
affinity purified anti-rabbit IgG for l h at 20Â°C.The cells were again

washed 3 times and then incubated with Vectastain ABC reagent
(Vectastain ABC Kit; Vector Laboratories, Burlingame, CA) for l h at
20Â°C.The Vectastain reagent was washed with PBS and cells were then

incubated with 0.05% diaminobenzidine (Sigma) plus 0.01% 11_â€¢<>.â€¢in
PBS for 15 min t 20Â°C,and again washed 3 times with PBS. Negative

controls were run using anti-transferrin or normal rabbit IgG as the
primary antibody. Attached tumor cells were processed and sectioned
for routine electron microscopy and examined with a Zeiss EMI OCA
transmission electron microscope.

Electron Microscopy

The interaction between platelets and tumor cells pretreated with
various cytoskeletal inhibitors or paraformaldehyde, was examined in
samples removed from aggregometer cuvets 20 min after addition of
tumor cells. Samples were fixed in 2.6% glutaraldehyde in 0.1 M
cacodylate buffer (pH 7.2). After fixation samples were pelleted in 1-
ml Eppendorf microtubes and processed for routine electron micros
copy as described previously (19). Sections were examined and photo
graphed with a Zeiss EM 10 CA transmission electron microscope.

Platelet Rich Plasma

Blood was drawn from the inferior vena cava of sodium pentobarbitol
(50 mg/kg) anesthetized rats into heparin sulfate (50 units/ml) and
4.8% dextrose in 0.9% saline (heparin:blood ratio, 1:9 v/v). PRP and
PPP were prepared as described previously (19).

Aggregometry

Aggregometry studies were performed with a model DP-247E Dual
Channel Aggregometer (Scinco; Morrison, CO). PRP concentrations
were adjusted to 1.9 x 10" platelets/ml with PPP. An aliquot of 250 ^1
of PRP was added to each cuvet and equilibrated at 37Â°Cfor 6 min.

Tumor cells were harvested from 65-75% confluent cultures by mitotic
shakeoff centrifuged at 150 x g for 10 min and washed once with
unsupplemented medium 199. Cells were enumerated with a model
ZBI counter (Coulter Electronics, Hialeah, FL) and resuspended in
medium 199 at 7 x IO6 cells/ml. Tumor cells were incubated with
cytochalasin D or colchicine for 15 min (50-150 n\Â¡)and washed 3
times in sterile MEM. W256 cells were grown in the presence of
cycloheximide (50 UM)for 8 h. Control W256 cells were grown in the
presence of 0.4% absolute ethanol for 8 h. The cells were washed 3
times with sterile MEM. Cytochalasin D, colchicine, cycloheximide, or
paraformaldehyde treated W256 cells were added to an aggregometer
cuvet containing 3.8 x IO6 platelets and the aggregation response was

recorded for 20 min after which samples were removed, fixed, and
processed for electron microscopy as described above.

Tumor cell IRGpIIb/IIIa may serve as a receptor for platelet adhe
sion during tumor cell platelet interaction. To test this hypothesis
W256 cells were pretreated with the IgG fraction of pAbllb/IIIa, the

Fab' and Fab" fragments of this IgG, or mAbs and tested for their

ability to initiate TCIPA. Negative controls were run by treating tumor
cells with the IgG fraction of anti-transferrin or IgG fraction of normal
rabbit serum (data not shown). Tumor cell concentration was adjusted
to a stock concentration of 7 x IO6 cells/ml, and aliquots were prein-
cubated for 15 min at 4Â°Cwith 30 Mg/ml of the IgG fraction of pAbllb/

Ilia or the Fab fragments. Tumor cells were washed 3 times and
resuspended in their respective (serum free) medium. Untreated plate
lets were challenged with the treated tumor cells (1.2 x 10M.5 x IO5/

cuvet) and aggregation was recorded for 20 min as described above.

Electron Spin Resonance

The effect of paraformaldehyde fixation on tumor cell membrane
fluidity was evaluated using 12-doxylstearic acid (Aldrich Chemical
Co., Milwaukee, WI). Tumor cell suspensions (6 x 106/ml) were labeled
by the addition of 8 p\ of 10 mM 12-doxylstearic acid in dimethyl
sulfoxide. Tumor cells were washed free of any unbound label. ESR
spectra were recorded with a Varian E-9 EPR spectrometer operating
at 9.1 GHz with 100-kHz modulation. The assay was run at 20Â°Cin a

flat aqueous cell.

RNA Preparation

Total RNA was extracted from Walker 256 cells by the guanidinium-
cesium chloride method (22).

Northern Blot Analysis for Expression of lib and Ilia Related Genes

Northern blot analysis was performed using RNA isolated from
W256 cells and GPIIb and GPIIIa cDNA probes. GPIIIa cDNA clones
were isolated from a human umbilical vein endothelial cell cDNA
library (23) and the GPIIb cDNA clones were isolated from an expres
sion library from human erythroleukemia cells (24). The 1.7-kilobase
(.pilla cDNA and the 3.2-kilobase GpIIb cDNA fragments were labeled
with [32P]dCTP by the random primer method (Random Primed DNA

Labeling Kit; Boehringer Mannheim, Indianapolis, IN). Twenty /ig of
total cellular RNA were denatured in the presence of 2.2 M formalde-
hyde-50% formamide-0.04 M 3-(/V-morpholino)propanesulfonic acid
buffer (pH 7.0), electrophoresed on 1% agarose, and transferred to
nitrocellulose membrane (Schleicher and Schuell, Keene, NH). The
nitrocellulose membrane was prehybridized in buffer containing 50%
formamide, 5x 0.15 M NaCl-0.01 M NaHjPOÂ« H2O-1 mM disodium
EDTA, pH 7.4, 5x Denhardt's solution (0.02% Ficoll-0.02% poly-

inylpyrrolidone-0.02% bovine serum albumin), 100 ng/ml of yeast
tRNA, and 0.1% SDS for 1 h at 42Â°C.The nitrocellulose membrane
was then hybridized in prehybridization buffer containing ''I* labeled
cDNA probe at 42Â°Cfor 20-24 h. Amount of label was 2 x IO6cpm/

ml. After hybridization the nitrocellulose membrane was washed once
in a solution of 4x SSC and 0.1% SDS for 15 min at 35Â°C,3 times in
a solution of 1x SSC and 0.1 % SDS at 35Â°Cfor 15 min, and then once
in a solution containing 0.3x SSC and 0.1% SDS at 56Â°Cfor 5-10

min. The nitrocellulose membrane was exposed to Kodak X-Omat AR
photographic film at -70'C for 3 days. The RNA ladder (New England

Biolabs, Inc.) was electrophoresed concurrently and was used to esti
mate the size of tumor cell RNAs hybridizing with the probe. The
autoradiogram was scanned by LKB laser densitometer.

All experiments in this study were repeated a minimum of three
times.

RESULTS

Previous studies demonstrated that disruption of the tumor
cell cytoskeleton leads to an overall decrease in metastasis (3,
4, 25). We postulate that this effect could be due to an impair
ment of the platelet aggregating ability of tumor cells.

Microtubules. Control cells stained with the primary antibody
(anti-tubulin) and the FITC secondary antibody revealed uni
form fluorescence in the cell body with intermittent staining in
the dendrites. Staining was diffuse and microtubules/groups of
microtubules could not be differentiated. Prominent nuclei were
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observed and many cells demonstrated a bipolar morphology
(Fig. la). In contrast, colchicine treated cells revealed a staining
pattern which was more diffuse than control cells with areas of
high and low fluorescent intensity (Fig. Ib), and nuclei were
not observed. Colchicine treated cells exhibited a spherical
morphology without dendrites, and cells appeared to be swollen
when compared to nontreated controls (Fig. \b).

Microfilaments. Control cells stained with the primary anti
body (anti-actin) and FITC secondary antibody demonstrated a
uniform, diffuse fluorescence with areas of high intensity, and
groups of microfilaments could not be differentiated. Cells
demonstrated prominent nuclei surrounded by an intense flu
orescent band. A bipolar morphology was observed with den
drites 50-70 ÃŸmlong (Fig. le). In contrast, cytochalasin D
treated cells revealed diffuse staining without the perinuclear
band (Fig. Id). Nuclei were not prominent and cytochalasin D
treated cells displayed irregular dendrites in contrast to the
straight dendrites observed in control cells (Fig. 1, c and d).

Intermediate Filaments. As reported by Ben-Ze'ev and Raz

(4), treatment of cells with cycloheximide had no effect on the
organization of microfilaments or microtubules but selectively
disrupted the organization of intermediate filaments. Since
treatment of B16 melanoma cells with cycloheximide resulted
in a disruption of the intermediate filaments and a decrease in
lung colonizing ability (4), we used cycloheximide to selectively
disrupt the organization of W256 cell intermediate filaments
and examined the result of this filament disruption on W256
TCIPA.

Control cells stained with the primary antibody (anti-vimen-
tin) and FITC secondary antibody revealed a stellar morphology
with bundles of intermediate filaments prominent in the den
drites. These cells possessed prominent nuclei (Fig. 2a). Cells
treated with cycloheximide revealed a bipolar morphology with
distinct nuclei and diffuse fluorescence throughout the cyto
plasm (Fig. 2b). Similar to the results of Ben Ze'ev and Raz

(4), we observed that cycloheximide treatment had no effect on
the organization of W256 cell microfilaments or microtubules
(data not shown).

Intermediate filaments are found associated with microtu
bules (26). Agents which disrupt or redistribute microtubules
have, in addition, a profound effect on the organization of
intermediate filaments (27, 28). Colchicine, Colcemid, or vin-
blastine (microtubule inhibitors) have been reported to induce
progressive collapse of intermediate filaments resulting in the
formation of a perinuclear ring or juxtanuclear cap (27, 28).
Therefore, we tested for an effect of colchicine on the organi
zation of W256 intermediate filaments. Colchicine control cells
(MEM, colchicine solvent; Fig. 2c) stained with primary anti
body (anti-vimentin) and FITC secondary antibody demon
strated an organization of intermediate filaments similar to that
observed in cycloheximide control cells (absolute ethanol, cy
cloheximide solvent; Fig. 2a). W256 cells treated with colchi
cine revealed a contracted cytoplasm around a prominent nu
cleus. A prominent fluorescent perinuclear ring (Fig. 2d) was
observed similar to that observed by others (27, 28). Therefore,
in W256 tumor cells colchicine produces a prominent secondary
effect on the organization of intermediate filaments in addition
to its effect on microtubules.

Aggregometry. Untreated W256 cells induced the aggregation
of homologous PRP after a short lag time (Fig. 3a). This effect
is dependent on the generation of thrombin (14). Pretreatment
of W256 cells with cytochalasin D (50-150 MM),colchicine (50-
150 MM),or cycloheximide (50 MM)significantly inhibited their
ability to induce the aggregation of homologous PRP (Fig. 3).
Similar results were observed with cells treated with cytochal-
asins A, B, and E. However, at comparable doses the most
pronounced effects were seen with cytochalasin D (data not
shown). We did not observe a dose dependent inhibition of
TCIPA with cells treated with either colchicine or cytochalasin
D in the concentration range of 50-150 MM.Cells treated with

Fig. 1. Immunofluorescent localization of
tubulin in control W256 cells demonstrating
uniform fluorescent staining in the cell body
and intermittent staining in the dendrites (ar
row) (a, x 1170) and colchicine treated cells.
Colchicine treated cells exhibited more diffuse
staining with areas of high (// ) and low (/,)
fluorescent intensity (Ã¨,x 1170). Immunoflu
orescent localization of actin in control W2S6
cells demonstrating an intense fluorescent per
inuclear band (B) (c, x 470) and cytochalasin
D treated cells (d, x 570).
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Fig. 2. Immunofluorescent localization of
vimentin in control W256 cells (a, x 1170)
and cycloheximide treated cells (b, x 1170).
Immunofluorescent localization of vimentin in
control W256 cells (c, x 1170) and colchicine
treated cells (</,x 1170).

/â€¢"*"

i 10 15

time (min)

5 10 15

time (min)

5 10 15

lime (min)

Fig. 3. Inhibition of TCIPA by pretreatment of W256 cells with (A) colchicine,
(B) cytochalasin D, (C) cycloheximide, and (D) paraformaldehyde. a, control; b,
treated cells. Arrow, time of addition of tumor cells.

these inhibitors at the doses indicated above demonstrated no
loss of viability. Aggregometry provides a method of macro
scopic analysis of tumor cell-platelet interaction. However,
aggregometry may not detect microscopic tumor cell-platelet
interaction. Therefore, we examined the effects of the disrup
tion of the W256 cell cytoskeleton on tumor cell-platelet inter
action at the ultrastructural level.

We previously reported that initial tumor cell-platelet inter
action begins with the adhesion of isolated platelets to distinct
areas of the tumor cell surface rather than the entire circumfer
ence (9, 10). We have interpreted this observation as a focal
interaction between these two cell types. Aggregation proceeds
by the recruitment of platelets to this initial area of the tumor
cell membrane (10). Within 30 s following the addition of
W256 cells to homologous PRP, individual platelets were found
associated with the tumor cell plasma membrane (Fig. 4a).
Samples removed during midphase of the normal aggregation
curve (Fig. 3a) revealed small aggregates of platelets attached
to the tumor cell plasma membrane, some demonstrating evi
dence of degranulation (Fig. 4b). Platelets were not found to
envelop the entire tumor cell and multiple focal points of
attachment were rarely observed. At this stage, tumor cell
processes were observed (Fig. 4b) as described previously (9,
10). In comparison to midphase, samples removed at the pla
teau phase (Fig. 3a, control) revealed larger aggregates of
platelets attached to the tumor cell membrane (Fig. 4c). Tumor
cells were not observed to be completely surrounded by platelet
thrombi. Prominent tumor cell membrane processes were ob
served (Fig. 4c).

Ultrastructural Studies of Effects of Cytoskeletal Inhibitors
on Tumor Cell-Platelet Interactions. The above studies in addi
tion to previously published results (9, 10) suggest that TCIPA
involves platelet adhesion to the tumor cell surface followed by
morphological changes in the tumor cell plasma membrane
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Fig. 4. Ultrastructural studies representing the temporal sequence of events
occurring during TCIPA (a, x 13,200). Initial encounter of single platelets with
tumor cell membrane (30 s) (b, X 8,100) Formation of initial focal aggregates and
tumor cell process (arrows) formation (midphase, 10 min) (e. x 9,000). Enlarged
aggregates with recruitment of surrounding platelets demonstrating tumor cell
processes (arrows) projecting deep into the aggregates (plateau phase, 20 min).
At no time were platelets found to completely surround the tumor cell circumfer-

(i.e., process formation). These morphological changes suggest
cytoskeletal rearrangements. Therefore W256 cells treated with
colchicine, cytochalasin D, or cycloheximide were examined at
the ultrastructural level for platelet adhesion and process for
mation. Aggregometry samples containing W256 cells pre-
treated with colchicine were removed 20 min following tumor
cell addition (corresponding to the plateau phase of control
aggregation; Fig. 3a). We observed a limited interaction be
tween colchicine treated W256 cells and platelets which was
characterized by single focal aggregates on the tumor cell sur
face (Fig. 5a). Even though tumor cell process formation was
observed, it was not as pronounced as in untreated W256 cells.
W256 cells pretreated with cytochalasin D (Fig. 50) or cyclo
heximide (Fig. 5c) demonstrated no evidence of an interaction
with platelets following a 20-min incubation. Even though
platelets were observed in contact with the tumor cell plasma
membrane there was little evidence of platelet shape change
(Fig. 5, b and c).

Evidence for IRGpIIb/IIIa on W256 Cells. Platelet-platelet
interactions and platelet interactions with subendothelial ma
trix are mediated in large part by membrane glycoprotein
receptors for adhesion proteins (i.e., fibrinogen, fibronectin,
etc.). The best studied of these glycoprotein receptors are GPIb
(a receptor for vWF) and the Ilb/IIIa complex (a multifunc
tional receptor for fibrinogen, fibronectin, and vWF) (15-17).
GpIIb/IIIa serves as an adhesion receptor in platelet-platelet

interactions (i.e., aggregation), by binding the divalent linking
molecule fibrinogen (16). Glycoproteins which are immunolog-
ically related to the platelet Ilb/IIIa complex have been dem
onstrated in various nucleated cell types, such as endothelial
cells, human erythroleukemia cells, etc. (17). We recently pre
sented evidence for a glycoprotein, immunologically related to
platelet Ilb/IIIa on the surface of human colon carcinoma and
cervical carcinoma cell lines (29). This immunologically related
glycoprotein is designated IRGpIIb/IIIa until purification and
definitive identification is achieved. The glycoprotein present
on the surface of these human tumor cell lines appears to
mediate their attachment to fibronectin, since pAbllb/HIa,
mAb7E3, or mAblOES treatment of these cells inhibits their
attachment to that substrate (29). Glycoprotein Ilb/IIIa is a
member of a family of adhesive protein receptors [i.e., integrins
(15-17)], which include the fibronectin receptor, the vitronectin
receptor, and the Mac-1, LFA-1 antigens on leukocytes (30).
All of the integrin receptors share common ÃŸsubunits; the a
subunits are structurally and immunologically unique (17). The
common ÃŸsubunits of the family are the basis of antibody cross-
reactivity. For example, glycoprotein Ilia is the ÃŸsubunit for
both the vitronectin receptor and the platelet Ilb/IIIa complex
(17, 31). Therefore we tested for the presence of IRGpIIb/IIIa
on the surface of W256 cells and for its role in tumor cell-
platelet interactions. W256 cells were probed with the panel of
antibodies listed in "Materials and Methods." These antibodies

were all raised against human platelet Ilb/IIIa and have varying
degrees of cross-reactivity with other integrin receptors (i.e.,
vitronectin and fibronectin receptors) which may be found on
the surface of W256 cells. The two commercial antibodies
(MCA227 and M722) are directed against unspecified epitopes
on the Ilb/IIIa complex. They cross-react with the vitronectin

receptor but not with the fibronectin receptor (data not shown).
Monoclonal antibody 7E3 cross-reacts with the vitronectin

receptor but not with the fibronectin receptor (17). Monoclonal
antibodies 10E5 and AP-2 do not recognize the a subunits of
the vitronectin receptor or the fibronectin receptor and there
fore may be used to distinguish between Ilb/IIIa and these
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â€¢X-

â€¢
Fig. 5. Pretreatment of W256 cells with

colchicine resulted in limited focal aggregates
(*) attached to the tumor cell membrane (a,
x 8,700). Pretreatmem of tumor cells with
cycloheximide (ft, x 13,200) or cytochalasin D
(c, x 8,700) resulted in no interaction between
tumor cells and platelets. Tumor cells pre-
treated with paraformaldehyde did not induce
formation of platelet aggregates. However,
platelets with limited evidence of shape change
(arrow) were found attached to the tumor cell
plasma membrane (</,x 11,000).

ÃŽ.'â€¢. â€¢..

immunologically related glycoproteins (Refs. 32 and 33; this
study).7 In addition these mAbs (10E5, 7E3, and AP-2) will

recognize only the intact GpIIb/IIIa complex and not the
individual glycoproteins (32, 34, 35). The pAbllb/IIIa used in
this study cross-reacts with the vitronectin receptor but not
with the fibronectin receptor (33). Since all of the antibodies
used in this study were generated in response to human platelet
lib/Hi a it was important to determine if species cross-reactivity
permitted their use in the rat system. As previously reported
pAbllb/IIIa, mAb7E3, and mAblOES react with rat platelet
Hb/IIIa (8). In the present study we determined that mAbAP-
2 also cross-reacts with rat platelet Hb/IIIa (data not shown).
In addition, we verified the reported cross-reactivity or lack of
cross-reactivity to the vitronectin receptor of three mAbs (7E3,
10E5, and AP-2) used in this study by probing rat aortic

endothelial cells. Endothelial cells express the vitronectin recep
tor but not the Hb/IIIa receptor (17, 21, 33). MAb7E3 which
is reported to cross-react with the vitronectin receptor (17, 33)
positively stained rat aortic endothelial cells (Fig. 6fl), whereas
mAblOES and mAbAP-2 did not stain endothelial cells (Fig.
7). All antibodies (pAb and mAbs) tested against IRGpIIb/IHa
demonstrated a positive staining reaction on W256 cells (Fig.
8a). W256 cells demonstrated a heterogeneous staining pattern
on their surface with areas of high and low fluorescent intensi-

1 Unpublished observations.

'.

ties. Areas of high fluorescence were composed of focal points
of intense fluorescence (Fig. 8a). No fluorescence was observed
in W256 cells which were probed with antibodies against an
unrelated antigen (i.e., transferrin) or normal rabbit IgG (data
not shown).

We next determined if a functional relatedness exists between
GpIIb/IIIa and IRGpIIb/IHa. The vitronectin receptor exists
on the surface of endothelial cells as a Ca2+ independent com

plex whereas GpIIb/IIIa requires calcium for the formation of
a functionally active complex. As stated above mAblOES,
mAb7E3, and mAbAP-2 interact with the GpIIb/IIIa complex
and not the individual glycoproteins. Therefore, we pretreated
endothelial cells with a calcium chelator (disodium EDTA)
prior to probing with the complex directed mAb7E3. No dif
ference in staining intensity was observed in the presence of
disodium EDTA (Fig. 6, compare a and b) consistent with the
calcium independence for formation of the vitronectin complex.
However, when W256 cells were treated similarly with diso
dium EDTA and probed with mAb7E3, mAblOES, or mAbAP-
2, there was dramatic decrease in fluorescence to background
levels (Fig. 6, compare c and d). Therefore, IRGpIIb/IHa ap
pears to be functionally related to Ilb/IHa and not the vitronec
tin receptor.

Finally we probed mRNA isolated from W256 cells for the
presence of message coding for GpHb (Fig. 9) and GpIHa (Fig.
10). Northern blot analysis was performed using total RNA
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Fig. 6. Rat aortic endothelial cells were
used to confirm the cross-reactivity of
mAb7E3 for the vitronectin receptor (a,
x 13,500) and demonstrate the lack of effect
of disodium EDTA (0.25 mm) on the binding
of a complex directed monoclonal (mAb7E3)
to the vitronectin receptor complex (b, X
13,500). W256 cells stained positive with
mAblOES (c, x 900) mAb 7E3 (not shown)
and mAbAP-2 (not shown). Disodium EDTA
pretreatment of W256 cells reduced binding of
all three complex directed mAbs (<l.mAblOES,
x 1,500) (mAb 7E3 and mAb AP-2, data not
shown).

Fig. 7. Rat aortic endothelial cells were
probed with mAbl OE5 (a and b, x 14,000) and Q
mAbAP-2 (c and d, x 14,000) to verify the lack
of crossreactivity of these monoclonals with
the vitronectin receptor.

from W256 cells and radiolabeled 3.2-kilobase GpIIb cDNA
and 1.7-kilobase GpIIIa cDNA probes. The results from the
Northern blot analysis demonstrated that W256 cells expressed
mRNAs for GpIIb (Fig. 9) and GpIIIa (Fig. 10). The size of
the transcripts hybridized with the GpIIIa cDNA probe were
approximately 3.7 and 2.1 kilobases while the size of the
transcripts detected with the GpIIb cDNA probe was approxi
mately 3.7 kilobases with a minor band at the 18S rRNA
position.

Cellular Localization of IRGpIlb/IIIa. In order to localize
IRGpIlb/IIIa, W256 cells were processed for immunocyto-

chemistry. Cells labeled with mAbs or pAbs against platelet
GpIIb/IIIa demonstrated a punctate distribution of reaction
product suggesting that IRGpIlb/IIIa forms aggregates repre
senting high receptor concentration on the tumor cell plasma
membrane (Fig. 86). W256 cells were prefixed with paraform-

aldehyde prior to the addition of the antibody. Therefore it
appears that these aggregates existed prior to induction of a

patching and capping phenomenon. In addition we observed
areas on the tumor cell plasma membrane where the aggregates
were concentrated in clusters (Fig. 86). Areas were also ob
served in which there was a low concentration of receptor
aggregates and a lack of clusters (Fig. 86). A similar distribution
pattern for IRGpIlb/IIIa has been observed on the surface of
human tumor cells (29). In addition to IRGpIlb/IIIa we have
identified another glycoprotein on the surface of human (29)
and W256 (data not shown) tumor cells which is immunologi-

cally related to platelet Gplb. We have designated this tumor
cell glycoprotein IRGpIb (29). In contrast to the punctate
distribution of IRGpIlb/IIIa, IRGpIb reaction product was
evenly distributed on the surface of both human (29) and W256
(data not shown) tumor cells. No reaction product was observed
when anti-transferrin or normal rabbit IgG were used as the
primary antibody (data not shown).

Receptor Mobility: Patching and Capping of IRGpIlb/IIIa. In
the unstimulated platelet, GpIIb/IIIa is complexed but does not
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Fig. 8. Immunofluorescent localization of
IRGpIIb/IIIa on the surface of W256 cells
with mAb 10E5, revealed areas of intense flu
orescence (*) and areas of less intense fluores
cence (**) (a, X 2,160). Further differentiation
was resolved at the ultrastructural level (e,
x 21,000) in which three patterns of inimii-
noprecipitation were found. The first was an
area of uniform immunoprecipitates (area de
limited by double-headed arrow), the second
was an area demonstrating a punctate distri
bution of intense reaction product (i.e., aggre
gates; siiiKk arrowhead) and the third area
demonstrated clusters of aggregates (area de
limited by two arrowheads).

.;-
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Fig. 9. RNA hybridization analysis of GpIIb mRNA isolated from W256 cells.
The results of the Northern blot analysis and densitometer tracing of the Northern
blot are shown. Kb. kilobase.

bind adhesion proteins (i.e. fibrinogen) (35). In the stimulated
platelet GpIIb/IIIa exists as a calcium dependent heterodimer
complex capable of binding several adhesive proteins (16, 36).
In addition, treatment of platelets with mAbllb/l Ila induces a
patching and capping phenomenon which is dependent upon
an intact platelet cytoskeleton (37). Therefore we determined
(a) whether W256 cell IRGpIIb/IIIa would produce patching
and capping in response to a specific mAb and (b) whether
disruption of the W256 cell cytoskeleton would inhibit patching
and capping of IRGpIIb/IIIa. Treatment of W256 cells with a
Hb/IIIa specific, complex directed monoclonal (mAblOES) in
duced patching and capping of IRGpIIb/IIIa receptors on their
surfaces (Fig. 1la). Pretreatment of tumor cells with cytochal-

0.5

0.4

0.3

1 0.2 H

0.1 -

0.0 -1

80 90 100 110 120 130

distance
Fig. 10. RNA hybridization analysis of GpIIIa mRNA isolated from W256

cells. The results of the Northern blot analysis and densitometer tracing of the
Northern blot are shown. Kb, kilobase.

asin D totally inhibited patching and capping (Fig. lib). Pre
treatment with cycloheximide partially inhibited patching and
capping (Fig. lie). However, colchicine pretreatment did not
inhibit patching and capping of IRGpIIb/IIIa (Fig. 1Id).

Aldehyde fixation (i.e., formaldehyde and glutaraldehyde)
produces cross-linking and chemical modification of amino

acids and unsaturated fatty acids which may decrease but not
eliminate membrane fluidity and receptor mobility (38-41).
Paraformaldehyde fixation is known to prevent molecular flow
in platelet membranes (42). We previously demonstrated that
paraformaldehyde prevents the patching and capping of GpIIb/
Ilia on rat platelets and inhibits tumor cell-platelet interactions

[i.e., inhibition of platelet facilitated tumor cell adhesion to
subendothelial matrix (8)]. Therefore, cells pretreated with par-
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Fig. 11. Treatment of W256 cells with
in.M>Ior 5 induced pronounced patching and
capping (a, x 1560) which was inhibited by
pretreatment of tumor cells with cytochalasin
D (Ã¨,x 1560) and cycloheximide (c, x 1560)
but not colchicine (d. x 1560).

aformaldehyde were tested for their ability to induce TCIPA.
A significant inhibition of TCIPA by paraformaldehyde treated
W256 cells was observed (Fig. 3d). Ultrastructural examination
revealed a limited interaction between paraformaldehyde
treated tumor cells and normal rat platelets. A few platelets
demonstrating limited evidence of shape change appeared to be
attached to the tumor cell membrane. However, there was no
evidence of platelet aggregates (Fig. 5d). Unstimulated platelets
were also found juxtaposed to the tumor cell plasma membrane
(Fig. 5d). Paraformaldehyde treated W256 cells were tested for
an inhibition of the patching and capping of IRGpIIb/IIIa and
an alteration of membrane fluidity. Paraformaldehyde pretreat
ment completely inhibited the patching and capping of
IRGpIIb/IIIa (Fig. 12Ã„)as compared to control W256 cells
(Fig. 12a). The effect of paraformaldehyde fixation on tumor
cell membrane fluidity was detected by ESR. 12-Doxylstearic
acid nitroxides were incorporated into W256 tumor cell plasma
membranes to monitor their hydrophobic regions. ESR spectra
of nitroxides in tumor cells pretreated with paraformaldehyde
demonstrated no difference from ESR spectra of untreated
tumor cells (Fig. 12c). Therefore, paraformaldehyde fixation
under the conditions used in this study inhibits receptor mobil
ity but not tumor cell membrane fluidity.

Inhibition of TCIPA and Platelet Adhesion to the Tumor Cell
Plasma Membrane by pAbllb/IIIa. The above studies demon
strate that disruption of W256 tumor cell cytoskeleton (in
particular microfilaments and intermediate filaments) com
pletely inhibits tumor cell-platelet interaction and the mobility
of the IRGpIIb/IIIa receptor. Similarly, paraformaldehyde fix
ation inhibits TCIPA and IRGpIIb/IIIa receptor mobility.
These results strongly suggest a role for IRGpIIb/IIIa in tumor
cell-platelet interaction. Therefore, we pretreated tumor cells
with the IgG fraction of pAbllb/IIIa. Normal rat platelets
challenged with W256 cells (1.5 x IO5) cells which had been

pretreated with 30 ng/m\ of this IgG fraction demonstrated a
50% inhibition in the aggregation response (Fig. 13a). Tumor
cells pretreated with the IgG fraction of a polyclonal antibody
to an unrelated antigen (i.e., transferrin) or normal rabbit IgG
induced an aggregation response similar to that of untreated
tumor cells (data not shown). In a parallel study normal rat
platelets challenged with (1.2 x 10s) W256 cells demonstrated
a maximum aggregation response approximately one-half (i.e.,
35% increase in light transmittance) the aggregation response
with 1.5 x IO5 W256 cells (data not shown). W256 cells were

pretreated with the Fab fragments of the IgG fraction of
pAbllb/IIIa. When normal rat platelets were challenged with
these W256 cells (1.2 x 10s) a complete inhibition of TCIPA

was observed when compared to untreated controls (data not
shown). Samples were removed after 20 min from aggregation
cuvets containing normal rat platelets and Fab treated W256
cells and processed for electron microscopy. We observed a
complete lack of interaction between Fab treated W256 cells
and normal platelets (Fig. 13Â¿>)suggesting that IRGpIIb/IIIa is
a receptor for platelet adhesion to the tumor cell plasma mem
brane.

The following experiments were performed in order to dem
onstrate that the inhibition of TCIPA by antibody pretreated
tumor cells was not due to antibody released into the media
and interacting directly with platelets. W256 cells at the con
centration used above (1.5 x 105/cuvet) or at a 10-fold higher

concentration were incubated (15 min) with either 30 or 300
tig of the IgG fraction of pAbllb/IIIa, washed 3 times in their
respective serum free media, and incubated (15 or 30 min). The
tumor cells were pelleted (200 x g) and the supernatants were
used to pretreat (5 min) normal platelets. The pretreated plate
lets were then challenged with either thrombin (0.1 unit), or
W256 cells (1.5 x IO5). None of the supernatants derived from

any of the above conditions altered thrombin induced platelet
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Fig. 12. Treatment of W256 cells with
mAblOES induced pronounced patching and
capping (a, x 1170) an effect which was inhib
ited by pretreatment of tumor cells with para-
formaldehyde (ft, x 1170). Paraformaldehyde
pretreatment did not alter tumor cell mem
brane fluidity as evidenced by identical ESR
spectra in control and fixed tumor cells using
12-doxylstearic acid (c).

12-DOXYL STEARIC ACID ESR SPECTRUM OF W256 TUMOR CELLS.

10G

aggregation or TCIPA which indicates that under the experi
mental conditions used above the inhibition of TCIPA by
antibody pretreated tumor cells was not due to a direct effect
of the antibodies on platelet GpIIb/IIIa (data not shown).

DISCUSSION

Hagmar and Ryd (25) observed a reduction in the number of
lung colonies when cytochalasin B treated TA3 tumor cells
were injected into syngeneic mice. An increase in extrapulmo-
nary metastasis was also observed. Hart et al. (3) confirmed
these observations and extended these observations to cells
pretreated with an inhibitor of microtubules (colchicine). In
this study the greatest decrease in lung colonies was observed
with cells treated with a combination of colchicine and cyto
chalasin B (3). Hart et al. (3) determined the effect of cytoskel-
etal disruption on the pulmonary retention time of [125I]iodo-
deoxyuridine labeled B16-F10 cells. Within 2 min postinjection
there were equal numbers of control cells, cytochalasin B and
colchicine treated tumor cells in the lung microvasculature (3).
However, by 60 min, when compared to controls, fewer cyto
chalasin B or colchicine treated cells were observed in the lung,
suggesting that these treatments did not alter initial tumor cell
arrest (i.e., 2 min) but altered events which occurred after tumor
cell arrest (3). Hart et al. (3) also demonstrated that the disrup
tion of the tumor cell cytoskeleton decreased its ability to
undergo homotypic (tumor cell-tumor cell) or heterotypic (tu
mor cell-endothelial cell) adhesions. In addition to microtubules
and microfilaments, intermediate filaments may also be impor
tant in tumor cell metastasis. Ben Ze'ev and Raz (4) demon

strated that treatment of tumor cells with cycloheximide led to
an inhibition of vimentin (intermediate filament protein) syn
thesis, selective disruption of the intermediate filaments and a
decrease in lung colonizing ability. A variety of mechanisms
have been proposed to explain the effects of cytoskeletal dis

ruption on tumor cell metastasis (1, 3, 4, 25). These mecha
nisms include cell deformability, decreased homotypic aggre
gation, decreased tumor cell adhesion to endothelial cells, and
decreased motility. One mechanism which has not been consid
ered, to date, is an alteration in the ability of tumor cells to
interact with platelets and induce their aggregation.

Numerous human and animal tumor cells have been shown
to induce the aggregation of platelets (10, 43-46). This ability
has been demonstrated to correlate positively with their met-
astatic potential (36). However some exceptions have been
reported (47). Crissman et al. (5, IO)8 recently described tumor
cell-platelet-endothelial cell interactions in vivo following the
injection of either B16 amelanotic melanoma, Lewis lung car
cinoma, or 16C mammary adenocarcinoma cell lines into syn
geneic mice. Platelet tumor cell emboli were observed in the
pulmonary vasculature immediately following tail vein injection
of elutriated tumor cells of the three histolÃ³gica! types men
tioned above. The degree of platelet association with arrested
tumor cells was time dependent (5).8 Initial signs of platelet

aggregates were observed as early as 10 min post tumor cell
injection and they increased to their maximum between 4 and
8 h (5, 10). Platelets were not observed interspersed between
tumor cell and endothelial cell plasma membranes (5, 10).
Tumor cells arrested at early time intervals demonstrated a
limited focal association with activated platelets (5). These
results suggest that in vivo TCIPA occurs post tumor cell arrest
and attachment to the vascular endothelium/subendothelial
matrix. Arrested tumor cells exhibited process formation which
interdigitated with the platelet aggregate (5, 10). These proc
esses were only found in areas of tumor cell plasma membrane
contact with activated platelets and not in areas of tumor cell
plasma membrane contact with unactivated platelets, endothe-

8J. D. Crissman, J. S. Hatfield, D. G. Menter, B. F. Sloane, and K. V. Honn.

Morphological study of the interaction of intravascular tumor cells with endothe
lial cells and subendothelial matrix, submitted for publication.
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100-

B
Fig. 13. A. Pretreatment of W256 cells with the IgG fraction of pAbllb/IIIa

(ft) reduced their ability to induce aggregation of untreated platelets as compared
to untreated W256 tumor cells (a). B. Pretreatment of W2S6 cells with Fab
fragments derived from pAbllb/IIIa inhibited platelet attachment to the tumor
cell surface (x 9000).

liai cells, or blood elements (10). Intravascularly, platelet de-

granulation was observed primarily in platelets associated with
the tumor cell processes (5, 10). Tumor cell associated thrombi
disappeared approximately 24 h post tumor cell arrest; how
ever, tumor cells remained intravascular up to 5 days and
demonstrated proliferation (5, IO).8 We have previously dem

onstrated that platelets can enhance the level of tumor cell
adhesion to endothelial cell monolayers (12) and their sahen
dothelial matrix (7, 8). Thus it seems reasonable to suggest that

platelets facilitate tumor cell metastasis by stabilizing tumor
cell adhesion to endothelial cells and/or subendothelial matrix
post tumor cell arrest (6).

Gorelik et al. (48, 49) have suggested that platelets/fibrin
protect intravascular tumor cells from cytolytic destruction by
circulating natural killer cells. However, such a function for
platelets/fibrin could be operative only for the first 24 h follow
ing tumor cell arrest, inasmuch as we have observed an absence
of platelets/fibrin association with the arrested tumor cells post
24 h (S, IO).8 While undergoing proliferation, tumor cells

remain intravascular up to 5 days in the absence of a platelet/
fibin barrier to circulating natural killer cells (S).8

We have observed that disruption of platelet microfilaments,
but not microtubules, resulted in a decrease in tumor cell
platelet interaction (7). Therefore, we postulate that disruption
of the tumor cell cytoskeleton similarly may result in a decrease
in tumor cell-platelet interactions. Thus in this study we dem
onstrate that disruption of W2S6 cell cytoskeleton resulted in
an inhibition of TCIPA. Macroscopically, colchicine treatment
inhibited TCIPA. On closer examination at the ultrastructural
level we observed evidence of limited tumor cell-platelet inter
action. Colchicine treated cells possessed focal aggregates of
platelets attached to the tumor cell surface. As described by
others (26-28) colchicine, in addition to its effect on microtu
bules, produces a secondary effect on intermediate filaments.
Inhibition of vimentin synthesis and disruption of the inter
mediate filaments by cycloheximide prevented TCIPA at both
macroscopic and ultrastructural levels. Therefore partial inhi
bition of the interaction between colchicine treated tumor cells
and platelets may be due to the secondary effect of colchicine
on intermediate filaments but not its effect on microtubules.
Resolution of the contribution of tumor cell microtubules to
TCIPA can be demonstrated only with an agent which selec
tively disrupts microtubules but not intermediate filaments. In
addition, cytochalasin D disruption of the microfilaments pre
vented TCIPA at both macroscopic and ultrastructural levels.
From the above results we postulate that tumor cell microfila-

ments/intermediate filaments but not tumor cell microtubules
play a key role in tumor cell-platelet interaction.

The GpIIb/IIIa complex is a member of a family of structur
ally related glycoprotein receptors in mammalian cells (31-50).
This family includes the GpIIb/IIIa receptor, the vitronectin
receptor, and the fibronectin receptor (17). Both the GpIIb/IIIa
complex and the vitronectin receptor have a common ÃŸsubunit
but structurally and immum (logically distinct a subunits (51).
Monoclonal antibody 7E3 used in this study cross-reacts with
GpIIb/IIIa receptor and the vitronectin receptor, whereas
mAblOES is specific for GpIIb/IIIa (33). Similarly mAbAP-2
is specific for Hb/IIIa and does not cross-react with the vitro
nectin receptor (Ref. 33; this study). Neither mAb7E3,
mAblOES, nor AP-2 cross-react with the fibronectin receptor
(33).7 In addition, pAbllb/IIIa is known to cross-react with the

vitronectin receptor but not with the fibronectin receptor (33).
On the basis of the positive results obtained with mAb7E3,
mAblOES, mAbAP-2, and pAbllb/IIIa in addition to the pos
itive hybridization in Northern blot analysis using cDNA probes
for lib and Ilia we designate the immunologically identified
glycoproteins on W256 cells as IRGpIIb/IIIa. In addition, using
immunological techniques similar to those of this study we have
tentatively identified the glycoprotein IRGpIIb/IIIa on the sur
face of human tumor cells (29). Finally, we have obtained
specific hybridization of cDNA probes for lib and Ilia with
mRNA isolated from human cervical carcinoma (MS751), co
lon carcinoma (clone A), rat MTC and MTLn 3 mammary
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adenocarcinoma, murine B16 amelanotic melanoma, and Lewis
lung carcinoma, suggesting widespread distribution of these
glycoproteins on cells from metastatic solid tumors.9 A protein

immunologically and structurally related to GpIIb/IIIa has also
been isolated from human erythroleukemia cells (52).

The platelet cytoskeletal network, particularly microfila-
ments, are important in platelet shape change, in granule secre
tion, and in the mobility of platelet plasma membrane receptors
(34, 35). GpIIb/IIIa is a platelet membrane receptor which
binds fibrinogen, fibronectin, and vWF and plays a pivotal role
in platelet-platelet interaction (i.e., aggregation) and platelet
adhesion to the subendothelial matrix (17).

In this paper we present the concept that at least two distinct
events may be involved in TCIPA. We previously reported that
in the absence of overt platelet aggregation, platelets adhere to
the tumor cell plasma membrane (11). This suggests that the
interaction between tumor cells and platelets is a receptor
mediated phenomenon. We postulate that the second step in
TCIPA is the expression of tumor cell prothrombogenic activity
(13, 14) by an unknown mechanism. This prothrombogenic
activity leads to the macroscopic platelet aggregation response
which has been reported for numerous cell lines (10, 44-47).
GpIIb/IIIa on the surface of the platelet is a receptor for
fibrinogen, an adhesive protein which is in part responsible for
platelet-platelet adhesion during aggregation (16). We present
evidence for the existence of a related glycoprotein on the
surface of W256 cells (this study) and evidence that treatment
of W256 cells with Fab fragments derived from pAbllb/IIIa
prevents platelet adhesion to the tumor cell surface. On this
basis, we propose that IRGplIb/IIIa is the receptor for attach
ment of platelets to the tumor cell surface. We previously
demonstrated that pretreatment of platelets with mAbs or pAbs
against platelet GpIIb/IIIa inhibits TCIPA (53). Therefore,
platelet GpIIb/IIIa may serve as the platelet receptor counter
part to tumor cell IRGplIb/IIIa. The identity of the linking
molecule (e.g., fibrinogen) responsible for this receptor me
diated tumor cell-platelet adhesion is unknown.

IRGplIb/IIIa demonstrates a heterogeneous distribution on
the tumor cell surface at both light microscope and ultrastruc
tural levels. At the light microscope level areas of high and low
fluorescent intensity were observed. Ultrastructurally we ob
served areas which possessed immunoprecipitates found in
clusters, immunoprecipitates found individually, or an absence
of immunoprecipitates. If IRGplIb/IIIa is the receptor for
platelet attachment to the tumor cell surface it seems logical
that areas of high concentration of this receptor (i.e., areas of
intense fluorescence observed at the light microscope level)
would result in extremely strong focal points for the initiation
of platelet attachment to the tumor cell surface.

TCIPA appears to be dependent upon tumor cell receptor
(i.e., IRGplIb/IIIa) mobility. We present two lines of evidence
to support this hypothesis, (a) We demonstrated that paraform-
aldehyde pretreatment of tumor cells inhibited their receptor
mobility without alterations in their membrane fluidity. This
treatment also prevented TCIPA and adhesion of platelet ag
gregates to the tumor cell surface. However, single platelets did
appear to adhere to the plasma membrane of paraformaldehyde
treated tumor cells, (b) We demonstrated that disruption of
microfilaments/intermediate filaments (but not microtubules)
also inhibited mobility of the IRGplIb/IIIa receptor, TCIPA,
and platelet adhesion to the tumor cell plasma membrane. In

9Y. S. Chang, L. A. Fitzgerald, I. M. Grossi, U. Sunderam, J. A. Murray, and
K. V. Honn. Tumor cell expression of mRNA's coding for the integrin receptors,

submitted for publication.

the platelet the GpIIb/IIIa receptor is a transmembrane protein
linked to the platelet microfilaments (35). This link is important
for platelet patching and capping of GpIIb/IIIa and the receptor
functions of GpIIb/IIIa (37). We present evidence in this paper
that IRGplIb/IIIa is similarly linked to tumor cell microfila
ments/intermediate filaments. We propose that the initial in
teraction between platelets and the tumor cell surface results in
a reorganization of the tumor cell microfilaments/intermediate
filaments resulting in recruitment of IRGplIb/IIIa receptors
into the area of initial platelet tumor cell interaction. Such a
mechanism could explain the focal interaction between platelets
and tumor cells which we have observed in the present study.

One result of platelet-tumor cell interaction is the formation
of tumor cell processes which interdigitate with platelet thrombi
(9, 10). This phenomenon has been observed both in vitro (in
this study and Ref. 9) and in vivo (10). Thus we postulate that
these processes may ensure a close bond between the arrested
tumor cell and platelet thrombi and further that the platelet
thrombi stabilize the adhesion between the tumor cell and
endothelial cells. Tumor cell process formation was inhibited
by disruption of tumor cell microfilaments/intermediate fila
ments (this study), an effect which reduces lung colony forma
tion (3, 4).

As discussed above, disruption of the tumor cell cytoskeleton
leads to a decrease in its ability to form lung colonies in vivo.
Hart et al. (3) suggested that this reduction in lung colonies is
not due to an inhibition of initial tumor cell arrest but is a
result of decreased tumor cell retention in the pulmonary mi-
crovasculature. We have demonstrated that disruption of micro-
filaments/intermediate filaments inhibited TCIPA and platelet
attachment to the tumor cell surface possibly via the IRGpIIb/
Ilia receptor. Therefore, we suggest that the in vivo results of
previous investigators (3, 4, 25) with cytoskeletal disrupting
agents are due, in part, to an inhibition of tumor cell-platelet
interactions. This supports our hypothesis that platelets stabi
lize the bond between the tumor cell and endothelial cell/
subendothelial matrix following tumor cell arrest.
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