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Abstract

Activated platelets and stimulated endothelial cells express P-
selectin, an integral membrane protein receptor that binds
monocytes and neutrophils. P-selectin mediates adhesion to
glycoproteins with carbohydrate structures containing sialyl-
Lewis X. Since many carcinoma cells also express these carbo-
hydrate structures and are known to interact with platelets, we
asked whether P-selectin may mediate this interaction. Both
small cell lung cancer and neuroblastoma cell lines bound to
activated platelets, and this interaction was blocked with inhibi-
tory anti-P-selectin antibodies and by pretreatment of these
cancer cells with neuraminidase or trypsin. Platelet binding to
the small cell lung cancer cells was not inhibited with anti-GP
Ilb-Illa antibody or Arg-Gly-Asp-Ser peptide. Pretreatment of
the neuroblastoma cells with inhibitors of N-linked carbohy-
drate biosynthesis had little effect on binding to P-selectin, in-
dicating that relevant carbohydrate ligand(s) may be O-linked.
In addition, lipospheres containing P-selectin specifically
bound to cryostat sections derived from a small cell lung tumor
and two neuroblastoma tumors, but not to sections of normal
lung. These observations demonstrate that P-selectin mediates
binding of platelets to small cell lung cancer and to neuroblas-
toma and suggest a possible role for this lectin in metastasis. (J.
Clin. Invest. 1993. 92:804-813.) Key words: blood platelets -

selectin * cell adhesion molecules * neoplasm metastasis * sia-
loglycoproteins

Introduction

Hematogenous tumor cell metastasis involves the arrest, at-
tachment, and extravasation of tumor cells. Tumor cell spread
is a complex, multistep process that is dependent on a number
of cell-to-cell interactions. In this study we focus on the molecu-
lar aspects of the interaction between cancer cells and platelets.
Several lines of investigation suggested that platelets facilitate
blood-born metastasis (1-4). Gasic and colleagues (5) first
noted that the number of experimentally induced pulmonary
metastasis was reduced in mice when they were made throm-
bocytopenic before the injection of tumor cells and that the
incidence of metastasis was positively correlated to the platelet
count. Morphological observations of tumor cells arrested in
capillaries have shown the cancer cells surrounded with acti-
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vated platelets. Electron micrographs demonstrate close con-
tact between the platelet and the tumor cell (4). Although the
integrin receptor GP IIb-IIIa ( aM#1i3) appears to mediate the
interaction of platelets with some cancer cells (6-8), whether
or not other molecules present on the activated platelet may
also mediate binding to tumor cells is not known.

P-selectin (CD62, PADGEM, GMP140) (9, 10) is a
member of the selectin family of adhesion receptors ( 11 ). The
other two members are L-selectin, the peripheral lymph node
lymphocyte homing receptor (murine Mel 14 antigen or hu-
man Leu8 antigen/LAM-l ) ( 12), and E-selectin, an endothe-
lial leukocyte adhesion molecule that is induced by cytokines
( 13 ). The selectins are structurally similar in that they contain
an NH2-terminal lectin domain, followed by an epidermal
growth factor domain, two to nine complement regulatory pro-
tein consensus repeat units, a transmembrane segment, and a
short cytoplasmic tail ( 14-18).

P-selectin binds to neutrophils and monocytes (19-21),
and therefore it is likely involved in inflammatory, wound heal-
ing, and immune responses. P-selectin is located in alpha gran-
ules of platelets (22, 23) and Weibel-Palade bodies of endothe-
lial cells (24, 25). Upon platelet or endothelial cell activation
with mediators such as thrombin, alpha granule and Weibel-
Palade body membranes fuse rapidly with the plasma mem-
brane as the granules release their contents, leading to the ex-
pression of P-selectin on the cell surface. P-selectin mediates
binding of these cells to carbohydrate structures containing the
sialyl-Lewis X antigen (26-28). In contrast to E-selectin,
which has overlapping carbohydrate specificity, the P-selectin
ligand on monocytes and neutrophils is susceptible to protease
treatment (29, 30).

The sialyl-Lewis X antigen that appears to be an important
component of both the P-selectin and E-selectin ligands is ex-
pressed on phagocytic cells as well as on many types of tumor
cells (31-33). A colon carcinoma cell line HT-29 was shown to

bind to cytokine-activated endothelium and the binding was

dependent on E-selectin (34-35). We have investigated
whether P-selectin may also be implicated in cellular interac-
tion with carcinoma cells, specifically if it mediates the ob-
served adhesion of platelets to tumor cells.

Methods

Cells. Platelets from normal human donors were isolated by gel filtra-
tion from fresh anticoagulated blood with Ware's solution (0.1 Mci-
trate buffer, 10 mMacetylsalicylic acid) on a Sepharose 2B (Sigma
Chemical Co., St. Louis, MO) column equilibrated with Pipes buffer.
Activated platelets were prepared by the addition of 0.15 U thrombin/
ml (Sigma Chemical Co.) and incubated at 22°C for 20 min without
stirring. The platelets were used in cell adhesion assays within 30 min of
preparation. The platelets isolated from a patient with Glanzmann's
thrombasthenia fully characterized by Dr. John Erban (New England
Medical Center, Boston, MA) were prepared in the same manner ex-
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cept the blood was anticoagulated with Ware's solution without acetyl-
salicylic acid and the platelets were placed over a column equilibrated
with Hepes buffer. These platelets were used within 4-36 h from prepa-
ration.

HL60, a promyelocytic leukemia cell line, U937, a human histiocy-
tic lymphoma, and Daudi cells obtained from American Type Culture
Collection (ATCC),' Rockville, MD, were maintained in culture as
described by Larsen et al. ( 19). NCI-H 128 cell line (ATCC), derived
from malignant pleural fluid of a patient with small cell lung cancer of
the lung, were grown in Iscove's modified Dulbecco's medium with
20% FCS. NCI-H345 cell line (ATCC) derived from bone marrow of
one patient and NCI-H 146 cell line (ATCC) derived from malignant
pleural fluid of another patient with small cell lung cancer were grown
in RPMI with 5%FCSand 15% FCS, respectively. Humanneuroblas-
toma cells, NB5-A2 (A. S. Tischler, New England Medical Center,
Boston, MA) derived from a cervical lymph node metastasis of an
adrenal neuroblastoma were grown in RPMI with 10% horse serum
and 5% FCS. SK-N-SH cell line (ATCC) derived from a neuroblas-
toma tumor was grown in Eagle's MEMwith 10%FCS. CRL 1566 cell
line (ATCC) derived from a mouse teratocarcinoma tumor was grown
in DMEwith 10% FCS. A human colon carcinoma, HT 29, obtained
from D. Jefferson (New England Medical Center, Boston, MA); hu-
man gastric adenocarcinoma, Hs746T; a human breast adenocarci-
noma, MCF7; and murine melanoma B16F10, obtained from B.R. Zet-
ter (Children's Hospital, Boston, MA), were grown in DMEwith 10%
FCS. CRL 1803 cell line (ATCC) derived from a medullary thyroid
carcinoma was grown in DMEwith 10% FCS. F9 cell line (ATCC)
derived from a mouse embryonal carcinoma was also grown in DME
with 10% FCS. All cell lines tested negative for mycoplasma.

For inhibition or modification of N-glycosylation of SK-N-SH cell
line and endothelial cells, the cells were cultured in medium containing
tunicamycin (0.1-1.0 Mg/ml), deoxymannojirimycin ( 100.0 ,g/ml),
and swainsonine ( 1.0 Mg/ml) for 30 h.

Reagents. P-selectin was purified from outdated human platelets
by immunoaffinity chromatography as described (30). Polyclonal
anti-P-selectin antibodies were raised in rabbits using a standard immu-
nization schedule by E. Larsen. Monoclonal antibodies directed to P-
selectin comprised the noninhibitory antibody AC1.2 (19) and inhibi-
tory monoclonal antibodies GE12 and GA6(36). These antibodies are
the same isotype, IgG, kappa. The monoclonal antibody BR5 recog-
nizes the propeptide of von Willebrand factor and is IgG2 kappa (37).
Anti-GP IIb-IIIa (CDW4la; AMACInc., Westbrook, ME) is an IgG I
kappa, and we have verified that it inhibits platelet aggregation. CD15
(Amac, Inc., Westbrook, ME), CSLEX1 (ATCC), and 44812 (Lanny
Hecker, NewEngland Medical Center, Boston, MA) are IgM antibod-
ies. 44812 is a monoclonal antibody made using platelet alpha gran-
ules' membranes as an immunogen, and it served as a control IgM
antibody for immunofluorescent staining and flow cytometric analysis
of the tumor cells. Purified human IgG from serum, Arg-Gly-Asp-Ser
(RGDS), EDTA, heparin, fucoidin, trypsin, soybean trypsin inhibitor
(SBTI), 2,3-dehydro-2-deoxy-N-acetyl-neuramic acid, tunicamycin,
deoxymannojirimycin, and swainsonine were purchased from Sigma
Chemical Co. Vibrio cholerae neuraminidase was obtained from Cal-
Biochem Corp., La Jolla, CA.

Cell adhesion assays. The rosetting, phase contrast cell adhesion
assay was performed by the method of Larsen et al. ( 19), except ali-
quots of 40 ,ul of the platelet and cell suspension were mixed and incu-
bated together. Whentwo or more platelets adhered to a single cell or a
small cluster of cells composed of three cells or less, a positive score for
adhesion was given. All experiments were performed on several days
and in triplicate. Adherent cancer cell lines were suspended in RPMI
with 1% FCS after a 4-min incubation at 37°C with 1 mMEDTAin
PBS. All cell lines, including the suspension cell lines (HL60, U937,
NCI-H 128, NCI-H345, and NCI-H 146), were washed three times with

1. Abbreviations used in this paper: ATCC, American Type Culture
Collection; RGDS, Arg-Gly-Asp-Ser; SBTI, soybean trypsin inhibitor.

RPMI containing 1%FCSbefore the assay. Antibody studies and stud-
ies with inhibitory or noninhibitory reagents were performed by prein-
cubating 40 Ml of platelet suspension (2 X 108/ ml) with 40 ,l of reagent
solution: EDTA(10 mM), RGDS(1 mM), heparin (100 Ag/ml), or
fucoidin ( 100 Mg/ml) for 20 min at 220C. Then 40 Ml of cells (3 x 106
cells/ml) was added to the incubation mixture for 20 min at 220C. In
the competitive inhibition experiments, 40 A1 suspension of cells was
preincubated with 40 ,l of purified P-selectin (30 Mg/ml) for 20 min.
In other experiments a suspension of cancer cells was incubated with
neuraminidase (0.1 U/ml) or trypsin ( 10 Ag/ml) for 60 and 20 min,
respectively, at 370C, and then washed three times. The trypsinized
cells were also incubated after the reaction with SBTI ( 500 g/ ml) for 5
min. For controls in these experiments, a suspension of cancer cells was
incubated in parallel either with neuraminidase (0.1 U/ml) and 2,3-
dehydro-2-deoxy-N-acetyl-neuramic acid (0.2 mM)or trypsin ( IlOg/
ml) and SBTI (500 gg/ml) for 60 and 20 min, respectively, at 370C,
and then washed three times. 40 Ml of these treated cells (2 X 106/ml)
was then incubated with 40 Ml of activated platelets for 20 min.

Binding oftumor cell lines to phospholipid vesicles with and without
P-selectin. P-selectin was incorporated into fluorescent, phospholipid
vesicles as described (26). The binding of phospholipid vesicles with
and without P-selectin to tumor cell lines was detected with a flow
cytometer MDADS(541; Coulter Corp., Hialeah, FL). 5-10 Ml1 of fluo-
rescent phospholipid vesicles with or without P-selectin were incubated
with 25 Ml of a tumor cell line (2 X 106 cells/ml) suspended in RPMI
1640 with 1% fetal calf serum and 5%BSAfor 20 min at 22°C. For the
experiments with monoclonal antibodies, the phospholipid vesicles
were incubated with the antibodies for 20 min before incubation with
the cancer cells. Before analysis with flow cytometry, the sample was
diluted 10-fold with RPMI medium containing 1%FCS. The samples
were identified by their forward and side light scatter profiles, and bind-
ing of phospholipid vesicles with and without P-selectin was quanti-
tated by measuring fluorescence. Data were collected for 5,000 cells.

Adhesion studies of lipid-coated glass beads with and without P-se-
lectin to cryostat sections of human tumors. The lipospheres (38) with
and without P-selectin were prepared with cleaned and filtered 2-Mm
glass beads (Duke Scientific Co., Palo Alto, CA). The beads suspended
at 4 X 10' beads/ml were mixed in a 3:1 ratio with either phospholipid
vesicles alone or phospholipid containing purified P-selectin. This mix-
ture was sonicated for 3 min and incubated at 27°C for 30 min with
frequent mixing. The lipid-coated beads were then washed three times
in Tris-buffered saline with 0. 1%BSA(Sigma Chemical Co.) to remove
free vesicles.

The preparation of frozen sections and binding assay was adapted
from modifications of the Stamper and Woodruff assay (39, 40). Small
cell carcinoma with an intermediate size cellular component that was
excised for a tissue diagnosis from an untreated patient's right upper
lobe of lung was stored fresh, encased in OCTcompound (an embed-
ding medium for frozen tissue specimens) in liquid nitrogen in the New
England Medical Center Organ Bank. Other tumor samples obtained
from this organ bank included: a neuroblastoma tumor excised from
an adrenal gland, a neuroblastoma tumor excised from the retroperi-
toneum, and squamous cell carcinoma excised from the lungs of two
patients. (Permission and samples obtained through the organ bank's
director, S. Naber). The lung of a patient with no prior respiratory
disease was obtained at autopsy after the patient died of a medical
illness. Cryostat sections (4 Mmthick) of these tissue samples were cut
on an HM500 Zeiss Microtome at -20°C. Several sequential frozen
sections were obtained and placed on glass slides and allowed to air dry
for 30-60 min. The slides were stored unfixed at 4°C for 1-3 d or at
-80°C for up to 7 d. Shortly before the assay 22-mm2 wells around the
sections were made. In each well 300 Ml of 107 lipospheres/ml Tris-buf-
fered saline with 2 mMCaCl2, 2 mMMgCl2, 4 mMKCl, (Tris-buf-
fered saline with cations), 1% FCS, and 5% BSA were incubated and
agitated on a gyratory shaker at 80-100 rpm for 20 min at 4°C. The
unbound beads and solution were first removed from the wells by aspi-
ration. Next, the slides were washed well by dipping in TBS with cat-
ions. Finally, a drop of gelvatol and a glass coverslip were placed on the
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section, and the sections were evaluated under phase and fluorescent
microscopy. Sections flanking those studied in the binding assay and
sections used for the original pathologic diagnosis were stained with
hematoxylin and eosin.

Results

Tumor cell binding to platelets. Tumor cells known to have
high metastatic potential in animal models or to aggregate plate-
lets in vitro were initially screened for their ability to bind to
platelets in a rosetting assay. In this assay, gel filtered platelets,
which have been either activated with thrombin or maintained
undisturbed in a resting state, were incubated with a suspen-
sion of tumor cells. An aliquot was then evaluated by light
microscopy. The results presented in Table I show that human
small cell lung cancer cell lines (NCI-H128 and NCI-H345),
neuroblastoma cell lines (hNB5-A2 and SK-N-SH), and a
mouse teratocarcinoma cell line (CRL 1566) bound to acti-
vated platelets and not to resting platelets. The binding of these
tumor cells to activated platelets was inhibited with an inhibi-
tory anti-P-selectin antibody indicating that the binding was

Table I. Rosetting of Platelets with Cancer Cell Lines

Percent adherence*

Activated
platelets:

Resting Activated anti-P-selectin
Cell line platelets platelets antibody, GE12

U937 (Histiocytic
lymphoma) 10.2±8.1 73.8±9.2 3.5±3.9

HL60 (Promyelocytic
leukemia) 13.6±7.9 82.0±11.5 8.3±4.2

NCI-H 128 (Small cell lung
cancer) 8.1±4.1 65.4±9.1 7.7±4.7

NCI-H345 (Small cell lung
cancer) 14.8±5.4 69.7±8.2 5.9±2.7

NCI-H 146 (Small cell lung
cancer) 3.2±1.1 5.5±1.7 7.6±0.5

hNB5-A2 (Neuroblastoma) 10.6±4.5 58.2±24.2 9.5±9.5
SK-N-SH (Neuroblastoma) 16.6±5.6 64.4±5.4 9.6±6.4
CRL 1566

(Teratocarcinoma) 11.3±3.6 55.6±12.0 6.5±3.0
HT-29 (Colon carcinoma) 11.6±3.1 19.7±3.8 8.0±2.2
CRL 1803 (Medullary

thyroid) 6.6±4.4 5.3±3.6
Hs746T (Gastric

adenocarcinoma) 4.0±2.1 6.5±3.8
MCF7(Breast

adenocarcinoma) 3.0±1.4 3.9±1.8
F9 (Embryonal carcinoma) 3.5±1.0 6.0±1.0
mMelB16F1O (Melanoma) 4.6±1.7 2.3±1.2

* Mean percentage of cells with two or more platelets bound plus
standard deviation was determined with the above cell lines: U937,
HL60, promyelocytic leukemia; NCI-H 128, small cell lung cancer
(SCLC); NCI-H345 (SCLC); NCI-H 146 (SCLC); hNB5-A2, neuro-
blastoma; SK-N-SH, neuroblastoma; CRL 1566, mouse teratocarci-
noma; HT-29, colon carcinoma; CRL 1803, medullary thyroid carci-
noma; Hs746T, gastric adenocarcinoma; MCF7, breast adenocarci-
noma; F9, mouse embryonal carcinoma; and mMelB16F1O, mouse

melanoma.

mediated by P-selectin. Not all cell lines derived from small cell
lung cancers (NCI-H 146) or amine precursor uptake decarbox-
ylase tumors such as a medullary thyroid carcinoma (CRL
1803) bound in this assay to P-selectin expressed on activated
platelets (Table I). The colon adenocarcinoma cell line (HT-
29) which binds to E-selectin (34, 35) did not strongly adhere
to activated platelets compared with resting platelets (Table I).
Other cell lines derived from cancers such as human gastric
adenocarcinoma (Hs746T), human breast adenocarcinoma
(MCF7), mouse embryonal carcinoma (F9), and mouse mela-
noma (mMelB16F10) did not significantly bind to activated
platelets (Table I). The myeloid cell lines HL60 and U937
which are known to bind to P-selectin on activated platelets
(19) served as positive controls.

The role of P-selectin in binding of activated platelets to
small cell lung cancer cells and neuroblastoma cells. The bind-
ing of activated platelets to neuroblastoma and small cell lung
cancer cells was further investigated in the presence of specific
reagents and after the cancer cells' surface had been enzymati-
cally altered. Rosetting of activated platelets with small cell
lung cancer cells did not occur in the presence of EDTAand
was inhibited by heparin and fucoidin, sulfated glycans which
are known to interfere with the binding of P-selectin to its li-
gand on neutrophils and HL60 cells (41 ) (Fig. 1 A). Purified
P-selectin (30 ,gg/ml) also inhibited the binding of activated
platelets to small cell lung cancer cells, further implicating P-se-
lectin as the adhesion receptor responsible for this interaction.
The P-selectin ligand on neutrophils and monocytes is a sialy-
lated glycoprotein(s). Pretreatment of the small cell lung
cancer cells with neuraminidase or trypsin just before the roset-
ting assay completely abolished the binding of platelets (Fig. 1
A) indicating that the P-selectin ligand on these cells is also a
sialylated glycoprotein. The use of neuraminidase and trypsin
in the presence of their specific inhibitors, 2,3-dehydro-2-
deoxy-N-acetyl-neuramic acid and soybean trypsin inhibitor,
respectively, did not disrupt the binding of activated platelets
to the small cell lung cancer cells (Fig. 1 A) demonstrating that
these enzymes were acting through their designated activity
and not through contaminating enzyme(s). The binding of
activated platelets to the small cell lung cancer cell line, NCI-
H345, was similarly abolished when they were pretreated with
either neuraminidase or trypsin (data not shown).

Similar to the two small cell lung cancer cell lines, NCI-
H128 and NCI-H345, the neuroblastoma cell line, SK-N-SH,
also bound to activated platelets in a P-selectin-mediated inter-
action. The binding was inhibited by an inhibitory monoclonal
antibody to P-selectin GE12 and not by the noninhibitory anti-
body AC1.2 (Fig. 1 B). In addition, pretreatment of these cells
with neuraminidase or trypsin completely abolished the bind-
ing of platelets (Fig. 1 B) indicating that the neuroblastoma cell
line also binds to activated platelets through a sialylated glyco-
protein.

Because the binding of cancer cells to platelets is in some
instances mediated through integrins (6-8), we attempted to
inhibit the binding of activated platelets with RGDSpeptide
(1.0 mM), or inhibitory antibodies to GP Ilb-IIla. Neither
RGDSpeptide nor antibodies to GPIlb-IIIa interfered with the
binding of activated platelets to the small cell lung cancer cells
(Fig. 1 A). In addition, we have tested platelets obtained from a
patient with Glanzmann's thrombasthenia (lacking functional
GPHIb-Ila, generously provided by Dr. John Erban, NewEn-
gland Medical Center) in the rosetting assay, and they bound to
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Figure 1. (A) Effect of differ-
ent agents on the binding of
activated platelets to small
cell lung cancer cells (NCI-
H128). The percentage of
cells binding to two or more

platelets was determined
under phase microscopy.
Resting platelets, open bar;
activated platelets, solid bars.
Antibodies include anti-P-
selectin antiserum (1:3 dilu-
tion); hIgG, purified human
IgG from serum (20,gg/ml);
and anti-GP IIb-IIIa (33 jAg/
ml). Other reagents include:
RGDS, Arg-Gly-Asp-Ser (1
mM), purified P-selectin (30
gg/ml), EDTA(10 mM),
heparin (100 Ag/ml), fucoi-
din (100 ,g/ml), neuramini-
dase (0. I U/ ml), the neur-

aminidase inhibitor (NAI),
2,3-dehydro-2-deoxy-N-ace-
tyl-neuramic acid (0.2 mM),
trypsin (10 ,g/ml), and
SBTI (500 ug/ml). All
agents tested that are known
to inhibit platelet binding to
myelocytes also inhibited

_1 platelet binding to the small
8 0 cell lung cancer cells. Anti-

bodies to GP Ilb-IIIa and the
RGDSpeptide did not signif-
icantly effect the rosetting
assay. The error bar repre-
sents one standard deviation.
(B) Effect of different agents

_' on the binding of activated
platelets to neuroblastoma
cells (SK-N-SH). The roset-
ting cell adhesion assay was

performed with the inhibi-
tory antibody to P-selectin,

GE12, as well as with the
noninhibitory antibody,
ACl.2. The cell line SK-N-
SH was also pretreated with
neuraminidase and trypsin
as described in A. Resting

_ platelets, open bar; activated
80 platelets, solid bars. The error

bar represents one standard
deviation.

the small cell lung cancer cells as well as to HL60 cells (Table
II). This further confirms that GPIIb-IIIa does not mediate the
binding of platelets to the small cell lung cancer cells, NCI-
H128.

Binding of P-selectin containing phospholipid vesicles to
small cell lung cancer cells and neuroblastoma cells. To exam-

ine if P-selectin can bind to small cell lung cancer cells and
neuroblastoma cells independent of other platelet components,
we used flow cytometry to measure the adhesion of the cells to
fluorescent phospholipid vesicles prepared with and without
P-selectin. A shift in the intensity of cell fluorescence was seen

in the small cell lung cancer cells (NCI-H 128) incubated with
the P-selectin containing phospholipid vesicles compared with
the intensity of these cells incubated with phospholipid vesicles
lacking P-selectin (Fig. 2). This shift in fluorescent intensity
was specifically inhibited with inhibitory anti-P-selectin mono-

clonal antibodies (Fig. 2 c) and not inhibited with an irrele-
vant, noninhibitory antibody (Fig. 2 d). Similar results were

obtained with the small cell lung cancer cells, NCI-H345 (not
shown). The small cell lung cancer cell line, NCI-H 146, which
did not bind in the rosetting assay (Table I), did contain a
small population of cells which had a shift in the fluorescent
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Figure 2. Flow cytometry of small cell lung
a I b cancer cells with fluorescent phospholipid

vesicles. A heterogenous population of
1bI~4'jI j 1 'tIV'1f~ll/jlsmall cell lung cancer cells was incubated

0> 1 rII4 llil58lplul |11~4A, ~, 1lIol~ijfil ' with fluorescent phospholipid vesicles
f) 1illll | rIol ! which either did not (a) or did contain pu-

H 'l| \5\itllll, | II,,! ' ll{~rl rified P-selectin (b-d). A shift in the log
o All,,A-. I fluorescent intensity was seen when the

. C d small cell lung cancer cells were incubated
.0 ,with P-selectin containing phospholipid
E) |1 Illulll~l ' l tft lild2vesicles (b). This shift due to binding of

|11 ,llell ll ¢Zl jj |Ll~l vqII the vesicles to small cell lung cancer cellswas abolished by preincubation of the P-
','II / 111tz1 \ % \l 11 , l2,,: selectin containing vesicles with the inhibi-

tory anti-P-selectin antibody, GA6 (c),
. ,' and was not abolished with BR5, an anti-

10°0 10 1 o2 10 I 1o2 body to von Willebrand factor propolypep-
tide (d). Wehave also done the assay with
the noninhibitory antibody to P-selectin,

Log Fluorescent Intensity AC1.2, which either showed no inhibition
or partial inhibition depending on the day of the experiment. Fluorescence intensity is given on the x axis and cell number is given on the y
axis. 5,000 cells were counted.

intensity that was inhibited with the inhibitory antibody to
P-selectin. No such shift in fluorescent intensity was seen with
the negative control, Daudi cells (not shown). The neuroblas-
toma cell line, SK-N-SH, also bound to the P-selectin-contain-
ing phospholipid vesicles compared with the phospholipid vesi-
cles alone (see the control cells in Table III). This shift in the
fluorescent intensity was inhibited when the assay was done in
the presence of an inhibitory antibody to P-selectin (data not
shown) and no significant inhibition of binding occurred when
the assay was performed in the presence of an noninhibitory,
anti-P-selectin antibody, AC1.2 (data not shown).

Further characterization of the carbohydrate ligand on the
cancer cells. Using flow cytometry, we examined if fluorescent
phospholipid vesicles containing purified P-selectin bound to
the neuroblastoma cell line, SK-N-SH, when treated with inhib-
itors ofthe biosynthesis and processing ofN-linked oligosaccha-
ride chains (Table III). The cells were grown in the presence of
tunicamycin (0.1 ,ug/ml and 1.0 ,g/ml), an antibiotic that
inhibits N-linked glycosylation as well as inhibits 10-60% of
protein synthesis at these concentrations (42). In parallel, the
tunicamycin ( 1.0 Ag/ml) was used to inhibit N-linked glycosyl-
ation in endothelial cells to test its activity. Only at the higher

Table II. Rosetting Assay of Activated Platelets from a Normal
Donor and a Patient with Glanzmann's Thrombasthenia with
HL60 and Small Cell Lung Cancer Cells (NCI-HJ28)

Percent adherence*

Normal donor Glanzmann's thrombasthenia
platelets platelets

Activated and Activated and
anti-P-selectin anti-P-selectin

Activated antibody, GA6 Activated antibody, GA6

HL60 82.0±6.2 7.7±2.5 85.0±2.0 4.0±1.4
NCI-H 128 77.0±6.2 13.0±6.5 78.0±5.6 13.0±1.0

* Mean percentage of cells with two or more platelets bound plus
standard deviation.

concentration, tunicamycin partially inhibited the binding of
the P-selectin-containing phospholipid vesicles to the SK-N-
SH cells (Table III). Growth of these cells in the presence of
deoxymannojirimycin (100 jig/ml) which inhibits mannosi-
dase lA/B (43) and swainsonine (1 ;ig/ml) which inhibits
mannosidase 11 (44), had no effect on the binding of the P-se-
lectin-containing phospholipid vesicles (Table III). These data
indicate that the carbohydrate ligand on this neuroblastoma
cell line is not N-linked to the protein core.

Since P-selectin is known to bind to carbohydrate struc-
tures containing the sialyl-Lewis X antigen (26-28), we
wanted to see if the tumor cell lines that bound to P-selectin
were recognized by antibodies to this and related determinants.
Weevaluated by immunofluorescence and flow cytometry the
expression of Lewis X antigen and sialyl-Lewis X antigen with
the binding of monoclonal antibodies CD1 5 and CSLEX1, re-
spectively. All cell lines which bound to P-selectin on activated
platelets expressed the Lewis X antigen (Table IV). However,
only the promyelocytic cell line, HL60, and the colon carci-
noma cell line, HT-29, which does not bind to P-selectin, ex-
pressed the sialyl-Lewis X antigen (Table IV). Immunofluores-

Table III. Flow Cytometry of Neuroblastoma Cell Line, SK-N-
SH, Growth in the Presence of Carbohydrate Synthesis Inhibitors
and then Incubated with Fluorescent Phospholipid Vesicles

Specific linear fluorescent intensity

Phospholipid with
Phospholipid alone P-selectin

Control 4.9 22.1
Tunicamycin

0.I g/mlX30h 4.6 18.3
Tunicamycin

1.0 g/ml x 30h 4.3 11.9
Deoxymannojirimycin

100 Ag/ml x 30 h 4.9 20.8
Swainsonine

1 g/ml x 30 h 4.4 22.2
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Figure 3. Cryostat sections of small cell lung cancer. An intermediate grade small cell lung carcinoma was excised from a patient's lung. Cryostat
sections obtained from the same block of this tumor were studied: (a) Hematoxylin and eosin stain demonstrating a monotonous infiltrate of
small cell lung carcinoma cells. The arrow points to the edge of the tumor which stains darker. The surrounding lung tissue is seen to the left of
the arrow. Bar = 300 Am. (b) Lipospheres containing P-selectin bound to these tumor cells. The arrow points to one of them. (c) Rare lipospheres
without P-selectin bound to an adjacent section of the small cell lung carcinoma. (d) Very few lipospheres containing P-selectin bound to an
area of lung tissue which was not infiltrated with small cell lung carcinoma. Bar = 30 ,um for b-d.

cent staining observations of the tumor cells gave similar re-
sults, showing heterogeneity of antigen expression between
individual cells (not shown).

Binding of P-selectin lipospheres to frozen sections of hu-
man tumors. To evaluate if P-selectin expressed either on acti-
vated platelets or stimulated endothelium binds to small cell

lung carcinoma or to neuroblastoma in primary tissue samples
and not just to cultured tumor cell lines, we have adapted for
our purposes the Stamper and Woodruff assay (39) developed
to study lymphocyte adhesion to high endothelium of periph-
eral lymph nodes. First, a small cell lung carcinoma excised
from a human lung was used to make cryostat sections for this
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Table IV. Immunoreactivity of Cancer Cell Lines with Antibodies
to Carbohydrate Antigens

Specific linear fluorescent intensity

Binding to
activated
platelets' FACS

Cell type P-selectin buffer Anti-CD15 Anti-CSLEXI

Daudi - 3.5 2.6 3.1
HL60 + 2.5 305.0 527.0
NCI-H128

(Small cell lung cancer) + 2.8 105.0 2.9
NCI-H345

(Small cell lung cancer) + 3.7 48.4 4.9
hHB5-A2

(Neuroblastoma) + 5.7 17.6 5.6
SK-N-SH

(Neuroblastoma) + 2.3 21.0 3.1
CRL 1566 (Teratocarcinoma) + 3.2 135.6 4.7
HT-29 (Colon) - 5.1 8.9 28.7

Cell lines are as in Table I.

assay. Hematoxylin and eosin stains of the cryostat sections
showed that the areas of the section studied were composed of a
uniform infiltrate of cancer cells (Fig. 3 a). Cryostat sections of
the small cell lung tumor were overlaid with glass beads coated
with a bilayer of fluorescent phospholipid either with or with-
out P-selectin. The lipospheres containing P-selectin adhered
avidly to tumor cells present in the cryostat sections (Fig. 3 b)
and not to areas of normal lung tissue (Fig. 3 d). In contrast,
the lipospheres without P-selectin did not bind to similar areas
of tumor on the adjacent cryostat sections (Fig. 3 c). Whenthe
lipospheres with P-selectin were incubated with inhibitory
monoclonal or polyclonal antibodies to P-selectin, binding of
these beads to the cryostat sections was inhibited (not shown).

The extent to which lipospheres bound to the tumor-infil-
trated areas on the different cryostat sections varied. The num-

ber of lipospheres bound in an area composed of uniform tu-

mor infiltrate was determined in a series of consecutive cryo-
stat sections (Table V). A greater than 10-fold higher binding
was noted with P-selectin containing lipospheres as compared
to lipospheres lacking P-selectin. When the cryostat sections

Table V. Binding of P-selectin-containing Lipospheres
to Cryostat Sections of Small Cell Lung Carcinoma
Excisedfrom a HumanLung

Number of lipospheres bound
per 0.33 mm2*of section

Phospholipid only 41 89
P-selectin incorporated in phospholipid 640 1714
P-selectin sections pretreated with

neuraminidase 130 135

* Number of lipospheres bound to seven fields (total surface 0.33
mm2)of a cryostat section was determined using the X40 lens on an

MC100 Zeiss microscope. All cryostat sections were made sequen-
tially from the same tumor block, for each variable two sections were

evaluated.

Table VI. Liposphere Binding to Cryostat Sections of a
Neuroblastoma Tumor Excisedfrom an Adrenal Gland

Number of lipospheres bound
per 1.89 mm2*of section

Phospholipid only 16 21 14 62
P-selectin incorporated in phospholipid 155 158 574 378
P-selectin + inhibitory monoclonal to

P-selectin 17 33
P-selectin + EDTA 21 46
P-selectin sections pretreated with

neuraminidase 90 94

* Average number of lipospheres bound to 10 fields (total surface 1.89
mm2) of a cryostat section was determined using the X40 lens of a
BH-2 microscope. The inhibitory monclonal was GE12. EDTAwas
used at 10-mM concentration. All cryostat sections were made se-
quentially from the same tumor block, for each variable two to four
sections were evaluated.

were pretreated with neuraminidase, the binding of the glass
beads coated with P-selectin containing phospholipid was
markedly decreased (Table V). Therefore it appears that simi-
lar to the cultured small cell lung cancer cells, the tumor inter-
action with P-selectin involves a sialic acid-containing ligand.

In addition, neuroblastoma tumors and other lung tumors
were evaluated in this cryostat assay. Equivalent results were
obtained with a neuroblastoma tumor excised from an adrenal
gland of a patient (Table VI) and from a neuroblastoma tumor
excised from the retroperitoneum of a different patient (not
shown). The binding of P-selectin-containing lipospheres to
sections of the neuroblastoma tumor excised from an adrenal
gland was completely inhibited with an inhibitory monoclonal
antibody to P-selectin, GE12, or with EDTA(Table VI). Also
in this tumor, pretreatment of the sections with neuraminidase
significantly reduced P-selectin-mediated binding (Table VI).
Not all tumors, however, bound the P-selectin-containing li-
pospheres. Neither sections of a poorly differentiated squa-
mous cell lung cancer nor a well differentiated squamous cell
lung cancer bound P-selectin-containing lipospheres (not
shown).

Discussion

P-selectin is a transmembrane adhesion receptor that is rapidly
expressed on platelet and endothelial cell plasma membrane
during vascular injury (9, 10, 45). Since it mediates adhesion
to phagocytic cells, P-selectin's likely role is in the recruitment
of the phagocytic cells to the injured area, where they are

needed as defense against infection and to remove debris dur-
ing the process of wound healing. P-selectin expressed on

surrounding endothelial cells may be important for the initial
stages of leukocyte extravasation. Since the carbohydrate com-

ponent of the P-selectin ligand maybe expressed on tumor cells
(31, 32), we investigated if P-selectin mediates binding to tu-

mor cells.
Our study demonstrates that activated platelets bind to

small cell lung cancer cells, neuroblastoma cells, and teratocar-

cinoma cells and that the binding is mediated by P-selectin.
This conclusion was based on the following observations: poly-
clonal and inhibitory monoclonal antibodies to P-selectin fully
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inhibited platelet adhesion to the cancer cells; preincubation of
the cancer cells with purified P-selectin was also fully inhibi-
tory; and finally, polysaccharides, fucoidin, and heparin,
known to interfere with P-selectin binding to phagocytic cells
(41), also prevented platelet binding to the small cell lung
cancer cells (Fig. 1 ). P-selectin alone was sufficient to promote
binding to the cancer cells as demonstrated by specific binding
of phospholipid vesicles containing purified P-selectin to the
small cell lung cancer cells and neuroblastoma cells in culture
and in tissue sections (Figs. 2 and 3, and Tables III, V, and VI).

Platelets have been reported to bind to certain tumor cells
such as human cervical carcinoma (MS75 1 ) cells and HM29
melanoma through the integrin receptor GP Ilb-11a on the
platelet surface (6, 8). The tumor cells that interact with plate-
lets in i. GP Ilb-Illa-dependent manner may actually them-
selves express an authentic GPIlb-IIIa complex (46) and their
interaction with platelets may therefore be mechanistically
very similar to that of platelet aggregation. Wehave demon-
strated by several criteria that GPIlb-Illa was not involved in
binding of platelets to the small cell lung cancer cells: antibody
to GPHIb-I1a, tested to be inhibitory in a platelet aggregation
assay, did not inhibit resetting of platelets with the small cell
lung cancer cells, nor did the RGDSpeptide have a significant
effect in this assay (Fig. 1 A). In addition, platelets from a
patient with Glanzmann's thrombasthenia that lack functional
GPIlb-11a bound extensively to both the small cell lung cancer
cells and to the control HL60 cells (Table II). It appears there-
fore that platelets may interact with cancer cells by two indepen-
dent mechanisms depending on the surface properties of the
specific cancer cell type. One mechanism involves integrin re-
ceptors on both cells and likely requires a soluble ligand: the
other mechanism involves P-selectin on the activated platelet
and a glycoprotein ligand on the tumor cell.

Amongthe human cancer cell lines tested (Table I), several
did not bind significantly to platelets in the rosetting assay. One
was the human colon carcinoma HT-29 that was previously
shown by Rice and Bevilacqua (34) to bind to E-selectin on
activated endothelial cells. Indeed, when we tested these HT-29
cells for binding to Chinese hamster ovary cells transfected
with either P-selectin or E-selectin (generously provided by
Drs. D. Sako and G. Larsen, Genetics Institute, Cambridge,
MA) they bound to the E-selectin but not to the P-selectin-ex-
pressing cells. This observation provides further evidence that
despite their similarities the ligands for P- and E-selectin are
not identical (30).

The ligand for P-selectin on monocytes and neutrophils is a
glycoprotein( s). The same appears to be the case for the small
cell lung cancer cell and the neuroblastoma cell ligand. Treat-
ment of these cultured cancer cells with trypsin or neuramini-
dase (Fig. 1) and treatment of tissue sections with neuramini-
dase (Tables V and VI) completely abolished P-selectin-me-
diated binding. This result is in contrast to a recent publication
by Aruffo and colleagues (47). The authors studied the interac-
tion of a soluble immunoglobulin chimera of P-selectin with
cancer cells and tumor sections and found that chimera bind-
ing was not dependent on the presence of sialic acid and was
only variably diminished by protease treatment. The authors
proposed that the chimera bound predominantly to sulfatides,
in agreement with the observation that the strongest binding in
tissue sections was intracellular where sulfatides are the most
abundant. Aruffo and colleagues (47) have observed binding
of the immunoglobulin chimera of P-selectin to all tumor cells

in all carcinomas they examined (breast, colon, and lung).
This is a further indication that the chimera was indeed binding
to sulfatides which are ubiquitous. The identical soluble chi-
mera was used earlier to demonstrate binding of P-selectin to
sulfatides on myeloid cells (48). It subsequently has become
evident that sulfatides are not involved in the physiological
interaction of the myeloid cells with platelets. Several groups
have shown that platelet binding is fully inhibited by protease
or neuraminidase treatment of the myeloid cells (29, 30, 49).
In addition, activated platelets that express both sulfatides (50)
and P-selectin should aggregate if the sulfatides could serve as
P-selectin ligand. This is not the case (9, 10); platelets do not
aggregate in the absence of a soluble ligand such as fibrinogen
or von Willebrand factor. It is possible that the soluble P-selec-
tin chimera can achieve closer proximity to the plasma mem-
brane than the P-selectin molecule anchored in a platelet.
Therefore, although a soluble form of P-selectin may bind to
sulfatides of many cell types, it is unlikely to do so when ex-
pressed on the plasma membrane of an activated platelet. The
use of platelets and endothelial cells to study the molecules
involved in their binding to tumor cells appears to be, at least
initially, the most direct approach.

Carbohydrates expressed on tumor cells appear to play a
role in metastasis (51-53). For example, a disaccharide nu-
cleoside, which has inhibitory activity against sialyl transferase,
causes inhibition of experimental pulmonary metastasis of a
murine colon adenocarcinoma when cells are treated with the
inhibitor before injection. The inhibitor-treated adenocarci-
noma cells also have a reduced ability to induce platelet aggre-
gation in vitro (54).

Wehave demonstrated in this study that a sialic acid-con-
taining carbohydrate on a protein backbone serves as ligand on
small cell lung cancer cells and neuroblastoma cells for P-selec-
tin on activated platelets. In addition, our results obtained with
the neuroblastoma cells grown in the presence of inhibitors of
the biosynthesis or processing of N-linked oligosaccharide
chains, indicate that the ligand on these cancer cells is an 0-
linked oligosaccharide. The P-selectin ligand on the myelocytic
cell lines HL60 and U937 was recently also shown to be an
0-linked carbohydrate (55, 56). The exact carbohydrate struc-
ture present on the cancer cells that directs binding to P-selec-
tin is not known. In contrast to neutrophils and monocytes, all
the tumor cells that bound P-selectin in this study were nega-
tive for sialyl-Lewis X (Table IV). This indicates that either
sialyl-Lewis X is not present on the cancer cells or that its
conformation is different and is not recognized by the CSLEX1
antibody. The sialic acid that is crucial for the P-selectin-me-
diated binding of platelets to the cancer cells (Fig. 1 ) maythere-
fore be a part of carbohydrate structure distinct from sialyl-
Lewis X. Oncogenic transformation leads both to more carbo-
hydrate branches per core and to a higher sialylation of the
asparagine-linked complex carbohydrate (57-59). Transfor-
mation therefore causes induction of glycosyl transferases, and
this process is likely to occur also in vivo. Expression of a spe-
cific fucosyl or sialyl transferase may result in the formation of
the P-selectin ligand. It is also possible that induction of the
protein backbone determines the existence of the P-selectin
ligand, since the ligand specificity may include the protein
core.

The ligand on cancer cells for platelet P-selectin is likely
also recognized by P-selectin expressed on endothelial cells. In
the endothelial cells, P-selectin is stored in organelles called
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Weibel-Palade-bodies (24, 25) that are the storage granules for
von Willebrand factor (60). Many agents generated during vas-
cular injury and inflammation cause rapid release of von Wille-
brand factor from Weibel-Palade bodies. Simultaneously P-se-
lectin is translocated to the cell surface where it can serve as an
adhesion receptor (2 1). The known secretagogues are: throm-
bin (61), fibrin (62), histamine (63), and complement compo-
nents C5b9 (45). Interestingly, vascular permeability factor, a
protein secreted by many cancer cells (64), was recently shown
to stimulate release of Weibel-Palade bodies (65). Therefore,
similar to the known activation of platelets by cancer cells (4),
cancer cells may also stimulate granule release from endothe-
lial cells. This would result in their increased adherence to the
vessel wall through the expression of P-selectin. Some cancer
treatments may cause vascular injury resulting in the appear-
ance of P-selectin on the surface of blood vessels and capillar-
ies. This in turn may increase the probability of successful me-
tastases. For example, irradiation was shown by Sporn and
colleagues (66) to cause release of Weibel-Palade bodies from
endothelial cells in culture 1-2 d after irradiation. Although
some cancer cells may be recognized by both P- and E-selectin,
the circumstances under which the two proteins are expressed
on the endothelial plasma membrane are very different. Stud-
ies on their expression patterns will help to determine the rela-
tive importance of these two selectins in the metastatic process.

P-selectin mayplay several roles in the early events of hema-
togenous metastasis. Its presence on endothelial cells may pro-
mote the initial attachment of the cancer cells to the vessel wall.
P-selectin on activated platelets may in turn guide their recruit-
ment to the arrested cancer emboli providing protection,
growth factors and added stability. Morphological observations
show that in most instances platelets surround the cancer cells
until invasion of the basement membrane occurs (67). The
demonstrated interaction of cancer cells with P-selectin is yet
another example of a molecular mechanism used in wound
healing or inflammation which may be adapted by the tumor
to enhance metastasis.
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