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ABSTRACT

The metastatic 11B squamous carcinoma cell line synthesizes and
secretes high levels of the extracellular matrix glycoprotein thrombos-
pondin (TSP) and displays aggressive invasiveness in a nude mouse
model forming highly undifferentiated tumors. The importance of adhe
sion events involving extracellular matrix proteins and the tumorigenic
cell surface in metastasis led us to investigate the nature of the 11B cell
surface receptor for TSP. Using TSP affinity Chromatograph}1, a cell

surface complex of molecular weight 80,000 and 105,000 was isolated
that appears to function as a receptor for TSP. Binding was specific for
the COOH-terminal M, 140,000 fragment of TSP. TSP and the M,
140,000 fragment competed for the binding of the 125I-labeledM, 80.000/
105,000 cell surface complex to TSP-coated microtiter wells in a dose-
dependent manner with half-maximal inhibition observed at 16 and 40
jig/ml, respectively. In contrast, the NH2-terminal heparin-binding do
main did not inhibit binding in a dose-dependent manner. Other extra
cellular matrix proteins, such as laminili, vitronectin, or type I collagen,
were also unable to inhibit the binding of the '"I-labeled M, 8(1,()()()/

105,000 cell surface complex to TSP. The specificity of the M, 80.000/
105,000 receptor for the M, 140,000 fragment of TSP was further
confirmed through the use of monoclonal antibodies. Monoclonal anti
body C6.7 specific for the distal COOH terminus of TSP, but not
monoclonal antibody A2.5 specific for the heparin-binding domain, inhib
ited binding. Binding was observed to be strongly ( :i '*dependent, slightly
Mg!+ dependent, and independent of Mir'*. Immunoprecipitation analyses

demonstrated no apparent cross-reactivity between the M, 80,000/
105,000 TSP receptor and members of the ÃŸ\or ÃŸ}integrin receptor
families. Additionally, V-8 protease mapping demonstrated that the M,
80,000 and 105,000 polypeptide bands are not related to each other
through proteolytic processing. This initial identification and character
ization of a carcinoma cell TSP receptor should allow a more detailed
examination of the role of TSP in metastatic adhesion and motility.

INTRODUCTION

The metastasis of cancer cells to secondary sites of growth in
widely dispersed organs, such as the liver and lungs, is a serious
obstacle to treating malignancy. At the molecular level, the
mechanisms involved in metastatic spread include cell detach
ment from the primary tumor site, proteolysis of interstitial
matrix, migration into the circulatory or lymphatic system,
attachment to the endothelium lining blood vessels in a distal
organ, migration through the subendothelial and interstitial
matrices, and the establishment of a permissive environment in
which to proliferate (1-3).

The components of the ECM' play important roles in several
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of these processes. Proteolysis of the ECM probably occurs at
several points along the metastatic pathway, probably facilitat
ing cell migration out of the primary tumor site and into the
secondary site (1,4, 5). Several studies have documented the
increased proteolytic activity of tumorigenic cells and shown
that proteolysis of ECM components such as fibronectin, col
lagen, and proteoglycans readily occurs (6-9). The migration
of cells into or out of tissues may also depend on the ability of
cells to interact with various ECM proteins. Fibronectin, col
lagen, and laminin can all promote increased cell motility in
varied forms such as chemotaxis, haptotaxis, and random mo
tility (10-13). Additionally, in some cases fragments of ECM
proteins promote greater cell motility than the intact proteins,
providing further evidence that ECM proteolysis may play an
important role (11). Once tumorigenic cells reach a secondary
site of growth, they must lay down a suitable ECM upon which
they can proliferate and which is compatible with the formation
of new blood vessels. It has been shown that some tumorigenic
cells synthesize and secrete altered levels of ECM proteins
when compared with their nontumorigenic counterparts (14-
16). Changes in the distribution and expression of surface
receptors for ECM proteins have also been reported (13, 17-
21). Presumably, extensive remodeling of the ECM around a
secondary site of metastasis involves not only newly synthesized
ECM components but proteolytic degradation of other com
ponents. There is also evidence that tumorigenic cells synthesize
high levels of proteolytic enzymes, including collagenases, ca-
thepsins, gelatinases, and plasminogen activator (1, 7-9, 22,
23). Therefore, the ability of highly metastatic cells to interact
with, synthesize, and proteolyze components of the ECM ap
pears to play a crucial role in the metastatic process.

TSP, a homotrimeric M, 450,000 glycoprotein, becomes
incorporated into the ECM after synthesis and secretion by a
wide variety of cells, including fibroblasts, endothelial cells,
macrophages, osteoblasts, and smooth muscle cells (24-27).
Several melanoma, carcinoma, and leukemiccell lines have also
been shown to produce high levels of TSP, and these cells have
been the focus of several studies investigating the role of TSP
in cell motility and adhesion (14, 28-31). TSP injected i.v. into
mice prior to the injection of metastatic sarcoma cells resulted
in the potentiation of tumor cell colony formation in the lungs
(32). Additionally, TSP has been shown to form a complex with
plasminogen and plasminogen activator (22, 33) thereby sug
gesting that TSP could mediate the generation of localized high
levels of plasmin and lead to localized areas of ECM and/or
TSP proteolysis. In the presence of cell surface-associated TSP,
the affinity of plasminogen activator for plasminogen increases
while the plasmin generated is protected from inactivation by
Â«2-plasmininhibitor (34).

The metastatic 11B squamous cell carcinoma cell line syn
thesizes and secretes high levels of TSP (14, 35). 1IB cells also
synthesize high levels of plasminogen activator (22). From
studies on several carcinoma cell lines, it was determined that
the 11B cell line exhibited the highest metastatic potential,
forming the most undifferentiated tumors in nude mice, and
synthesized and secreted the highest levels of TSP (14). Further
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characterization demonstrated that the 11B carcinoma cells
attached and spread on TSP-coated plastic; specifically, the
COOH-terminal M, 140,000 TSP fragment supported the at

tachment and spreading of cells (14, 35). Radioligand binding
studies have indicated that the binding of TSP, as well as the
binding of the heparin-binding and M, 140,000 fragments, to
cells was dose dependent, time dependent, and saturable, sug
gesting that the interaction of TSP with the cell surface is
receptor mediated (28, 36). In order to more clearly define the
role of TSP and the distinct TSP domains in metastasis and
cell motility, we have undertaken studies to identify and char
acterize the cell surface receptors which mediate the binding of
TSP to cells.

In this study, we have identified a 1IB carcinoma cell surface
complex of molecular weight 80,000 and 105,000 which func
tions as a receptor for the COOH-terminal M, 140,000 domain
of TSP. Binding was specific for TSP when compared with
other ECM proteins. Both TSP and the M, 140,000 domain
were capable of inhibiting receptor binding to TSP-coated wells
at 20-40 Â¿ig/ml.Specificity of the M, 80,000/105,000 receptor
for the M, 140,000 TSP fragment was further demonstrated by
the ability of MAb C6.7 (which binds at the distal COOH
terminus of TSP) but not MAb A2.5 (which binds at the NH2
terminus) to inhibit binding, and by the absence of A/r 80,000/
105,000 receptor binding to the heparin-binding domain. Ad
ditionally, binding was found to be highly Ca2+ dependent,
slightly Mg2+ dependent, and independent of Mn2+. All the

available evidence suggests that the M, 80,000/105,000 TSP
receptor is not a known member of the integrin family. Finally,
V-8 protease mapping established that the M, 80,000 and
105,000 polypeptide chains are not related to each other by
proteolysis. The identification of a carcinoma cell receptor for
TSP will enable us to determine the contribution of the M,
140,000 TSP domain to TSP-mediated pathways.

MATERIALS AND METHODS

Materials. Na'25I (carrier-free) was purchased from ICN Biomedicals

(Irvine, CA). Pepstatin, leupeptin, aprotinin, and soybean trypsin in
hibitor were purchased from Boehringer Mannheim (Indianapolis, IN).
Immunolon 2 Removawell strips were obtained from Dynatech (Chan
tilly, VA). Fibrinogen was purchased from KabiDiagnostica (Stock
holm, Sweden). Laminili was purchased from Collaborative Research
(Bedford, MA). Fibronectin was a kind gift of Dr. John McDonald
(Washington University, St. Louis, MO). Type I collagen was a kind
gift of Dr. Ed Crouch (Washington University). Heparin-Sepharose
and protein A-Sepharose were purchased from Pharmacia (Uppsala,
Sweden). Vitronectin was purified according to the procedure of Ya-
tohgo et al. (37) to >95% homogeneity as determined by SDS-PAGE
and immunoblotting with an anti-vitronectin antibody obtained from
Chemicon (El Segundo, CA). The peptide GRGDS was purchased from
Calbiochem (La Jolla, CA). Thrombin (7837 U/ml) was a generous gift
of Dr. John Fenton (New York State Department of Health, Albany,
NY). MAbs A2.5 and C6.7 have previously been described and char
acterized (38-41). MAb LM609 was a generous gift of Dr. David
Cheresh (Scripps Clinic and Research Foundation, La Jolla, CA).
Polyclonal anti-ÃŸiand anti-fo antibodies were generous gifts of Dr. W.
Scott Argraves (American Red Cross, Rockville, MD). MAb Mo30 and
purified platelet GP IV were generous gifts of Dr. Gordon A. Jamieson
(American Red Cross).

Purification of TSP and TSP Fragments. TSP was isolated from
thrombin-stimulated platelets as previously described (42). Recombi
nant HBD was purified from French-press pellets of Escherichia coli
containing plasmid HBD5 as described (43). The M, 140,000 COOH-
terminal fragment of TSP was prepared from purified TSP by thrombin
proteolysis. Essentially, thrombin (16 U/mg TSP) was incubated with

TSP at 37Â°Cfor 8 h, and the reaction was stopped with aprotinin (10

Mg/ml) and hirudin (50 U). The M, 140,000 fragment was purified
further on heparin-Sepharose where it was quantitatively recovered in
the flowthrough fraction, whereas intact TSP and the HBD remained
associated with the affinity matrix. Purified protein preparations were
judged to be >95% homogeneous by SDS-PAGE.

Cells. UM-SCC-11B squamous carcinoma cells were grown in mono-
layer cultures in Eagle's minimal essential medium containing 10% calf

bovine serum, minimal essential medium nonessential amino acids, 100
U/ml penicillin, and 100 Mg/ml streptomycin (14). Cells were harvested
at approximately 80% confluency by washing plates once with cold
PBS, pH 7.4, followed by the addition of 10 ml of cold PBS containing
1 mM EDTA. After a 10-min incubation, cells were pipeted off the
plates, pooled, and spun at 1000 rpm for 6 min at 4Â°C.Cells were

washed three times in cold PBS before further manipulation.
Plasma Membrane Preparation. Washed cells (3 x 107/ml) were

resuspended in H B containing a protease inhibitor cocktail composed
of 10 Mg/ml aprotinin, leupeptin, and pepstatin; 100 Mg/ml soybean
trypsin inhibitor; and 10 mM dithiothreitol. Plasma membrane was
isolated using the method described by Johnson and Bourne (44) with
slight modifications. Cells were ruptured in a Dounce homogenizer
with 20 strokes, and the nuclei and cell debris were pelleted at 1500
rpm for 10 min at 4Â°C.The homogenate was then pelleted by centrif-
ugation at 40,000 x g for 20 min at 4Â°C.The membrane pellet was

resuspended in HB containing 10% sucrose, rehomogenized, and lay
ered over a sucrose gradient with steps of HB plus protease inhibitors
containing 30% and 40% sucrose. Gradients were centrifuged at 90,000
x g for 2 h at 4Â°C.The plasma membrane fraction was recovered at the

interface of the 30/40% sucrose layers, resuspended in HB plus protease
inhibitors, and pelleted at 90,000 x g for 45 min. Membrane pellets
were stored at -80Â°C until needed. Verification that this procedure

isolated an enriched plasma membrane fraction was carried out by
lectin binding and chromatography. The plasma membrane fraction
bound I25l-Con A by immunoblotting and bound to a Con A affinity

column from which elution was achieved with 0.5 M Â«-methylmanno-
side (data not shown).

Affinity Chromatography. A TSP affinity matrix was prepared by
coupling TSP (10 mg/ml) to Affi-Gel (Bio-Rad, Richmond, CA) over
night at 4Â°Cwith end-over-end rotation. The affinity beads were washed

extensively, poured into a 1-ml column, and stored in PBS plus NaNj.
Determination of TSP remaining unbound after coupling consistently
demonstrated that >90% of TSP added became covalently linked to
the Affi-Gel beads. Plasma membrane pellets were extracted in 0.75 ml
PBS, pH 7.4, containing 0.5% NP40; 0.5 mM CaCl2; 0.5 mM MgCl2;
0.2 mM MnCU; 10 Mg/ml aprotinin, leupeptin, pepstatin; and 100 Mg/
ml soybean trypsin inhibitor for l h at 4Â°Cwith gentle mixing. The
extract was centrifuged at 100,000 x g for 10 min at 4Â°Cin a Beckman

Airfuge. The detergent-soluble supernatant was then passed 10 times
within a 1-h time period through the TSP affinity column. The affinity
column was extensively washed with 30 column volumes of extraction
buffer and eluted with 5 column volumes of extraction buffer containing
5 mM EDTA-5 mM EGTA. Eluted material was either concentrated by
ultrafiltration (Amicon, Danvers, MA) or precipitated with trichloroa-
cetic acid (final trichloroacetic acid concentration, 10%) for analysis on
SDS-PAGE.

Cell Surface lodination. Cells were surface iodinated (1-2 x 107/ml;

150 MCi/ml) by the lodogen method (45) for 1 h on ice. Labeled cells
were resuspended in 40 ml PBS, pH 7.4, containing 10 MMNa2S2Oj
and centrifuged at 1000 rpm for 6 min at 4Â°C.The wash step was

repeated three times before the cells were resuspended in HB and
fractionated as described above.

Isolated M, 80,000/105,000 Receptor lodination. Material eluted
from the TSP affinity column with EDTA/EGÃŒ.â€¢'.was concentrated by

ultrafiltration to ~0.3 ml using an A*".!con stirred cell. The eluate was
iodinated for 1 h on ice by the lodogen method with 150 MCiNa'"I.

Bound counts were separated from unbound counts by gel filtration on
Sephadex G-25 in extraction buffer containing 0.1% gelatin. The pres
ence of the bands at M, 80,000 and 105,000 was confirmed by analysis
of an aliquot by SDS-PAGE and autoradiography.
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Solid-Phase Binding Assays. Mierotiter wells were coated with TSP
(20 Mg/ml) in PBS containing 0.5 mM Ca2+ and 0.5 mM Mg2+ for 2 h
at 37Â°C.Wells were washed three times and blocked in binding buffer
(PBS, pH 7.4-0.5 mM Ca2+-0.5 mM Mg2+-0.2 mM Mn2+-0.2% NP40)
containing 1% gelatin for l h at 37Â°C.After 3 more washes, 125I-80/
105 (105cpm/well) was added to wells in 100 M'binding buffer contain
ing 0.1% gelatin and incubated for 3 h at 37Â°C.Wells were washed five

times before determining counts bound on an LKB Multigamma
gamma counter. All samples were assayed in duplicate wells. Where
indicated '"1-80/105 was preincubated with various concentrations of

competitor proteins (total volume, 100 ^1) for 30 min at room temper
ature. For experiments examining the dependence of binding on diva
lent cations, '"1-80/105 was exhaustively dialyzed against 20 mM 3-
(A'-morpholino)propanesulfonic acid, pH 7.4-0.15 MNaCl-0.2% NP40

to remove divalent cations (46) and then concentrated by ultrafiltration.
Binding assays were then carried out in dialysis buffer supplemented
with 0.1% gelatin and the indicated concentration of cations. Back
ground binding to control wells (wells coated with gelatin or ovalbumin)
was subtracted from each sample.

Immunoprecipitation. Immunoprecipitation with either polyclonal or
monoclonal antiserum was performed as previously described (47-50)
using the plasma membrane fraction from radiolabeled whole cells or
radiolabeled 80/105. Human umbilical vein endothelial cells (provided
by Dr. Rory Marks, University of Michigan) were radiolabeled and
fractionated, and the plasma membrane was isolated as described for
11B carcinoma cells.

V-8 Protease Digestion. Radioiodinated 80/105 receptor was sepa
rated by SDS-PAGE on a 7.5% acrylamide gel. The individual bands
were visualized by autoradiography of the wet gel for 20 min-lh,
excised, washed briefly in V-8 protease sample buffer (51), and imme
diately frozen. Second-dimension analysis (52) was carried out on a
15% acrylamide gel by placing the excised gel bands in the wells along
with V-8 protease sample buffer containing 50, 150, or 300 ng V-8
protease (Sigma Chemical Co., St. Louis, MO) and electrophoresing at
15 mA. The current was turned off when the samples reached the
stacking gel/running gel interface to allow proteolysis to proceed for
60 min. The gels were then allowed to complete their run and were
stained, destained, and subjected to autoradiography.

SDS-PAGE and Autoradiography. Proteins were analyzed by gel
electrophoresis using the discontinuous buffer system described by
Laemmli (53). Gel samples were prepared in buffer either with or
without ÃŸ-mercaptoethanolas indicated prior to electrophoresis in 7.5%
or 10% acrylamide gels. For autoradiography gels were stained, des
tained, and processed in Enhance (New England Nuclear, Boston, MA)
before being dried and exposed to film (Kodak X-OMAT) at -80Â°C.

RESULTS

UM-SCC-1 IB squame HIs carcinoma cells synthesize and se
crete high levels of TSP, a characteristic that positively corre
lates with the highly metastatic nature of these cells and the
formation of undifferentiated tumors in a nude mouse model
(14, 35). Further characterization of the interaction of these
cells with TSP revealed that binding of TSP to the cell surface
was receptor mediated through two distinct binding sites, one
specific for the NH2-terminal heparin-binding domain and the
other specific for the COOH-terminal M, 140,000 fragment
(36). The M, 140,000 fragment had also been shown to mediate
the binding of TSP to platelets (38, 39).

1IB cell plasma membranes were solubilized in PBS contain
ing 0.5% NP40, and the soluble fraction was passed repeatedly
over a TSP affinity column. Bound material was eluted with 5
mM EDTA and 5 mivi EGTA and analyzed by SDS-PAGE.
Two major polypeptide bands were observed in the eluate with
molecular weights of 80,000 and 105,000 (Fig. 1, Lane 1). In
order to determine whether the polypeptide bands at M, 80,000
and 105,000 represented cell surface molecules, surface radici-

-200

-45

Fig. 1. Isolalion of a TSP receptor through TSP affinity chromalography.
Lane I, EDTA/EGTA cimile fraclion from TSP-Affigel affinity matrix run on
SDS-PAGE under reducing conditions; Lane 2. autoradiograph of corresponding
gel lane; Lane 3, EDTA/EGTA duale fraction from TSP-Affigel affinily matrix
run under nonreducing conditions and subjected to autoradiography. 1IB carci
noma cells were surface iodinaled (150 jiCi/2 X IO7cells) by the lodogen melhod.

The plasma membrane fraclion was isolated and solubilized in PBS containing
divalenl cations and 0.5% NP40. Solubilized plasma membrane was passed 10
limes wilhin a 1-h lime period over a 1-ml TSP-Affigel column. The column was
Ihen washed wilh 30 column volumes of buffer before elulion with 5 mM EDTA-
5 mM EGTA in buffer. Eluale fraclions were pooled, precipilaled wilh irichloro-
acelic acid, and solubilized in SDS-PAGE sample buffer wilh or wilhoul ÃŸ-
mercaploelhanol and run on 7.5% acrylamide gels. Ordinate, molecular weighl
slandards in ihousands.

odinated 11B cells were fractionated to obtain the plasma
membrane fraction, and TSP affinity chromatography was per
formed. An autoradiograph of the material eluted with EDTA/
EGTA is shown in Fig. 1, Lane 2. Two major iodinated poly
peptide bands are seen at A/r 80,000 and 105,000, confirming
that these molecules are exposed on the 11B cell surface.
Additionally, radiolabeled eluate was analyzed on SDS-PAGE
in the absence of reducing agent (Fig. 1, Lane 3). Under these
conditions there was no apparent shift in the mobility of either
polypeptide band, suggesting that each band represented a
monomer without extensive intrachain or interchain disulfide
bonds.

A functional binding assay was utilized to assess the specific
ity of the interaction between TSP and the M, 80,000/105,000
material eluted from the TSP affinity matrix. To this end a
solid-phase binding assay was developed in which TSP or TSP
fragments were coated onto microtiter wells and incubated with
the putative radiolabeled receptor. Specific binding was ob
served on TSP- and M, 140,000 fragment-coated wells. After
extensive washing, bound material was solubilized in sample
buffer with 0-mercaptoethanol and analyzed by SDS-PAGE
and autoradiography. An autoradiograph from these experi
ments is shown in Fig. 2. Starting material in Fig. 2, Lane 1,
contained two major polypeptide bands at M, 80,000 and
105,000. Material specifically bound to wells coated with TSP
or the M, 140,000 COOH-terminal fragment is shown in Fig.
2, Lanes 2 and 3, respectively. The two major radiolabeled
bands in each lane have apparent molecular weights of 80,000
and 105,000. These results suggest that the polypeptide bands
at M, 80,000 and 105,000 isolated from 1IB cell plasma mem
branes using TSP affinity chromatography specifically bound
TSP. Additionally, binding was further localized to the M,
140,000 COOH-terminal fragment of TSP. The fact that both
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r
The MAbs A2.5 and C6.7, against the NH^-terminal heparin-
binding domain and the distal COOH-terminal M, 18,000
fragment of TSP, respectively, were examined for their ability
to inhibit binding. MAb C6.7 inhibited binding in a dose-
dependent fashion with an 1CÂ»,of 350 ng/ml. In contrast, MAb
A2.5 did not inhibit binding at concentrations as high as 1.0
mg/ml. The antibody data provided independent confirmation
that the 80/105 receptor specifically bound TSP via its COOH-
terminal M, 140,000 fragment and further localized the binding
site to the distal COOH terminus of this fragment which
contains the platelet binding site (39). Finally, because some
ECM protein receptors have been shown to interact with their

105K

80K

Fig. 2. Purified 80/105 binds to microtiter wells coated with TSP or the M,
140.000 COOH-terminal fragment of TSP. Lane I, starting material; EDTA/
EGTA eluate from TSP-Affigel column after radioiodination analyzed by SDS-
PAGE. Lane 2, material bound to TSP-coated microtiter wells solubilized in
sample buffer and analyzed by SDS-PAGE; Lane 3. material bound to M, 140.000
fragment-coated microtiter wells solubilized in sample buffer and analyzed by
SDS-PAGE. Solubilized 1IB cell plasma membranes were passed over a TSP-
Affigel column, and bound material was eluted with 5 m.vi EDTA-5 rtiM EGTA.
The eluate was iodinated with 150 Â»CiNa'"l. and free iodine was separated from
bound iodine by Sephadex G-25 gel filtration. Microtiter wells were coated with
20 Mg/ml TSP or M, 140,000 fragment and washed, and binding assays were
initiated with the addition of 1 x IO5cpm/well '"1-80/105. Binding was carried
out for 3 h at 37Â°C.Wells were washed 3 times, and the material remaining
bound to the wells was solubilized in sample buffer containing fi-mercaptoethanol
and subjected to SDS-PAGE on a 5% gel. The gel was prepared for fluorography.
dried, and exposed to film at â€”80Â°C.TSP-coated wells bound 1357 Â±82 cpm
radioiodinated 80/105. M, 140.000 fragment-coated wells bound 1405 Â±96 cpm
radioiodinated 80/105.

polypeptide bands at A/r 80,000 and 105,000 were eluted from
TSP-coated wells suggests that both molecules contributed to
ligand binding. Therefore, the M, 80,000 and 105,000 polypep-
tides could function in concert as a heterodimeric receptor.

To confirm the binding specificity of the 80/105 TSP recep
tor, a series of solid-phase binding experiments were carried
out with increasing concentrations of soluble competitor pro
teins. As seen in Fig. 3 the binding of the receptor to TSP-
coated wells decreased in a dose-dependent manner in the
presence of either soluble TSP or the M, 140,000 fragment, but
not in the presence of the heparin-binding domain. Binding was
decreased slightly in the presence of 0.1 ^g TSP or the M,
140,000 fragment with 75% and 90% inhibition of binding
occurring, respectively, in the presence of 380 Â¿Â¿gTSP or M,
140,000 fragment. The IC5o was approximately 20 and 40 ^g/
ml for TSP and the M, 140,000 fragment, respectively. In
contrast, the heparin-binding domain did not inhibit receptor
binding in a dose-dependent manner, with inhibition varying
between 5% and 40%. These experiments confirm the binding
specificity of the 80/105 receptor for the COOH-terminal M,
140,000 fragment of TSP.

Using the same assay system, soluble laminiti, vitronectin,
type I collagen, and fibrinogen were also tested for their ability
to inhibit the binding of the 80/105 receptor to TSP-coated
wells (Table 1). None of these proteins inhibited binding in a
dose-dependent manner. The IC50s for these competitors were
all greater than 3800 Mg/ml, the highest concentration tested.
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Fig. 3. Dose-dependent inhibition of '"1-80/105 binding to TSP-coated wells

by TSP and TSP fragments. Microtiter wells were coated with 20 Mg/ml TSP for
2 h at 37Â°Cin PBS containing divalent cations. Wells were washed 3 times,
blocked in buffer containing 1% gelatin for l h at 37Â°C,and again washed 3
times. '"1-80/105 (1 x 10' cpm/100 n\) was preincubated with the indicated
amount of TSP (D). M, 140,000 fragment (O). or heparin-binding domain (A) for
30 min at room temperature before being added to each TSP-coated well.
Incubations were carried out for 3 h at 37Â°C.After each well was washed 5 times,

bound counts were determined by counting in an LKB Multigamma gamma
counter. Binding of '"1-80/105 to TSP-coated wells in the absence of any

competitor protein was 1470 Â±78 (SD) cpm. This value was set at 100% binding,
and percentage control binding in the presence of various concentrations of
competitor protein was calculated relative to binding in the absence of competitor
protein.

Table 1 Competitors for radioiodinated 80/105 binding to TSP-coatedwellsCompetitorTSP140KrHBDLnVncoinFGnMAb

C6.7MAb
A2.5RGDS1CÂ«,"16

Mg/ml40
Mg/ml>3.8
mg/ml>3.8
mg/ml>3.8
mg/ml>3.8
mg/ml>3.8

mg/ml350
ng/ml>1.0
mg/ml>1.0

mg/ml
" Concentration of competitor resulting in 50% specific inhibition of '"I-80/

105 binding to TSP coated microtiter wells.
Microtiter wells were coated with 20 ng/ml TSP for 2 h at 37'C in PBS

containing 0.5 mvi Ca2* and 0.5 mM Mg2*. Wells were washed three times and
blocked with Kr gelatin in buffer for I h at 37'C. Wells were washed three times.
The indicated soluble competitors ( 1000-fold molar excess) were added to a single
microfuge tube, mixed, and serially diluted along a series of 12 microfuge tubes
just prior to the addition of '"1-80/105 (1 x 10* cpm/well). After a 30-min
preincubation, the contents of each tube were added to TSP-coated wells (100 M'/
well). Wells were incubated for 3 h at 37"C, washed extensively, and counted in

an LKB Multigamma gamma counter. Background binding (cpm bound to wells
coated with 1% gelatin) was subtracted from each sample. I40K. M, 140,000
fragment of TSP; rHBD, heparin-binding domain; Ln. laminin; Vn. vitronectin;
Coll 1, type I collagen: FGn, fibrinogen; RGDS. synthetic peptide Gly-Arg-Gly-
Asp-Ser.
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Divalent Cation Concentration (uM)

Fig. 4. Divalent cation-dependent binding of '"1-80/105 to TSP-coated wells.
Microtiter wells were coated with 20 .,u mITSP, washed, and blocked as described
in Fig. 3. '"1-80/105 (1 x 10' cpm/well) in 20 mM 3-(,V-morphol-
inojpropanesulfonic acid, pH 7.4-0.15 M NaCI-0.2<Ã¯NP40-0.1CÂ¿gelatin was
added to each well containing the indicated concentration of Ca2* (D), Mg2* (O),
or Mn:* (A). Binding assays were carried out for 3 h at 37'C. After wells were

washed 5 times in buffer, bound counts remaining in each well were determined
by counting in an I Kit Multigamma gamma counter. One hundred '7 control
binding represented '"1-80/105 binding to TSP-coated wells in the presence of
0.5 mM Ca!*-0.5 mM Mg3*. This value (1350 Â±44 cpm) was set as 1001:;control,

and percentage of control binding in the presence of various concentrations of
cations was calculated relative to this.

the bound fraction were subjected to immunoprecipitation with
each antibody. The electrophoresis results shown in Fig. 5
establish that although radiolabeled material in the range of M,
130,000-160,000 was immunoprecipitated by anti-/3, and anti-
ÃŸ)antibodies from the flowthrough fractions (Lanes 1 and 3),
no immunoreactive material was observed in the bound frac
tions (Lanes 2 and 4). These data suggest that the M, 80,000
and 105,000 proteins are not members of either the ÃŸ\or ÃŸ)
integrin family.

Recently, Lawler et al. (29) described an RGD-dependent
TSP receptor on endothelial and smooth muscle cells that cross-
reacted immunologically, using MAb LM609, with the avÃŸ3
vitronectin receptor described by Cheresh (47,48). We used the
MAb LM609 and plasma membrane isolated from surface
iodinated human umbilical vein endothelial and I IB cells to
determine whether the 80/105 TSP receptor was immunologi
cally related to the vitronectin receptor. The results shown in
Fig. 6 demonstrate that whereas MAb LM609 failed to immu-
noprecipitate radiolabeled bands from an 11B cell total plasma
membrane fraction (Fig. 6, Lane 4), radiolabeled bands at
approximately M, 130,000, 110,000, and 23,000 were readily
immunoprecipitated from an endothelial cell total plasma mem
brane fraction (Fig. 6, Lane 1). An association of the & subunit
with an Â«subunit other than Â«>in 1IB cells could explain the
immunoprecipitation of a band at M, 150,000 from 11B cell
plasma membrane by polyclonal anti-/i, antibodies but not by
the complex-specific MAb LM609 (compare Fig. 5, Lane 3,
and Fig. 6, Lane 4). The apparent M, of the bands observed in

respective ligands through an Arg-Gly-Asp sequence (54), the
synthetic peptide Arg-Gly-Asp-Ser was assayed for inhibition
of binding. RGDS at concentrations as high as 1.0 mg/ml did
not inhibit binding in solid-phase binding assays. Therefore,
the RGD amino acid sequence did not appear to play a major
role in the binding of TSP to the 80/105 receptor. Based on
data from these solid-phase binding assays, the 80/105 poly-
peptide bands appeared to function as a TSP receptor specific
for the distal COOH-terminal domain of TSP.

Since the binding of several extracellular matrix proteins to
their receptors requires the presence of divalent cations (46,
55), we examined the effect of Ca2+, Mg2+, and Mn2* on the

binding of the 80/105 receptor to TSP. Solid-phase binding
assays were carried out in the presence of increasing concentra
tions of Ca2+, Mg2+, or Mn2+. Whereas Ca2+ significantly in

creased the level of binding of the 80/105 receptor to TSP,
Mg2+ had a very slight effect, and no discernible effect was
noted for Mn2+ (Fig. 4). Binding to TSP was negligible in the

presence of <100 Â¿Ã•Mof any of the tested divalent cations.
Binding in the presence of Ca2+ concentrations >100 MMin
creased linearly up to 5 mivi Ca2+. Binding in the presence of
Mg2+ concentrations > 100 MMincreased slightly and reached a
plateau at approximately 1 mM Mg2*. No increase in binding
was observed at any concentration of Mn2* tested. Therefore,

it appeared that the binding of the 80/105 TSP receptor to
TSP was augmented in the presence of Ca2* and to a much
lesser extent in the presence of Mg2+.

In order to determine whether the A/r 80,000 or 105,000
proteins belonged to the integrin family of extracellular matrix
receptors, immunoprecipitations were performed with poly
clonal antibodies specific for either the ÃŸ,or ÃŸ}integrin subfam
ilies. Plasma membranes from cell surface iodinated 11B cells
were isolated, solubili/al, and repeatedly passed over a TSP
affinity matrix. Both the flowthrough (unbound) fraction and
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Fig. 5. The 80/105 TSP receptor polypeptides do not immunologically cross-
react with the fii or (ij class of integrins. 11B cells were surface radioiodinated
with Na'"I (l50Â»jCi/2 x IO7cells) by the lodogen method before isolation of the

plasma membrane fraction. The plasma membrane was solubilized in PBS con
taining divalent cations and n.^ NP40 and passed 10 times within a 1-h time
period over a TSP affinity matrix column. The unbound (flowthrough) fractions
or material eluted with 5 mM EDTA-5 mM EGTA were collected and subjected
to immunoprecipitation with polyclonal antibodies recognizing the Â¡,or . ,
integrins. Lane I. material immunoprecipitated from the unbound fraction with
ami-fi, antibody: Lane 2. material immunoprecipitated from the bound fraction
with :inii â€¢antibody: Lane 3. material immunoprecipitated from the unbound
fraction with anti-pfj antibody: Lane 4, material immunoprecipitated from the
bound fraction with the anti-fi, antibody. Immunoprecipitates were solubilized in
SDS-PAGE sample buffer containing d-mercaptoethanol and subjected to elec
trophoresis on 7.5ÃŒÃ’gels. Gels were processed for fluorography, dried, and
exposed to film at â€”80"C.Ordinale, molecular weight standards in thousands.
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Fig. 6. A monoclonal antibody. LM609, specific for the endothelial cell
vitronectin receptor does not cross-react with the 80/105 TSP receptor. Human
umbilical vein endothelial cells or 11B carcinoma cells were surface radioiodinated
with Na'"I ( 150 (iCi/2 x 107cells) by the lodogen method. The plasma membrane

fraction was isolated from labeled cells and solubilized in PBS containing divalent
cations and 0.5% NP40. The soluble plasma membrane fraction was passed 10
times within a 1-h time period over a TSP affinity matrix column, and the
unbound (flowthrough) fractions were collected and subjected to immunoprecip-
itation with either MAb LM609 or a control MAb. An aliquot of radioiodinated
total plasma membrane from both endothelial and 11B cells was also subjected
to immunoprecipitation. Lane I, material immunoprecipitated with MAb LM609
from total endothelial cell plasma membrane: Lane 2, material immunoprecipi
tated with control MAb from total endothelial cell plasma membrane; Lane 3,
material immunoprecipitated with MAb LM609 from the unbound fraction
recovered after endothelial cell plasma membrane was passed over a TSP affinity
matrix; Lane 4, material immunoprecipitated with MAb LM609 from total 1IB
carcinoma cell membrane; Lane 5, material immunoprecipitated with control
MAb from total 11B cell plasma membrane: Lane 6, material immunoprecipitated
with MAb LM609 from the unbound fraction recovered after 11B cell plasma
membrane was passed over a TSP affinity matrix. Immunoprecipitates were
solubilized in SDS-PAGE sample buffer containing rf-mercaptoethanol and elec-
trophoresed on a 5-20% gradient acrylamide gel. The gel was processed for
fluorography. dried, and exposed to film at â€”80'C.Ordinate, molecular weight

standards in thousands.

Fig. 6, Lane /, were similar to those reported for the vitronectin
receptor of endothelial cells (47) including the appearance of
the M, 25,000 light chain. When iodinated plasma membrane
from endothelial cells was allowed to bind to a TSP affinity
matrix, radiolabeled vitronectin receptor was quantitatively im
munoprecipitated from the unbound fraction by MAb LM609
(Fig. 6, Lane 3). As would be expected, no labeled bands were
immunoprecipitated from the unbound fraction of 11B cell
plasma membrane after their passage over the same TSP affin
ity matrix (Fig. 6, Lane 6). Material retained on the TSP affinity
column was eluted with EDTA/EGTA and analyzed by SDS-
PAGE and autoradiography. Radiolabeled bands at M, 80,000
and 105,000 were observed in the eluted fraction from 11B
cells. One major radiolabeled band at A/r 160,000 was observed
in the eluted fraction from endothelial cells (data not shown).
These data suggest that the 80/105 TSP receptor was distinct
from the endothelial cell vitronectin receptor.

Similarly, it has been reported that the platelet surface mol
ecule GP IV could function as a TSP receptor (56). Utilizing
purified GP IV and a MAb specific for GP IV, an aliquot of
the 80/105 receptor and GP IV were transferred to nitrocellu
lose after SDS-PAGE and probed with the anti-GP IV antibody.
The antibody showed strong reactivity with the purified GP IV

but no reactivity with either of the bands at M, 80,000 or
105,000 (data not shown). There did not appear to be any
similarity between the 80/105 TSP receptor and platelet GP
IV.

To explore the possibility that the polypeptide band at M,
80,000 was derived from the band at M, 105,000 through
proteolytic degradation, V-8 protease mapping was carried out
on the radioiodinated polypeptide bands at 80,000 and 105,000
after they had been separated by SDS-PAGE and excised from
the gel lane. The two proteins yielded distinct patterns of V-8
proteolytic fragments (Fig. 7). The band at M, 105,000 was
relatively V-8 protease resistant as demonstrated by the large
peptide fragment at M, 40,000 and few peptide bands in the
lower molecular weight range. In contrast, the band at M,
80,000 is easily fragmented and exhibited several peptide bands
at molecular weights ranging from 45,000 to 15,000. Similar
results were seen when the bands at Mr 80,000 and 105,000
were proteolyzed with 50 or 150 ng V-8 protease (data not
shown). The data suggest that the M, 80,000 and 105,000
peptides are distinct polypeptide chains that are unrelated to
each other.

DISCUSSION

The results presented in this study demonstrate that human
squamous carcinoma cells bind thrombospondin through a cell
surface receptor comprising two polypeptide chains of molec
ular weights 80,000 and 105,000. Radioiodination of cells prior
to the isolation of the receptor on a TSP affinity matrix con
firmed that these polypeptide chains are expressed at the cell
surface. Specificity of binding was established by solid-phase

Fig. 7. One-dimensional V-8 protease mapping of the M, 80,000 and 105.000
TSP receptor polypeptides. Lane 1. autoradiograph of '"1-80 band digested with
300 ng V-8 protease; Lane 2, autoradiograph of I2'I-105 band digested with 300
ng V-8 protease. '"1-80/105 was run on a preparative 7.5% acrylamide gel. The

bands at M, 80,000 and 105,000 were visualized by autoradiography, excised, and
equilibrated in V-8 protease buffer. Each band was loaded into separate wells of
a second 15% acrylamide gel in the presence of 300 ng V-8 protease. Electropho-
resis was halted when the dye front reached the stacking/running gel interface to
allow proteolysis to proceed for 60 min before completion of electrophoresis. The
gel was processed for fluorography. dried, and exposed to film at -80Â°C.Ordinale,

molecular weight standards in thousands.

3653

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/14/3648/2444272/cr0510143648.pdf by guest on 19 M

ay 2023



CARCINOMA CELL THROMBOSPONDIN RECEPTORS

binding assays in which soluble TSP or the COOH-terminal
A/r 140,000 fragment, but not the NH2-terminal heparin-bind-
ing domain, specifically inhibited binding. Additionally, other
ECM proteins, such as vitronectin, laminin, and collagen, did
not compete for the binding of the 80/105 receptor to TSP.
These data, along with the inability of antibodies against the fi,
and /3j integrin receptors to immunoprecipitate the 80/105 TSP
receptor, suggest that this receptor specifically bound TSP and
was distinct from previously described TSP receptors.

The adhesion of cells to other cells, interstitial matrices, or
basement membranes is mediated by a variety of cell surface
receptors. Cadherins have been reported to modulate cell-cell
interactions in a Ca2+-dependent mechanism (57, 58). The

cadherins are monomeric proteins with molecular weights rang
ing from 80,000 to 130,000 and affect cell aggregation through
homotypic binding (58). Recently, organ-specific lymphocyte
homing receptors have been identified which mediate the bind
ing of lymphocytes to the high endothelial venules of lymphatic
organs (59). The homing receptor defined by the monoclonal
antibody MEL 14 is a Ca2+-dependent M, 90,000 cell surface

glycoprotein which specifically targets lymphocytes to periph
eral lymph nodes (60). The mouse Peyer's patch lymphocyte

homing receptor has homology to VLA-4, a member of the
integrin family (51). The integrins stand out as a very large
family of proteins that share certain biochemical characteristics;
they are heterodimers composed of distinct Â«chains noncova-
lently linked to common Â¡ichains which fall into subfamilies
(47, 50, 54, 61, 62). Additionally, several laboratories have
identified laminin- and collagen-binding proteins which have
yet to be correlated with the various categories of ECM protein
receptors (63-65). With the information available, it is not
possible to assign the 80/105 TSP receptor to any one group
of adhesion receptors. Although binding to TSP appears to
require the presence of both the M, 80,000 and 105,000 poly-
peptide chains, there was no immunological cross-reactivity
between the 80/105 receptor and members of the ÃŸ,or /33
integrin family, nor did the 80/105 receptor demonstrate any
mobility shift on nonreducing gels. Like the cadherins, the 80/
105 TSP receptor requires the presence of Ca2+ for binding, but
unlike the cadherins, the TSP receptor appears to be heterodi-
meric. Further information on the relationship between the 80/
105 TSP receptor and other cellular adhesion receptors must
await the development of diagnostic antibodies, the availability
of which streamlined the categorization of integrin receptors.

Several types of cell surface molecules have been proposed as
TSP receptors in various primary cell cultures and cell lines.
Among these are sulfated glycolipids and heparan sulfate pro-
teoglycans (66-69). Most likely, the binding of TSP to either
of these molecules is mediated by the NH2-terminal heparin-
binding domain which has been shown to contain the lectin-
like activity of TSP and is implicated in the interaction of TSP
with smooth muscle cells (38, 70, 71). We have shown previ
ously that the NH2-terminal heparin-binding domain retains
the ability to bind to 11B cells in a time-dependent, dose-
dependent, and saturable manner (36). In contrast, the COOH-
terminal A/r 140,000 fragment of TSP mediates the binding of
TSP to platelets, the attachment of 11B cells to TSP-coated
plastic, and melanoma cell haptotaxis (30,31,35,38, 39). Since
heparin and MAb A2.5 (specific for the heparin-binding do

main) do not inhibit these processes (30, 31, 35, 38), it is
improbable that the heparin-binding domain or its receptor
molecules are the primary conduit of signal transduction and
subsequent action for these cellular pathways. Instead, it seems

plausible that 11B cell attachment to TSP, for instance, may
involve an alternative TSP receptor such as the 80/105 receptor
described in this study. It is also possible that a member of the
integrin family of receptors, a*ÃŸjfor instance, might also con
tribute to A/r 140,000 TSP fragment-mediated pathways, al
though this receptor has been demonstrated to be RGD de
pendent, and thus far no evidence for RGD dependence has
been observed in the 11B carcinoma cell system.

The divalent cation dependence of the 80/105 receptor bind
ing for TSP was investigated since other extracellular matrix
receptors have been shown to require divalent cations for ligand
binding. Fibronectin receptor binding to fibronectin shows the
greatest dependence on Mn:+, followed by, in descending order,
Ca2+ and Mg2+ (46). The binding of collagen and laminin to

their respective integrin receptors was also demonstrated to be
highly Mn2+ dependent (72-74). On the other hand, the binding
of Ilb/IIIa to fibrinogen is optimized by the presence of Ca2+

concentrations >2 mM (55). The 80/105 TSP receptor dem
onstrated the greatest enhancement of TSP binding in the
presence of Ca2+, with half-maximal binding seen at approxi

mately 500 UM. Binding was only slightly increased in the
presence of Mg2+ and unaffected by Mn2+. These results suggest
that the binding of the 80/105 receptor to TSP is Ca2+ depend

ent and serve to distinguish this receptor from some receptors
of the integrin family.

The relationship between the 80/105 TSP receptor and other
integrin extracellular matrix receptors was explored in several
ways. First, a common characteristic of integrin receptors is
that their mobility in SDS-PAGE changes depending on the
presence or absence of reductant (54, 61, 75). Since there was
no discernible change in the mobility of either of the bands at
A/r 80,000 or 105,000 with or without /i-mercaptoethanol in
the sample buffer, it did not appear that the 80/105 TSP
receptor possessed this property. Second, immunoprecipitation
with polyclonal anti-ÃŸior anti-/3., antibodies failed to identify
the bands at M, 80,000 or 105,000 in material bound to the
TSP affinity matrix, although bands probably representing
members of both integrin families were observed in the unbound
material. Third, whereas many integrin receptors, including the
ayÃŸ}vitronectin receptor, show a broad specificity of ligand
binding (48, 62, 76), the 80/105 receptor binds exclusively to
TSP. Fourth, several of the integrin receptors interact with
their respective ligands through an RGD-dependent mecha
nism. Both the vitronectin receptor and a newly described 05
integrin receptor are RGD dependent (48, 77). We have seen
no evidence for RGD-dependent TSP binding either in this
study or in previous work (35, 36), suggesting that the 80/105
receptor binds TSP independently of RGD. Based on the avail
able evidence it appears that the 80/105 TSP receptor is not a
known member of the integrin family of receptors.

A vitronectin receptor analogous to Â«,Ahas been shown to
bind TSP in endothelial cells and smooth muscle cells (29).
Unlike the 80/105 TSP receptor, the vitronectin receptor ex
hibits a broad distribution of potential ligands. Although the
monoclonal antibody LM609 immunoprecipitated the vitronec
tin receptor from iodinated plasma membrane isolated from
endothelial cells, no bands were immunoprecipitated from the
corresponding fraction of 11B cells. Additionally, there was
nearly quantitative recovery of the vitronectin receptor from
the endothelial cell fraction that did not bind the TSP affinity
matrix. Supporting these findings, immunoprecipitations with
a polyclonal ;mt i-.:f, antibody and iodinated 11B cell plasma
membrane demonstrated the presence of reactive bands only in
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the fraction not binding to the TSP affinity matrix. Since the
LM609 monoclonal antibody recognizes the complexed form
of the vitronectin receptor only (48) and has been used to
identify the endothelial cell receptor that binds TSP (29), it
appears that the 80/105 TSP receptor on 11B cells is a distinct
entity. Additionally, since polyclonal anti-ÃŸjantibodies, but not
a>ÃŸ,complex-specific monoclonal antibodies, immunoprecipi-
tated a band at M, 150,000 from 1IB cells, the /cf.,subunit may
be associated with an a subunit other than Â«%in these cells. The
lack of binding of the 80/105 TSP receptor to a wheat germ
agglutinin affinity matrix (data not shown), in contrast to the
vitronectin receptor (78), provides further evidence that this
TSP receptor is unrelated. It is unclear why the endothelial cell
vitronectin receptor failed to bind to the TSP affinity column;
perhaps differences in using whole cell extracts versus isolated
plasma membrane or different solubilization protocols could
explain the discrepancy. It is possible that the 11B cells, which
are of epithelial origin, possess a unique TSP receptor not
found on other cell types.

The domain structure of TSP, like that of laminin and
fibronectin, suggests that these molecules can interact with cells
and the extracellular environment in multiple ways. Fibronectin
possesses separate heparin-binding and cell-binding domains,
and numerous studies have detailed the role of each domain in
cell attachment, spreading, and motility (10, 79). Similar stud
ies have delineated the various domains of laminin, correlating
the neurite outgrowth-promoting region with the end of the
long arm and another cell-binding site with the intersection of
the short arms (50, 80). Likewise, the NHj-terminal heparin-
binding domain modulates melanoma cell spreading on TSP
whereas the COOH-terminal M, 140,000 fragment is necessary
for initial attachment to TSP (14, 31, 35). Taraboletti (30) has
demonstrated that melanoma cells undergo chemotaxis in re
sponse to the heparin-binding domain, but the M, 140,000
fragment supports haptotaxis. These data not only suggest that
each domain of TSP may have a distinct functional role in cell
behavior but also that distinct receptors may mediate these
actions. By the identification and initial characterization of a
TSP receptor specific for the COOH-terminal A/r 140,000
domain, the analysis of the role this receptor and, consequently,
this TSP domain play in cellular events such as attachment,
spreading, and motility will be facilitated.
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