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ABSTRACT

Human melanoma cell spreading on thrombospondin substrates and
chemotaxis in a gradient of soluble thrombospondin requires the amino-
terminal heparin/sulfatide-binding domain of thrombospondin. Some mel
anoma cell lines attach but do not spread or respond in chemotaxis
assays. Sulfated glycoconjugates produced by melanoma cells that could
mediate these activities were identified by metabolic labeling with | '"S|

sulfate and tested for their ability to bind thrombospondin. Heparan
sulfate proteoglycans that bind thrombospondin are made by both spread
ing and non-spreading melanoma cell lines. Thrombospondin binds with
high affinity to a high molecular weight heparan sulfate proteoglycan,
but not to the major chondroitin sulfate. The active heparan sulfate
proteoglycan can be partially purified by affinity chromatography on
thrombospondin-agarose or hydrophobic interaction with octyl-Sepha-
rose. Thrombospondin binding requires the amino-terminal domain and
is inhibited by monoclonal antibody A2.5 or fucoidan. Binding activity is
lost following degradation of the proteoglycan with heparatinase or
nitrous acid. [35S|Sulfate labels several melanoma cell glycolipids includ
ing galactosylceramide-l'-sulfate, lactosyl ceramide-II3-sulfate, and sul-

fated gluciironosylparagloboside. The latter glycolipid was detected in
three cell lines that spread on thrombospondin but not in the nonspreading
C32 melanoma cells. Thrombospondin binds to the isolated glycolipid,
and the glycolipid and an antibody to this structure inhibit cell spreading
on thrombospondin substrates. Thus, the presence of glycoconjugates
with terminal nonreducing glucuronosyl 3-sulfate correlates with mela
noma cell spreading on thrombospondin, whereas expression of heparan
sulfate proteoglycans that bind thrombospondin does not.

INTRODUCTION

Thrombospondin is a major component of platelet Â«granules
(1,2) and is concentrated in extracellular locations including
subendothelial matrix and the dermal-epidermal boundary (3).
Many cell types synthesize and secrete thrombospondin in vitro
(4-11), and in some cases, incorporate the protein into extra
cellular matrix (5, 6, 12). In addition to a role in thrombin-
induced platelet aggregation (13-15), thrombospondin pro
motes substrate attachment and spreading of several cell types
(9, 16-18), promotes cell migration in both haptotaxis and
chemotaxis assays (19), and acts as an autocrine growth factor
for smooth muscle cells (20). Injection of thrombospondin with
T241 sarcoma cells into mice increases lung mÃ©tastases(21).

Thrombospondin binds specifically to several components of
the extracellular matrix (for review see Refs. 22 and 23) and
the cell surface (16, 24-26). We have previously shown that
melanoma cell attachment and haptotaxis on thrombospondin
are mediated by binding to a site near the carboxyl terminus of
thrombospondin, whereas spreading and chemotaxis are me
diated by binding to a site in the amino-terminal domain (16,
19). The latter site binds to sulfated glycoconjugates including
sulfatides, heparin, and fucoidan (24, 27, 28). This site may
also be involved in uptake of thrombospondin by fibroblasts

Received 5/13/88; revised 8/19/88; accepted 8/30/88.
The costs of publication of this article were defrayed in part by the payment

of page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

1Address reprint requests to Building 10. Room 2A27, National Cancer

Institute. NIH. Bethesda. MD 20892.

and endothelial cells (12, 17) and its growth effects on smooth
muscle (20).

To define the contribution of sulfated glycolipids, glycopro-
teins, or proteoglycans to melanoma cell spreading and che-
motactic responses to thrombospondin, sulfated glycoconju
gates produced by spreading and nonspreading human mela
noma cell lines were isolated and tested for their binding
activities with thrombospondin. Both cell lines produce heparan
sulfate proteoglycans that bind thrombospondin with high af
finity. The spreading lines, however, selectively produce high
levels of glucuronosyl 3-sulfate-containing glycolipids and gly-
coproteins, and both the purified glycolipid and a monoclonal
antibody to this structure inhibit cell spreading on thrombo
spondin.

MATERIALS AND METHODS

Materials. Calcium-replete thrombospondin was purified from the
supernatant of thrombin-stimuiated human platelets by affinity chro
matography on gelatin-agarose and heparin-agarose and gel filtration
on Bio-Gel A-0.5m (29). The purified protein gave a single band (M,
165,000) on electrophoresis in the presence of SDS2 and 2-mercapto-
ethanol and was stored at -70Â°C in Tris-buffered saline, pH 7.6,

containing 20% sucrose and 0.1 mM CaCU.
Thrombospondin was labeled with 125I(ICN Radiochemicals, Irvine,

CA) using lodo-Gen (Pierce Chemical Co., Rockford, IL) as previously
described (24). Monoclonal antibodies to thrombospondin were pro
vided by Dr. William Frazier (Washington University School of Med
icine, St. Louis, MO). Human platelet factor 4 was prepared as previ
ously described (16). Human plasma fibronectin was obtained from
Collaborative Research, Inc. Mouse laminin was provided by Dr. Lance
Liotta (National Cancer Institute, NIH). [3H]Heparin was obtained

from Du Pont NEN Research Products, Billerica, MA. Heparin (bovine
lung) was obtained from The Upjohn Co., Kalamazoo, MI. Fucoidan
was from Sigma Chemical Co.

SGPG [IV3-(3'-SO3GlcA)nLcOse4Cer)] and VI3-(3'SO3GlcA)

nLcOse6Cer were prepared from human cauda equina obtained at
autopsy (30, 31). The lipids were purified from an alkali-stable lipid
fraction by aniÃ³nexchange chromatography on DEAE-Sepharose CL-
6B and chromatography on Bio-Sil HA eluted with a gradient from
chloroform/methanol (35:20) to chloroform/methanol/water (5:5:1).
The purified lipids migrated as single bands on thin layer chromatog
raphy in 3 solvent systems and were detected at 0.2 ng by using antibody
HNK-1 (ATCC TIB 200) for immunostaining of thin layer chromato-
grams (32). Sulfatide (GalCer-I3sulfate) was from Supelco.

Cell Culture. Human melanoma cell lines C32 (ATCC CRL 1585),
G361 (ATCC CRL 1424), MeWo (provided by Dr. L. Panton, National
Institute of Allergy and Infectious Diseases), and A2058 (provided by
Dr. L. Liotta, National Cancer Institute) were maintained by monolayer
culture on 75-cm2 tissue culture flasks (Costar, Cambridge, MA) in

RPMI 1640 containing 10% fetal bovine serum (Gibco, Grand Island,
NY). For attachment assays, cells were passaged at IO4cells/cm2 and
used between days 5 and 8. For metabolic labeling with [35S]H2SO4

(ICN Radiochemicals), medium was removed at day 5 and replaced
with 80% Ham's F-12, 10% RPMI 1640, 10% fetal bovine serum, 30

2The abbreviations used are: SDS, sodium dodecyl sulfate; CHAPS, 3-|(3-
cholamidopropyl)-dimethylammino)-l-propanesulfonate: SGPG, glucuronosyl-
paragloboside-V3-sulfate; Tris-BSA, 50 mM Tris, pH 7.8, containing 110 mM

NaCI, 5 mM CaClÂ¡,0.1 mM phenylmethylsulfonyl fluoride, 1% bovine serum
albumin, and 0.02% NaN3.

6785

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2434408/cr0480236785.pdf by guest on 19 M

ay 2023



THROMBOSPONDIN BINDING TO SULFATED GLYCOCONJUGATES

HIM 4-(2-hydroxyethyl)-l-piperazineethanesulfonic acid, pH 7.3, 100
Â¿Â¿Ci/ml["S]H2SO4 (total sulfate concentration, 80 MM).In preliminary
experiments, 3SSincorporation in the cell layer was linear to 50 h. Cells

were routinely labeled for 24 to 48 h. The labeling medium was removed
and the cells were washed with RPMI medium and solubilized in 4 M
guanidine-HCl, 2% Triton X-100, 50 mM sodium acetate, pH 6.0, 10
mM EDTA, 100 mM 6-aminohexanoic acid, 10 mM jV-ethylmaleimide,
1 mM phenylmethylsulfonyl fluoride (33). Free sulfate was removed
and the labeled macromolecules were exchange into 8 M urea, 50 mM
sodium acetate. pH 6.0, 1% CHAPS by gel filtration on Sephadex G-
50 and fractionated by ion exchange chromatography on DEAE-Se-

phacel (33). Labeled glycolipids were prepared from the washed cell
layer by removing the cells, using 2.5 mM EDTA in phosphate-buffered
saline, pH 7.3, for 60 min at 37Â°C.The cells were collected by centrif-

ugation and extracted with chloroform/methanol/water (3:10:5) (34).
The pellet was reextracted with the same solvent containing 0.4 M
NH4HCO3. The combined extracts were evaporated under nitrogen and
desalted on Sephadex G-25 in chloroform/methanol/water (60:30:4.5).
Neutral and acidic lipids were separated on DEAE-Sepharose CL-6B.

Lipids were analyzed by high performance thin layer chromatography
on Silica Gel 60 plates (E. Merck) developed in chloroform/methanol/
0.2% aqueous CaCh (60:35:7), chloroform/methanol/acetone/acetic
acid/water (8:2:4:2:1), or chloroform/methanol/0.25% aqueous KC1
(5:4:1). Radiolabeled lipids were visualized by autoradiography with
Ultrofilm (LKB Producter, Bromma, Sweden). Immunostaining of
unlabeled lipids with monoclonal antibody HNK-1 was done as de

scribed elsewhere (32).
Direct Binding of Thrombospondin to Proteoglycans. Melanoma cell

proteoglycans in 8 M urea, 50 mM sodium acetate, pH 6.0, 1% CHAPS
were coated on microtiter plate wells by serial dilution in 50 n\ of water
and incubation for 3 h at 25Â°C.After removing the supernatant fluid,

the wells were filled with 50 mM Tris, pH 7.8, containing 110 mM
NaCl, 5 mM CaCl2, 0.1 mM phenylmethylsulfonyl fluoride, 1% bovine
serum albumin (Sigma; fatty acid and globulin free), and 0.02% NaN3.
After 30 min the buffer was removed and the wells were washed 2 times
with Tris-BSA. 125I-Thrombospondin (0.2 Mg/ml, 50 Ml/well) in Tris-
BSA was added and incubated at 4Â°Cin a humidified atmosphere for 3

h. The supernatant was removed and the wells were washed 4 times
with cold saline, cut from the plate, and counted. Concentration de
pendence of thrombospondin binding was determined by using 0.3 to
500 nM 125l-thrombospondin incubated in triplicate with uncoated wells
and wells coated with proteoglycan from 1.6 x IO5 cells. Net bound

was calculated by subtraction of nonspecific binding determined at each
concentration. The binding data were analyzed in the form bound as a
function of free thrombospondin, assuming two classes of independent
binding sites with a program incorporating simplex and Marquardt-
Levenberg iterative curve-fitting routines. For inhibition studies, pro
teoglycans were coated at 1:15 dilution in 50 M' water. Inhibitors
dissolved in 25 M'Tris-BSA were added to wells in triplicate followed
by 25 M'of 0.4 Mg/ml '25I-thrombospondin. Inhibition was determined
relative to control binding in the absence of inhibitor (5-10% of added
radioactivity) corrected for nonspecific binding to wells coated with
Tris-BSA (0.5-0.8%).

For some experiments, proteoglycans were digested with enzymes
after adsorption on microtiter plate wells. The wells were incubated
with Tris-BSA, washed three times with enzyme buffers, then incubated
for 3 h at 37Â°Cwith chondroitinase ABC (ICN Biochemicals; 0.1 IU/

ml in 50 mM Tris, 50 mM sodium acetate, 0.1 mg/ml bovine serum
albumin, 0.5 mM phenylmethylsulfonyl fluoride, 0.1 mM /V-ethylmal-

eimide, pH 8.0) or heparatinase (ICN Biochemicals; 12.5 mIU/ml in
50 mM Tris, 5 mM CaCl2, 5 mM sodium acetate, 0.1 mg/ml bovine
serum albumin, 0.5 mM phenylmethylsulfonyl fluoride, pH 7.0). The
wells were washed with Tris-BSA and thrombospondin binding was
determined as above. Parallel digestions of proteoglycans in solution
were analyzed by gel filtration on Sephacryl S-300 eluted in 8 M urea,
0.5% Triton X-100, 50 mM sodium acetate, pH 6.O. The fractions were
analyzed by scintillation counting. Nitrous acid treatment of proteogly
cans was done with 0.2 M NaNO2, pH 1.5, for 80 min at room

temperature prior to adsorption. The reaction mixture was quenched
with glycine and analyzed by gel filtration or diluted with water to coat
microtiter plates.

Purification of Thrombospondin-binding Proteoglycans on Octyl-
Sepharose. [35S]-Labeled proteoglycans from C32 and G361 melanoma
cells were bound to DEAE-Sephacel and eluted with 4 M guanidine-
HCl, 50 mM sodium acetate, pH 6.0, and 1% CHAPS. The eluted
material was diluted 1:20 in 4 Mguanidine-HCl, 50 mM sodium acetate,
pH 6.0, and applied to a 0.6 x 5-cm column of octyl-Sepharose
(Pharmacia) equilibrated in 4-M guanidine-HCl, 50 mM sodium acetate,
pH 6.0. The column was eluted with a concave gradient to 0.5% Triton
X-100 in the same buffer. The active proteoglycan eluting at the
inflection point of the Triton gradient was pooled and exchanged into
8 Murea, 0.5% CHAPS, 50 mM sodium acetate, pH 6.0, by gel filtration
on Sephadex G-50.

Affinity Purification of Thrombospondin-binding Proteoglycan.
Thrombospondin was coupled to carbodiimidazole-activated agarose
(Sigma) for 24 h in 0.1 M sodium borate, pH 8.6, 1 mM CaCl2 (35).
The washed gel contained 0.7 mg thrombospondin per ml gel. The
column was equilibrated with and samples were applied in 20 mM Tris,
pH 7.6, 150 mM NaCl, 0.2 mM CaCl2, 0.2% CHAPS, 0.02% NaN3.
Bound proteoglycan or heparin was eluted with a linear gradient to 1
M NaCl in the same buffer followed by a gradient from 1 M to 2 M
NaCl. Recovery of applied radioactivity was greater than 90% after
elution with buffer containing 2 M NaCl. Eluted proteoglycan fractions
were concentrated on DEAE-Sephacel (33), assayed for thrombospon
din binding in the solid phase assay, and analyzed by electrophoresis
on 5-12% gradient acrylamide gels in SDS and mercaptoethanol.
Labeled proteoglycans were visualized by fluorography after spraying
the dried gels with Enhance (Du Pont/NEN).

Melanoma Cell Adhesion to Thrombospondin. Attachment and
spreading on thrombospondin-coated plastic was determined as previ
ously described (16). For some experiments, melanoma cells in albu
min-coated microcentrifuge tubes were treated with heparatinase (12.5
mIU/ml) or chondroitiase ABC (0.1 lU/ml) in RPMI 1640 with 1 mg/
ml bovine serum albumin for 30 min at 37Â°Con a rotating table. Cells

were also preincubated with antibody HNK-1 or control IgM antibodies
4.2 (Hybritech, Inc.) or mouse myeloma IgM (Miles Laboratories, Inc.)
in RPMI 1640 with 1 mg/ml bovine serum albumin at 25Â°Con a

rotating table. Cells were recovered by centrifugation, resuspended in
fresh RPMI 1640 and assayed for adhesion to thrombospondin.

RESULTS

Characterization of Thrombospondin Binding to Melanoma
Cell Proteoglycans. Metabolic labeling with [35S]sulfate was

used to identify sulfated glycoconjugates produced by spreading
(G361) and nonspreading (C32) melanoma cells. Both cell lines
have linear incorporation of sulfate into macromolecules over
50 h of labeling. Approximately 50% of labeled macromolecules
are secreted into the medium by both cell lines after 50 h. A
total cell layer extract in guanidine-HCl was desalted in Seph
adex G-50 and the void volume material was analyzed by ion
exchange chromatography on DEAE-Sephacel (Fig. 1). Both
cell lines give similar profiles with most sulfate incorporated
into proteoglycan.

The fractions obtained from DEAE-Sephacel chromatogra
phy were adsorbed on microtiter plate wells and tested for
binding of 125I-thrombospondin (Fig. 1). Approximately 5-15%

of the added radioactivity adsorbs and remains bound after
extensive washing. Thrombospondin does not bind to the sul
fated protein and glycoprotein fractions that are not bound on
DEAE-Sephacel but binds well to the proteoglycan fractions of
both cell lines that elute from DEAE-Sephacel at 0.6 M NaCl
(Fig. 1). Although thrombospondin-binding macromolecules
may be present in the unbound fraction, activity is not recovered
after extraction with guanidine and detergent.

In preliminary experiments, both Triton X-100 and CHAPS
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Fig. 1. Ion exchange chromatography of "S-macromolecules from C32 and

G361 melanoma cells on DEAE-Sephacel. 3!S-Labeled cell extracts from 4 X 10'

melanoma cells in 8 M urea, 50 mM sodium acetate, pH 6.0, 70 HIMNaCl, 1%
CHAPS were applied to 0.8 x 4-cm columns of DEAE-Sephacel. The columns
were washed with the same buffer and eluted with a concave gradient over 50 ml
to 8 M urea. 50 mM sodium acetate, pH 6.0, l M NaCl, 1% CHAPS. A 5-jil
aliquot of each fraction was tested for thrombospondin binding by the solid phase
assay as described in "Materials and Methods." ["SJSulfate determined by scin
tillation counting (â€¢)and 12!I-thrombospondin binding (O) are presented in B for

G361 melanoma cell extract and in C for C32 melanoma cell extract. The salt
gradient measured by conductivity is presented in . I.

were used as detergents. Recovery of applied radioactivity is
greater than 90% with Triton X-100 and about 60 to 70% with
CHAPS. As thrombospondin-binding activity of material eluted
with Triton X-100 and exchanged into CHAPS buffer is iden
tical to that eluted directly in CHAPS, the latter detergent was
routinely used to allow direct solid phase assay of thrombo
spondin binding.

Binding of thrombospondin to immobilized proteoglycan is
saturable but a Scatchard plot for binding to total proteoglycan
from the two cell lines indicates heterogeneity in affinity (Fig.
2). The proportion of high and low affinity thrombospondin-

binding sites is similar for the two cell lines. Assuming two
classes of noninteracting sites and quantitative extraction and
adsorption of the active proteoglycans, there are 1.4 x 104 high

affinity thrombospondin-binding sites per G361 cell and 2.4 x
IO4 per C32 cell with an association constant of 6 x IO8 M~'.

There are 2.7 x IO5 and 6 x IO5 low affinity sites associated

0.02 -

20 80 10040 60

BOUND (fmoles)

Fig. 2. Concentration dependence for '"I-thrombospondin binding to mela

noma cell proteoglycans. Pooled proteoglycan fractions from G361 or C32
melanoma cells prepared by ion exchange chromatography on DEAE-Sephacel
were adsorbed on microtiter wells at a concentration equivalent to 1.6 x 10s cells/
well. After incubation for 30 min in Tris-BSA, the wells or control wells without
proteoglycan were incubated with 0.3 to 500 nM '"I-thrombospondin for 3 h at
4Â°C.Results are the mean of triplicate determinations and are presented as a

Scatchard plot.
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Fig. 3. Effect of enzymatic digestion on thrombospondin binding to melanoma
cell proteoglycans. Serial dilutions of G36I (A) or C32 melanoma cell proteogly
cans (B) were adsorbed on polyvinyl chloride microtiter plates as described in
"Materials and Methods." '"I-Thrombospondin binding to the adsorbed proteo

glycan (â€¢)or proteoglycan digested with chondroitinase ABC (O), or heparatinase
(D) was determined after incubation with 0.2 Â«jg/mlthrombospondin for 3 h at
4'C.

with proteoglycans in G361 and C32 cells, respectively, with
an association constant of 2-5 x IO6M~'.

Degradation of the proteoglycan fractions with chondroiti
nase ABC, heparatinase, and nitrous acid, followed by analysis
by gel filtration indicates that chrondroitin/dermatan sulfate is
the major proteoglycan produced by both cell lines. Chondroi
tinase ABC degrades 88 and 75% of labeled proteoglycan from
G361 and C32 melanoma cells, respectively. Nitrous acid de
grades 7% of the proteoglycan from both cell lines (results not
shown).

Binding activity is stable to chondroitinase ABC digestion of
the proteoglycans but is lost following digestion with heparati
nase (Fig. 3). Degradation of the proteoglycan fractions with
nitrous acid decreases binding by 85% with C32 cell and by
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81% with G361 cell proteoglycan (results not shown). Thus,
thrombospondin binds specifically to a heparan sulfate proteo
glycan in both cell lines.

Approximately 40% of the proteoglycan from each mela
noma line binds to octyl-Sepharose (data not shown). The
bound proteoglycan eluted in two peaks, with most eluting at
the inflection point of the Triton gradient. After exchanging
into 8 M urea/CHAPS buffer, the unbound, weakly bound, and
strongly bound fractions were adsorbed onto microtiter plate
wells and tested for thrombospondin binding (Table 1). Binding
activity of proteoglycans from both cell lines is enriched in the
bound fractions, and activity of the strongly bound fraction is
greater than that of the weakly bound material. Although this
enhancement is calculated based on the amount of proteoglycan
adsorbed to the plate, the difference in activities cannot be
explained only by differences in efficiency of adsorption. Ap
proximately 7% of the unbound G361 cell proteoglycan from
octyl-Sepharose adsorbed on the plates, whereas only 2% of the
strongly bound proteoglycan adsorbed at the dilution where
2000 cpm of '"I-thrombospondin was bound to each.

Affinity Purification of Thrombospondin-binding Heparin and
Heparan Sulfate Proteoglycans. [35S]Heparin was used to estab

lish conditions for binding and elution of proteoglycans or
glycosaminoglycans from a thrombospondin agarose column.
Using subsaturating amounts of heparin, 53% binds to the
thrombospondin column when applied at physiological ionic
strength (Fig. 44). Of the applied heparin, 37% binds weakly
and is eluted by 0.4 M NaCl. The remaining bound heparin
requires 2 M NaCl for elution. On rechromatography, the bound
fraction is retained quantitatively, whereas 90% of the unbound
fraction is unretarded on the column (results not shown). Re
covery of bound material was greater than 90%.

Some of the proteoglycans extracted from G361 (Fig. 4B) or
C32 melanoma cells (Fig. 4C) bind to thrombospondin-agarose.
Most of the bound proteoglycan from both cell lines is weakly
retarded or Ã©lÃ»tesbelow 0.3 M NaCl, but a small fraction from
both cell lines is bound with high affinity and requires up to 2
M NaCl for elution.

The high and low affinity fractions were pooled and concen
trated on DEAE-Sephacel. The fractions were tested for I25I-

thrombospondin binding after adsorption on microtiter plates.
The proteoglycan fractions eluted at high salt concentrations
are enriched in I25l-thrombospondin-binding activity 10-to 200-

fold relative to the unfractionated proteoglycan from G361 or
C32 cells, respectively (Table 1). Based on the concentration
dependence for thrombospondin binding, both high and low
affinity thrombospondin-binding activities are in the tightly
bound fraction, but the weakly bound and unbound fractions
bind thrombospondin with low affinity (results not shown).

Table 1 Purification of thrombospondin-binding proteoglycan
Relative activity"

ColumnDEAE-Sephacel

Octyl-SepharoseThrombospondin-agaroseFractionPooled
proteoglycan

Weakly bound
Bound
BoundC32

cells1

108
14095G361

cells111

25
>12Â»

" Serial dilutions of proteoglycan were adsorbed in duplicate on two microtiter
plates. Wells from one plate were counted to determine 3!S-proteoglycan adsorp
tion. The second plate was assayed for '"I-thrombospondin binding. Relative
thrombospondin-binding activity determined as cpm of adsorbed proteoglycan
required for specific binding of 2000 cpm of l!'I-thrombospondin ( 10 (iCi/ng, 0.3

im ml) was normalized to a value of 1 for pooled total proteoglycan for each cell
line.

* This is a lower limit for the specific activity because "S associated with the

adsorbed proteoglycan was below the limit of detection.

10 20 30 40

ELUTION VOLUME (mi)

Fig. 4. Affinity chromatography of heparin and melanoma cell proteoglycans
on thrombospondin-agarose. ['HJHeparin (A) or "S-proteog!ycan fractions from
G361 (B) or C32 melanoma cells Â«) were applied to a thrombospondin-agarose
column equilibrated in 20 min Tris buffer, pH 7.6, 0.2 mm CaCh, 150 mM NaCl,
0.2% CHAPS. The columns were eluted with a linear gradient ( ) to the same
buffer containing 1 M NaCl followed by a linear gradient from 1 M NaCl to 2 M
NaCl and washing with 2 M NaCl.

Labeled proteoglycans from G361 cells fractionated on
thrombospondin-agarose or octyl-Sepharose were characterized
on SDS gel electrophoresis (Fig. 5). The active heparan sulfate
proteoglycan eluted from thrombospondin-agarose at high salt
(Lane a), has lower mobility than the proteoglycan that does
not bind (Lane c) or is weakly bound on the column and Ã©lÃ»tes
with low sat (Lane d). Similar results are obtained with proteo
glycans from C32 cells (results not shown). The lower molecular
weight proteoglycan is also found in the unbound fraction from
chromatography on octyl-Sepharose (Lane e). The strongly
bound fraction from the octyl-Sepharose column most enriched
in thrombospondin binding (Lane g) is similar to the high
affinity fraction from the thrombospondin affinity column.

Comparison of Heparan Sulfate Proteoglycan and Sulfatide-
binding Sites of Thrombospondin. Monoclonal antibodies to
thrombospondin have been used to define regions of the mole
cule which bind to various ligands (22). One of these, A2.5,
binds to a A/r 25,000 amino-terminal domain and inhibits
binding of thrombospondin to heparin and sulfatides (24) and
spreading of G361 cells on thrombospondin (16). Several anti
bodies to thrombospondin were tested for inhibition of binding
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Fig. 6. Binding of thrombospondin and thrombin fragment of thrombospon-
din to sulfatide ill and proteoglycan (B). Binding of I25l-thrombospondin (â€¢)or
'"(-labeled M, 140,000 fragment of thrombospondin (O) to sulfatide or C32
melanoma proteoglycan was determined as described in "Materials and Methods."

a f 9
Fig. 5. SDS-polyacrylamide gel electrophoresis of G361 melanoma cell pro-

teoglycans fractionated on octyl-Sepharose or thrombospondin-agarose. 3!S-La-
beled proteoglycans from G361 melanoma cells were analyzed by SDS-polyacryl
amide gel electrophoresis on a 5-12% gradient gel. Labeled proteoglycans were
detected by fluorography: bound to thrombospondin-agarose and eluted at 2 M
NaCI (Lane a), total proteoglycan (Lane /Â».unbound fraction from thrombospon
din-agarose (Lane c). or weakly bound eluted at less than 0.6 M NaCI (Lane </>.
unbound on octyl-Sepharose (Lane e), weakly bound (Lane f), or strongly bound
(Lane g). Migration of molecular weight standard proteins are indicated in the
ordinate; kDa, molecular weight in thousands.

Table 2 Inhibition of thrombospondin binding to G361 melanoma cell
proteoglycans by monoclonal antibodies to thrombospondin

AntibodyA2.5

A2.5
A2.5
C6.7
C6.7
A6.1
D4.6Concentration

Gig/ml)0.2

2
20

2
20
20
20Thrombospondin

bound"

(% of control)55

11
8

122
150
82
92

" Mean of triplicate determinations, using 0.2 fig/ml 12sl-thrombospondin.

to immobilized melanoma cell proteoglycans (Table 2). Anti
body A2.S specifically inhibits binding to proteoglycans,
whereas antibody C6.7 enhances binding, and two other anti
bodies have no effect. Fucoidan, which is a potent inhibitor of
thrombospondin binding to sulfatide (24), strongly inhibits
binding to immobilized proteoglycan with 50% inhibition at
0.008 Mg/ml (results not shown). To confirm involvement of
the heparin/sulfatide-binding domain in binding of thrombo
spondin to melanoma cell proteoglycans, a M, 140,000 125I-

labeled fragment of thrombospondin lacking this domain was
prepared by thrombin digestion and purified from undegraded
thrombospondin and heparin-binding fragment by chromatog-
raphy on heparin agarose (16). The M, 140,000 fragment did
not bind to either sulfatides or melanoma cell proteoglycans
adsorbed on plastic (Fig. 6). Thus, specific inhibition by anti
body A2.5 and a sulfated polysaccharide and proteolytic frag

ment binding all support the conclusion that the amino-termi-
nal domain of thrombospondin contains the binding site for
melanoma cell heparan sulfate proteoglycans.

Three other heparin-binding proteins were tested as inhibi
tors to compare the specificities of different proteins for binding
to the heparan sulfate proteoglycan recognized by thrombo
spondin. Platelet factor 4 is a potent inhibitor, giving 50%
inhibition of I25l-thrombospondin binding at 0.15 ng/ml. Lam-

inin is a weak inhibitor (50% inhibition at 70 Mg/ml), whereas
fibronectin is inactive, suggesting that the latter proteins bind
to distinct populations of heparan sulfate proteoglycans (36,
37) from those recognized by thrombospondin.

Sulfated Glycolipids in Human Melanoma Cells. Both mela
noma cell lines incorporate ' S( )4into acidic lipids, but different

glycolipids are labeled in the two lines (Fig. 7). Galactosyl
sulfatide is the major sulfated lipid in C32 melanoma cells and
a minor lipid in G361 melanoma cells, based on comigration
of the labeled glycolipids with bovine brain sulfatide is three
solvent systems. No seminolipid was detected in either cells,
but trace amounts of lipid comigrating with cholesterol 3-sulfate
could be detected in lipid extracts of G361 melanoma cells
chromatographed in chloroform/methanol/acetone/acetic
acid/water (10:2:4:2:1) (results not shown). Both cell lines
contain a putative dihexosyl sulfatide which comigrates with
human kidney lactosyl sulfatide in three solvent systems. The
major labeled lipid in G361 cells, however, migrates slower
than does ganglioside GM1 standard. This lipid is absent in
C32 melanoma cells and was identified as sulfated glucurono-
sylparagloboside. The labeled lipid comigrates with the authen
tic lipid isolated from human cauda equina (Fig. 7) and is
immunostained on thin layer chromatograms overlayed with
monoclonal antibody HNK-1 only in G361 cell extracts (Fig.
7). Antibody HNK-1 also stains a slower migrating band in
G361 cell extracts which comigrates with the hexaosyl analogue
of SGPG isolated from cauda equina (Fig. 7).

125I-Thrombospondin also binds to SGPG on a thin layer
chromatogram overlay (Fig. 7). Relative avidities of thrombo-
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TSP 35, HNK1 Orcinol

-CMH

w o o

Fig. 7. Sulfated glycolipids synthesized by C32 and G361 melanoma cells.
Glycolipid extracts from C32 and G361 melanoma cells and reference glycolipids
were chromatographed on silica gel high performance thin layer chromatography
plates developed in chloroform/methanol/0.25% aqueous CaCh (60:35:7). Left
panel: sulfatide (Su//, SO ng) and sulfated SGPG (50 ng) stained with 0.4 ng/ml
'"l-thrombospondin (TSP). Second panel: autoradiogram of acidic lipids from
G361 or C32 melanoma cells metabolically labeled with [3sS]sulfate (20 mg tissue

wet weight). Third panel: acidic lipids from C32 or G361 melanoma cells (20 mg
tissue wet weight and purified sulfated glucuronyllactoneohexaosylceramide
(SGLNH, 1 ng) and SGPG (1 ng) immunostained with monoclonal antibody
HNK-1 (5 ng/m\). Right panel: acidic lipids from G361 or C32 melanoma cells
(20 mg wet/weight), sulfatide (Sulf., 2 ng), gangliosides (G), and neutral (A )
glucolipid standards stained with orciiml Ilj.S(>,. Labels in the right ordinate
indicate migration of standards: galactosyl ceramide (CMH), lactosylceramide
(CD//), Gala 1-4Ga 101-4Glc-Cer (CTH), NeuAcÂ«2-3Ga101-4GlcCer (CM3), and
Gal/3l-3GalNAc/31-4 (NeuAcÂ«2-3)GalfJl-4GlcCer (GM1).

0.01 0.1

LIPID l

Fig. 8. Thrombospondin binding to sulfatide and sulfated glucuronosylpar-
agloboside. Glycolipids were coated by drying on microtiter wells in the presence
of 50 ng phosphatidylcholine and 35 ng cholesterol per well. The wells were
incubated with Tris-BSA for 30 min, emptied, and incubated with 30 /.I of 0.4
jig/ml 125I-thrombospondin for 3 h at 4*C. Specific binding to sulfatide (â€¢)or

SGPG (O) is the mean of duplicate determinations corrected for nonspecific
binding to wells coated with BSA (0.2%).

spondin for binding to galactosyl sulfatide and SGPG were
compared by the solid phase with the lipids adsorbed in a
phosphatidylcholine/cholesterol monolayer (Fig. 8). Binding to
both lipids is comparable at high concentrations but is weaker
to SGPG than sulfatide at low concentrations. The sulfated
glycolipids were adsorbed in phosphatidylcholine/cholesterol
monolayers to minimize differences in binding due to different
solubilities of the adsorbed lipids in assay buffers.

Sulfated glucuronic acid-containing oligosaccharides that
react with antibody HNK-1 occur on glycoprotein as well as on
glycolipids (38). Therefore binding of antibody HNK-1 was
used to detect this carbohydrate epitope in delipidated C32 and

G361 cell pellets extracted with guanidine-HCl and coated on
microtiter plates at 5 mg of tissue per well. The net antibody
binding detected by I25l-anti-mouse IgM was 4631 cpm to G361
and 385 cpm to C32 cell proteins. Thus, the sulfated glucuron-
osyl oligosaccharides are present on both glycolipids and gly-

coproteins of G361 melanoma cells and absent or reduced in
C32 cells.

The human melanoma cell lines A2058 and MeWo attach
and spread on thrombospondin substrates, and A20S8 cells
migrate in response to thrombospondin in a chemotaxis assay
(19). Glycolipids from both cell lines react with HNK-1 anti
body (results not shown). A delipidated cell pellet from A2058
melanoma cells was extracted with guanidine-HCl and bound
HNK-1 antibody at levels similar to those of extracts of G361
cells in the microtiter plate assay. Thus, three melanoma cell
lines that spread on thrombospondin all contain sulfated gly-
coconjugates reacting with HNK-1.

Role of Sulfated Glycolipid and Proteoglycans in Melanoma
Cell Spreading. Preincubaton of G361 or A2058 melanoma
cells with antibody HNK-1 inhibits spreading on thrombospon
din (Table 3; Fig. 9). Inhibition is dose dependent for both cell
lines but only partial at the concentrations that could be used
with G361 cells as higher concentrations of antibody HNK-1
agglutinated the cells. At the concentrations tested, antibody
HNK-1 has no effect on the number of G361, A2058, or C32
melanoma cells attaching on thrombospondin and does not
inhibit A2058 cell spreading on fibronectin (Fig. 9). An IgM

Table 3 Inhibition ofG361 melanoma cell spreading

Cellpreincubation"RPM1

1640
Antibody HNK-1

1 ng/ml
5 Â»ig/ml

10 pg/ml
Heparatinase, 12 mil nil
Chondroitinase ABC, 0.1 unit/ml%

of cells
spread Â±SD85.3

Â±2.773.7

Â±7.7
63.0 Â±10.3
56.9 Â±6.5
70.1 Â±5.4
80.0 Â±8.4H128

8
8
8
8

a Cells were preincubated in RPMI 1640 containing 25 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid, pH 7.3, for 30 min on a rocking table. Antibody
preincubation was at 25"C. Enzyme treatment was at 37Â°C.Enzyme digested cells

were centrifugea and suspended in fresh medium. Spreading was measured after
90 min at 37'C on plastic coated with 50 nu nil thrombospondin.

INHIBITOR

CONCENTRATION
l/ig/ml]

SUBSTRATE

10080

604020-â€¢-II1

TnJJÃ„flr*nJ_0

HNKI HNKI HNKI HNKI SGPG IgM HNKI SGPGIgM3N

5 102040
1 40 40 1 40

THROMBOSPONDIN FIBRONECTIN

Fig. 9. Inhibition of A2058 melanoma cell spreading on thrombospondin by
antibody HNK-1 and sulfated glucuronosylparagloboside. Cells were preincubated
with antibody HNK-1 or a control mouse IgM myeloma in RPMI medium
containing 25 mM 4-(2-hydroxyethyl)-l-piperazineethane sulfonic acid, pH 7.3,
and 1 mg/ml bovine serum albumin for 15 min on a rocking table. SGPG was
preincubated with the substrates for 10 min and removed before adding cells.
Spreading was measured after 45 min at 37*C on plastic coated with 50 ng/m\

thrombospondin or 20 >ig/ml fibronectin. Results are the mean (points) with SD
(bars) and are normalized to cell spreading in the absence of inhibitors (range, 60
to 81% of attached cells in three independent experiments).
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myeloma and a second IgM antibody that also binds a glycolipid
expressed by G361 cells was tested as controls. Antibody 4.2 is
specific for ganglioside GD3 and detects high levels of this
glycolipid in G361 cells by immunostaining, but neither anti
body inhibits melanoma cell spreading on thrombospondin
(Fig. 9; results not shown). Inhibition is not due to binding of
the HNK-1 antibody to thrombospondin as no binding of HNK-

1 to immobilized thrombospondin could be detected by using
I25l-labeled goat anti-mouse IgM.

Preincubation of thrombospondin substrate with 1 mg/ml
SGPG also inhibits spreading but not attachment of A2058
melanoma cells (Fig. 9). Inhibition is specific for spreading on
thrombospondin as the glycolipid does not significantly inhibit
spreading on fibronectin (Fig. 9).

Spreading is also partially inhibited following predigestion
of the melanoma cells with heparatinase (P < 0.05) but not
with chondroitinase ABC (Table 3). Although digestion with
this concentration of heparatinase completely abolishes binding
of thrombospondin to isolated proteoglycans (Fig. 3), spreading
is only inhibited by 18%. It is possible that the heparan sulfate
may not be as accessible to digestion in intact cells. Heparati
nase treatment decreased C32 melanoma cell attachment to
thrombospondin by 46% and G361 cell attachment by 28%,
but chrondroitinase ABC had no effect.

DISCUSSION

Metabolic labeling studies identify two classes of sulfated
glycoconjugates produced by human melanoma cells that bind
to thrombospondin: heparan sulfate proteoglycans and glyco-
lipids bearing terminal nonreducing sulfated glucuronic acid.
The latter structure is also present on glycoproteins of G361
melanoma cells but apparently at too low a concentration to
detect thrombospondin binding under the conditions tested.
Although the active heparain sulfate proteoglycans are a minor
fraction of the cellular proteoglycans produced by both cell
lines, they represent the major high affinity binding site for
thrombospondin in extracts of melanoma cells.

Sulfated glycolipids are synthesized by C32 and G361 mela
noma cells (Fig. 7). Galactosyl sulfatide occurs at low levels in
both cell lines and can bind thrombospondin (24). The amount
of this lipid (approximately 1000 molecules/cell) is probably
too low, however, to mediate spreading. Melanoma cells could
also acquire sulfatide from the medium, so more may be present
than calculated, based on incorporation of sulfate label. SGPG,
which has not been identified previously in melanoma cells, is
the major sulfated lipid in G361 cells and is detected in all
three melanoma cell lines that spread by HNK-1 immunostain
ing but is not detectable in C32 lipids. Trace amounts of this
lipid may be present in C32 cells based on metabolic labeling.
The HNK-1 determinant is also found on cellular proteins of
the G361 and A2058 melanoma cell lines that spread on
thrombospondin but not on proteins of C32 cells. SGPG binds
thrombospondin (Figs. 7 and 8) and both the HNK-1 antibody
and SGPG block spreading (Table 3; Fig. 9). Thus, both distri
bution and antibody and ligand inhibition suggest that this
structure plays a role in melanoma cell spreading on thrombo
spondin.

Proteoglycans that bind thrombospondin with high and low
affinity are present in both cell lines. In agreement with previous
studies of proteoglycans in human melanoma cell lines (re
viewed in Ref. 39), the major proteoglycan in C32 and G361
cell layers is a chondroitin/dermatan sulfate. Both cell lines
also make heparan sulfate proteoglycans based on sensitivity to

heparatinase or nitrous acid degradation. More of the labeled
proteoglycan is retained on thrombospondin-agarose at isotonic
conditions than can be accounted for by the 7-15% heparan
sulfate content, suggesting that some chondroitin/dermatan
sulfate binds to thrombospondin. This proteoglycan is probably
weakly bound and Ã©lÃ»tesbelow 0.6 M NaCl (Fig. 4, B and C).
This fraction binds thrombospondin with low affinity, whereas
the high affinity binding activity Ã©lÃ»teswith high salt and is
sensitive to heparatinase or nitrous acid degradation.

Although the active proteoglycans were purified approxi
mately 100-fold by using thrombospondin or hydrophobic chro-
matography matrices, binding to the purified proteoglycans is
also heterogeneous. This may indicate that only a subset of the
heparan sulfate proteoglycan binds thrombospondin or that
hybrid proteoglycans bearing both chondroitan sulfate and hep
aran sulfate chains are present. [3H]Heparin binding (Fig. 4A)

suggests that only a subset of heparin chains have a specific
sequence that binds with high affinity. Based on inhibition
studies, the regions of melanoma cell heparan sulfate proteo
glycans bound by platelet factor 4 overlap with those bound by
thrombospondin, but not those bound by fibronectin. Similar
results were reported for thrombospondin and platelet factor 4
binding to heparan sulfate proteoglycan on endothelial cells
(27). The sequence recognized by thrombospondin and its re
lation to other active sequences on heparin remains to be
determined.

Binding to heparan sulfate proteoglycan is mediated by the
amino-terminal domain of thrombospondin that also binds
heparin and sulfatide, as shown by polysaccharide and antibody
inhibition (Table 2) and loss of binding following removal of
this domain (Fig. 6). These data and sensitivity of binding to
degradation of the glycosaminoglycan chains suggest that bind
ing results from interaction of the amino-terminal domain of
thrombospondin with sulfated sugars on heparan sulfate gly-
cosaminoglycans. This contrasts with fibronectin where the
proteoglycan protein core may also be recognized (36, 40).

Based on the effects of heparatinase treatment, heparan sul
fate proteoglycans probably contribute to C32 melanoma cell
attachment on thrombospondin. They may also play a minor
role in G361 cell attachment and spreading. The role of heparan
sulfate proteoglycans could be underestimated if the enzyme-
resistant glycosaminoglycan cores can bind to thrombospondin.
Differences in thrombospondin binding to heparan sulfate pro
teoglycans, however, cannot account for the behavior of spread
ing and nonspreading melanoma cell lines.

Another issue that is not addressed here is the possible
difference in subcellular localization of heparan sulfate proteo
glycans in the spreading and nonspreading cell lines. Basement
membrane and cell membrane heparan sulfate proteoglycans
can be distinguished by antibody reactivity and hydrophobicity
and have different distributions in several cell types studied
with immunoelectron microscopy (41). The proteoglycan that
binds thrombospondin with high affinity is tightly bound on
octyl-Sepharose, suggesting with some qualification (33) that it
is a cell membrane proteoglycan. Additional work is required
to purifiy this proteoglycan and determine whether it is concen
trated at sites of substrate contact of cells spread on thrombo
spondin.

Both proteoglycans and sulfated glycoconjugates containing
the HNK-1 epitope have been implicated in mediating cell
adhesion. Proteoglycans are found in extracellular matrix and
on the cell surface and interact with many matrix components
including other proteoglycans, collagen, fibronectin, laminin,
and thrombospondin (27, 37, 42; reviewed in Refs. 43 and 44).
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Inhibition of cell adhesion by monoclonal antibodies to mela
noma cell proteoglycans (45,46) suggests that they are involved
in melanoma cell adhesion. One of these antibodies binds to
the major chondroitin sulfate proteoglycan of human melanoma
cells (40, 45). Using another antibody, this chondroitin sulfate
proteoglycan was localized in microspikes of the melanoma
surface at sites of cell-cell or cell-substrate adhesion (47). Hep-
aran sulfate proteoglycans have been implicated in adhesion of
other cell types (43,48,49). Sulfated glucuronosyl oligosaccha-
rides recognized by HNK-1 and related antibodies are present
on glycolipids and glycoproteins of many neural tissues (30, 31,
50) but have not been found previously in melanoma cells.
Antibodies to this sulfated oligosaccharide specifically inhibit
neuron-astrocyte and astrocyte-astrocyte adhesion (51) and
neurite outgrowth of dorsal root ganglion neurons on several
neurite-promoting substrates (52). SGPG and a tetrasaccharide
derived from the lipid were recently reported to inhibit cerebel-
lar cell adhesion on laminin and neurite outgrowth (53).

Sulfated glucuronosyl oligosaccharides probably play a role
as a receptor for melanoma cell spreading and chemotaxis.
Antibody HNK-1 and SGPG inhibit spreading of melanoma
cells on thrombospondin substrates (Table 3; Fig. 9), and the
HNK-1 antigen is unique to the cell lines that spread on
thrombospondin and migrate in a chemotaxis assay, while
heparan sulfate proteoglycans that bind thrombospondin with
high affinity are also made by the nonspreading line C32. Other
studies, however, have implicated proteoglycans as cell surface
receptors for thrombospondin (12, 27, 42). Several cell types
spread on thrombospondin and/or have chemotactic responses
(17-19), but the HNK-1 epitope is probably restricted to cells
of neuroectodermal origin and is not expressed on some of the
cell lines that spread on thrombospondin.3 Therefore, in cells

not of neuroectodermal origin, heparan sulfate proteoglycans
may be important receptors for thrombospondin.
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