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ABSTRACT

Sulfatides (galactosylceramide-f-sulfate) but not neutral glycolipids
or gangliosides adsorbed on plastic promote adhesion of the human
melanoma cell line G361. Direct adhesion of G361 cells requires densities
of sulfatide greater than 1 pmol/mm2. In the presence of laminili, however,
specific adhesion of G361 cells to sulfatide or seminolipid (galactosylal-
kylacyl-glycerol-/3-sulfate) but not to other lipids is strongly stimulated

and requires only 25 fmol/mnr of adsorbed lipid. The effects of laminin
and sulfatide on adhesion are synergistic, suggesting that laminin is
mediating adhesion by cross-linking receptors on the melanoma cell
surface to sulfatide adsorbed on the plastic. Although thrombospondin
binds to sulfatides and G361 cells, it does not enhance, but rather inhibits
direct and laminin-dependent G361 cell adhesion to sulfatide. In contrast,
C32 melanoma cells also adhere specifically to sulfatide, but adhesion of
these cells is not enhanced by laminin or inhibited by antibodies to
laminin that block laminin-dependent adhesion of G361 cells. Thrombo
spondin is a potent inhibitor of C32 cell adhesion to sulfatide. Fucoidan,
which inhibits laminin binding to sulfatide, inhibits laminin-dependent
adhesion of G361 cells by 50% at 0.2 Mg/ml. Several other tumor cell
lines also attach directly on sulfatide-coated surfaces. Laminin stimulates
adhesion to sulfatide of three of the six cell lines tested. The ability of
laminin to promote adhesion of tumor cells to sulfatide suggests that
binding to sulfatide could participate in laminin-mediated cell-cell adhe
sion. Thus, many tumor cell lines can attach on sulfatide substrates using
endogenous sulfatide binding proteins, and in some cells laminin but not
thrombospondin can promote tumor cell adhesion to sulfatide.

INTRODUCTION

Laminin is a major noncollagenous glycoprotein of basement
membranes which promotes cell-substrate adhesion (2-4).
Laminin-mediated adhesion of cells to basement membranes
involves its specific binding to protein receptors on the cell
surface (5-8) and to type IV collagen in basement membrane
(3, 9). Laminin also binds to heparin and he paran sulfate (10,
11), suggesting that interaction with basement membrane hep-
aran sulfate proteoglycan may further anchor the cells.

Laminin also promotes cell-cell interactions including eryth-
rocyte agglutination (12, 13), macrophage-tumor cell interac
tions (14), target cell killing by natural killer cells (15), and
aggregation of F9 cells (16) and early embryonic epithelium
(17). Laminin is localized at cell-cell contacts of neuroblastoma
cells (18). The hemagglutinating activity of laminin is probably
due to specific binding to erythrocyte membrane sulfatides (19).
Because laminin is probably monovalent for binding the tumor
cell laminin receptor (5-7, 20), other binding sites on the
molecule may be used to promote cell-cell adhesion, perhaps
including those for other receptor proteins (8) and for sulfated
glycolipids.

Direct adhesion of cells to glycolipids has been demonstrated
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using hepatocytes attaching to plastic coated with synthetic
glycolipids (21) and chick retinal cells to gangliosides (22).
Inhibition of cell adhesion by antibodies to glycolipids and by
sugar haptens further implicates carbohydrates on glycolipids
in cell adhesion (23-25). Indirect adhesion of cells to glycolipids
should also be considered where cells have receptors for extra
cellular matrix proteins, such as laminin or thrombospondin
(26), that bind to sulfated glycolipids (19, 27). This mechanism
of adhesion would be analogous to laminin-mediated adhesion

of cells to immobilized type IV collagen substrates (3, 9).
To determine whether simultaneous binding of laminin or

thrombospondin to cells surface receptors and to sulfatides can
promote adhesion, we have examined whether these proteins
can mediate melanoma cell adhesion to sulfated glycolipids
immobilized on plastic. We report here that laminin but not
thrombospondin can mediate adhesion of some tumor cell lines
to sulfatides. In addition, some tumor cells can attach directly
on sulfatide-coated surfaces using endogenous sulfatide-binding
proteins other than laminin.

MATERIALS AND METHODS

Materials

Bovine brain sulfatides (galactosyl ceramide-/3-sulfate), globoside,

and gangliosides GMI and GDU were obtained from Supelco. Semino
lipid [galactosyl|81-3(l-O-alkyl-2-O-acylglycerol)-/:'-sulfate] was puri

fied from bovine testes (PelFreeze Biologicals, Rogers, AR). The Folch
lower phase (28) was subjected to DEAE-Sepharose chromatography,
and the fraction eluted with 20 HIM MljIK'O, in methanol was

chromatographed on Fiorisi! in chloroform:methanol (2:1) to remove
phospholipids (29). Traces of sulfatides and lysoseminolipid were re
moved by preparative thin-layer chromatography on silica gel developed
in chloroform:methanol:acetone:acetic acid:water (10:2:4:2:1). Gan-
glioside (Â¡MIwas prepared from human kidney (30). Other gangliosides
were prepared in this laboratory as previously described (31). The purity
of all glycolipids was confirmed by thin-layer chromatography in neutral
and acidic solvent systems. Bovine serum albumin (A7030, fatty acid
and globulin free), dextran sulfates, fucoidan, and colominic acid (Esch-
erichia coli) were from Sigma. Heparin (bovine lung, 160 units/mg)
was from The Upjohn Co. Hyaluronic acid (bovine vitreous tumor) was
obtained from Worthington. Yeast phosphomannan from Hansenula
holstii was provided by Dr. G. W. Jourdian (The University of Michi
gan). Sulfated glycan Fractions Fl and F2 from the tunic of Stytela
plicatu (32) were provided by Dr. P. A. S. Mourao (Universidade
Federal do Rio de Janeiro, R. .1., Brazil). Laminin was purified from
0.5 M NaCl extracts of mouse Engelbreth Holm Swarm tumor by
DEAE-cellulose chromatography (4) and 4.0 M NaCl precipitation.
Rabbit antisera to laminin (19) and laminin receptor (33) were described
previously. Human platelet thrombospondin was prepared as previously
described (27, 34). Purified monoclonal antibodies to thrombospondin
were provided by Dr. W. A. Frazier (Washington University, St. Louis,
MO).

Methods

Cell Culture. Human melanoma cell lines C32 (ATCC3 CRL 1585)

and G361 (ATCC CRL 1424) were maintained by monolayer culture

' The abbreviation used is: ATCC, American Type Culture Collection.
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on 75-cm2 tissue culture flasks (CoStar) in RPMI 1640 containing 10%

fetal bovine serum (Biofluids, Inc., Rockville, MD). A2058 human
melanoma (35) and MCF7 (ATCC HTB 22) human breast adenocar-
cinoma were maintained in Dulbecco's modified Eagle's medium con

taining 10% fetal bovine serum. SW403 (ATCC CCL 230) human
colon adenocarcinoma was maintained in LI S medium containing 10%
fetal bovine serum. OHI small cell lung carcinoma (36; provided by
Dr. J. Shaper, Johns Hopkins Oncology Center, Baltimore, MD) was
maintained in RPMI 1640 containing 16% fetal bovine serum. Cells
were passaged at 104cells/cm2 and used between Days 5 and 8 for cell

adhesion assays. Melanoma and SW403 cells were detached by replac
ing the medium with phosphate-buffered saline, pH 7.2, containing 2.5
mivi EDTA and incubating for 60 min at 37Â°C.MCF7 cells were

incubated in the same buffer for 20 min. The cells were collected by
centrifugation and resuspended immediately before use in RPMI 1640
without NaHCOj and containing 30 mM A'-2-hydroxyethylpiperazine-
Ar'-2-ethanesulfonate, pH 7.2. For some experiments, cells were al
lowed to recover for 30 min at 37Â°Cunder high shear in medium or

medium containing antibodies. This pretreatment had no effect on
control attachment in the presence or absence of laminin. Viability
measured by trypan blue exclusion was greater than 95%.

Cell Adhesion Assays. Glycolipids were adsorbed on 14-mm-diameter
discs cut from the bottom of bacteriological polystyrene Petri dishes
(Falcon 1007) by a modification of the method of Blackburn and
coworkers (22). For preliminary experiments, 13-mm round glass mi
croscope cover glasses or 14-mm discs cut from '/32-inch acrylic or

polycarbonate sheet were also used. Acrylic discs gave comparable
results to polystyrene, but the other substrates had high nonspecific
adhesion. Glycolipids were dissolved in 50% aqueous ethanol. One-half
ml of solution was added to each well of 24-well tissue culture plates
containing the discs and incubated uncovered for 3 h. Control wells
were incubated in 50% ethanol without added lipids. The supernatant
was removed, and the discs were immersed in Tris-bovine serum albu
min (50 mM Tris-HCl-110 mM NaCl-5 mM CaCl2-0.5 HIMphenylmeth-
anesulfonyl fluoride-1% bovine serum albumin-0.02% NaN3, pH 7.8)
for 30 min to minimize nonspecific adhesion. The discs were washed
twice with RPMI medium and overlayed with melanoma cells at a
density of 3 to 8 x 104/cm2, 0.5 ml/well, in 24-well plates. To measure
laminin-dependent adhesion, 5 or 10 Mg/ml of laminin were added to
the RPMI medium. Discs were coated with 4 Mg/ml of sulfatide for
G361 cells and 8 Mg/ml for C32 cells. After incubation for 90 min at
37Â°C,the discs were washed by dipping 6 times in RPMI medium,

fixed with 1% glutaraldehyde in phosphate-buffered saline, pH 7.2, and
stained with 1.5% Giemsa. Attached and spread cells were counted
microscopically.

For inhibition studies using polysaccharides, the polysaccharides
were added to sulfatide- and albumin-coated discs in 0.4 ml of RPMI
medium. Discs were coated with 4 Mg/ml of sulfatide for G361 cell
assays and 8 Mg/ml for C32 cells. Melanoma cells were added in 0.1 ml
of RPMI medium and incubated for 90 min at 37Â°C.Inhibition by

antibodies was determined after preincubation of the cells or discs with
antibody for 20 min at 25Â°C.Cells were centrifuged and resuspended

in fresh RPMI, and the discs were washed to remove antibody prior to
the adhesion assay.

Direct adhesion to laminin-coated plastic was determined as previ
ously described (26).

Sulfatide Adsorption to Plastic. Sulfatide adsorption to polystyrene
was quantified using tritium-labeled sulfatide. Bovine brain sulfatide
was labeled in the ceramide moiety by reduction with [3H]sodium

borohydride (New England Nuclear) in the presence of palladium
chloride (Polysciences, Inc., Warrington, PA) to a specific activity of
100 Ci/mol (37). The [3H]sulfatide at 0.02 to 50 Mg/M>in 50% ethanol

was incubated with polystyrene discs for 3 h uncovered. The discs were
washed and incubated in Tris-bovine serum albumin for 30 min. The
adsorbed lipid on the discs was quantified by scintillation counting in
5 ml of Aquasol (New England Nuclear).

RESULTS

Sulfatide Adsorption to Plastic. The method of Blackburn and
coworkers for coating microtiter plate wells with gangliosides

and phospholipids by evaporation of ethanol-water solutions
(22) was adapted to adsorb sulfatides and other lipids on
polystyrene discs. Sulfatide adsorption is minimal at ethanol
concentrations less than 20% and optimal at 40 to 50% ethanol.
These are similar to the optimal conditions determined for
ganglioside adsorption (22). Adsorption of sulfatide was quan
tified using [3H]sulfatide (Fig. 1). At saturation, 2.8 pmol/mm2

of sulfatide adsorb to polystyrene. This is similar to saturation
monolayer density for phospholipids but higher than for the
larger gangliosides (22). At lower concentrations, approxi
mately 10% of the added sulfatide is adsorbed and is stable to
repeated washing of the discs. For the lowest concentration
tested, 23 ng/ml, adsorption increases to 26% of the added
lipid.

Sulfatide adsorption to polystyrene discs is less efficient than
to microtiter wells (22). In the present protocol, however, the
discs remain immersed in solvent during adsorption. Blackburn
and coworkers reported that the highest level of adsorption was
on the sides of the microtiter plate wells where lipid dried at
the air-liquid interface (22).

Melanoma Cell Adhesion to Adsorbed Lipids. Both C32 and
G361 melanoma cells adhere to surfaces coated with sulfatide
at densities greater than 1 pmol/mm2 (Fig. 2). C32 cells adhere

almost quantitatively, whereas only 10 to 30% of G361 cells
adhere directly to a surface coated with saturating sulfatide.
Although addition of laminin to the medium does not increase
background adhesion of G361 cells in the absence of sulfatide,
it promotes adhesion of an additional 30% of G361 cells to
both high and low densities of sulfatide (Fig. 2). In contrast,
C32 cell adhesion is not significantly increased by laminin at
any sulfatide density. After 90 min, 50 to 80% of the G361
cells attaching to sulfatide in the presence of laminin are spread.
C32 cells adhering directly to sulfatide, however, do not spread
after 120 min at 37Â°C.

Several other tumor cell lines were tested for attachment to
sulfatide in the presence and absence of laminin (Table 1).
A2058 melanoma cells attach directly to plastic coated with 20
Mg/ml of sulfatide but not with 5 Mg/ml. Laminin stimulates
adhesion of A2058 cells to lower sulfatide densities to a similar
degree as with G361 melanoma cells. Similar results were
obtained with MCF7 breast adenocarcinoma cells. Both of these
cell lines have characterized laminin receptors and attach on
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Fig. 1. Sulfatide adsorption to polystyrene. Polystyrene discs were immersed
in 0.5 ml of ethanohwater (1:1, v/v) containing 0.02 to SO*ig/ml of [3H]sulfatide
and incubated for 3 h uncovered. The discs were washed and incubated in Tris-
bovine serum albumin for 30 min. Adsorbed lipid is presented as a function of
added lipid concentration and is the mean of triplicate determinations.
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C32

SULFATIDE [(ig/ml)

Fig. 2. I,amin in-dependent and lumin in-independent attachment of melanoma
cells to sulfatide. Sulfatide at the indicated concentrations in ethanol:water (1:1,
v/v) was adsorbed onto polystyrene discs. The discs were blocked with 1% albumin
for 30 min and washed twice with RPMI medium. Adhesion of G361 (â€¢,O) or
C32 (â€¢,O) melanoma cells was determined after incubation with the discs for 90
min at 37*C in the presence (O, D) or absence (Â«.â€¢)of 10 nn/m\ of laminin.

Points, mean percentage of the applied cells attached to the substrate after 90
min; bars, SD, n = 4.

IÂ«,

THROMBOSPONDINI fwlmt)

Fig. 3. Inhibition by thrombospondin of laminin-independent C32 melanoma
cell adhesion to sulfatide. Adhesion to discs coated with sulfatide (1.8 pmol/mm2)

and albumin (â€¢)or with albumin alone (O) was determined in RPMI medium
containing 0.12 to 40 Mg/ml of thrombospondin. Results are the average of
quadruplicate determinations at each concentration in 2 experiments and pre
sented as the percentage of control adhesion to sulfatide coated discs in the
absence of added protein. In the presence of 10 *ig/ml of laminin (â€¢),adhesion
of C32 cells to sulfatide is not inhibited or enhanced.

Table 1 Laminin-dependent and direct adhesion of tumor cells to sulfatide
Attachment on substrate coated with"

Sulfatide

Cell lineLamininLaminin Thrombospondin DirectstimulatedC32

++ + +
G361 ++ ++ + +
A2058 ++ ++ + +
OHI - ++ +
SW403 +/- + - -
MCF7 + + + +

" Bacteriological plastic was coated with laminin (10 fig/ml), thrombospondin

(SOMg/ml), or sulfatide (20 fig/ml for direct adhesion or 1 fig/ml for adhesion in
the presence of 5 ng/nil of laminin). Cell adhesion was determined after incubation
for 90 min at 37Â°Cexcept MCF7 cells which were incubated for 120 min. A
negative result (-) indicates adhesion to the coated substrate was not significantly
greater than to a surface coated with bovine serum albumin (typically sl%) or
not significantly greater than to sulfatides alone in the case of laminin-stimulated
adhesion.

laminin substrates (33, 38, 39). In contrast SW403 colon ade-
nocarcinoma cells do not attach on sulfatide subtrates, and
laminin does not stimulate adhesion. OHI small cell lung
carcinoma cells attach to sulfatide coated at 5 and 20 ng/m\
but do not attach directly on laminin, and laminin does not
stimulate adhesion to sulfatide. Thus, several cell types attach
on sulfatide, but laminin only promotes adhesion of some of
these cells.

Although laminin has no effect on C32 cell adhesion to
sulfatide, thrombospondin is a potent inhibitor (Fig. 3). Throm
bospondin inhibits C32 cell attachment by 50% at 3 pg/nil.
Using a low density of sulfatide to which laminin promotes
G361 cell adhesion, thrombospondin does not enhance attach
ment of G361 cells at any concentration (Fig. 4). At high
sulfatide density, however, the direct adhesion of G361 cells to
sulfatide is also inhibited by thrombospondin, with 50% inhi
bition of attachment obtained at 4 jug/ml of thrombospondin.
I .aminin mediated adhesion of G361 cells to sulfatide is also
inhibited in the presence of thrombospondin. In two experi
ments where both laminin (5 jug/ml) and thrombospondin (13
Mg/ml) were included in the assay medium, specific G361 cell
attachment to sulfatide was reduced to 0 and 38% of that
obtained using laminin alone.

Promotion of G361 cell adhesion to sulfatide is maximal at
10 ng/m\ of laminin (Fig. 4). In some experiments laminin-
dependent adhesion decreased at higher concentrations of lam-

100
LAMININ or TSPItig.ml)

Fig. 4. Concentration dependence for laminin-mediated adhesion of G361
melanoma cells to sulfatide. Adhesion to discs coated with sulfatide (0.8 pmol/
mm2 of adsorbed lipid) and blocked with albumin (â€¢,â€¢)or with albumin alone

(O, D) was determined in RPMI medium and RPMI medium containing 0.49 to
40 fig/ml of laminin (â€¢,O) or thrombospondin (TSP, â€¢,D). Points, mean
percentage of cells attached; bars, SD, n = 4.

inin, but this may result from depletion of cells due to increased
nonspecific adhesion to albumin-coated plastic.

Soluble laminin need not be present to promote attachment.
Identical enhancement of adhesion is obtained when the sulfa-
tide-coated discs were preincubated with laminin for 20 min
and then washed free of unbound laminin before addition of
the G361 cells. Preincubation of the cells with laminin also
promotes binding to sulfatide, but the enhancement of binding
is generally less than obtained following preincubation with the
sulfatide layer. Using 4 tig/ml of sulfatide for coating, laminin
(5 Mg/ml) specifically promoted adhesion of 18 Â±1% of G361
cells when present in solution, but only 9 Â±3% of G361 cells
when preincubated with the cells but removed before adding
the cells to sulfatide-coated discs.

Lipid specificities of laminin-dependent and direct adhesion
of G361 cells were examined using various glycolipids and
phospholipids adsorbed on polystyrene (Table 2). Gangliosides
GiM3,(Â¡MI,(Â¡m,,,(Â¡mi,,Coa, and GTS do not promote adhesion
of these cells in the presence or absence of laminin. G361 cells
in the presence of laminin adhere weakly to discs coated with
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Table 2 Adhesion 0/G36I melanoma cells lo lipids
Cells attached/mm1'LipidNoneSulfatideSulfatideSulfatideGlobosideGMJGMIGDIÂ»GoibCDSGT,PhosphatidylethanolaminePhosphatidylserineConcentration

(Mg/ml)2051.25502050202020202020-Laminin0.23140.6132321111-1-
Laminin

(5 â€žg/ml)1.4836226270331359

Table 3 Inhibition of laminin-dependent adhesion ofG36l melanoma cells and
direct adhesion ofC32 melanoma cells to sulfatides

IÂ»G"g/ml)Â°

"G36I melanoma cells (270/mm2) in RPMI were applied to plastic discs

coated with various lipids, and adhesion in the presence and absence of laminili
was measured after 90 min at 37'C. Results are the mean of quadruplicate

determinations.

UPID

Fig. 5. G361 melanoma cell attachment to lipids adsorbed on plastic. G361
cell adhesion was determined after incubation for 90 min at 37*C in the absence

(O, D) or presence (â€¢,â€¢)of 5 pg/ml of laminin to polystyrene discs pretreated
with the indicated concentrations of sulfatide (â€¢.O), seminolipid (â€¢.D), choles
terol 3-sulfate (T, V), or to uncoated discs (A, A).

phosphatidylserine. In direct binding assays, laminin binds
weakly to this phospholipid (19).

Three sulfated glycolipids were compared as substrates for
melanoma cell adhesion. Laminin promotes adhesion of G361
cells to both sulfatide and seminolipid but only weakly enhances
adhesion to cholesterol 3-sulfate (Fig. 5). Laminin mediated
adhesion is detectable to polystyrene discs coated with less than
0. 1 Mg/ml of sulfatide which have adsorbed lipid densities of
only 25 fmol/mm2. G361 cell adhesion to seminolipid is weak

in the absence of laminin, and no adhesion could be detected
to cholesterol 3-sulfate without laminin present.

C32 melanoma cell adhesion to the three sulfated lipids was
also examined (data not shown). C32 cells adhere equally to
sulfatide and seminolipid but not to cholesterol 3-sulfate. As
shown in Fig. 2 for sulfatide, addition of laminin has no effect
on adhesion of C32 cells to seminolipid or cholesterol 3-sulfate.

Inhibitors of Adhesion to Sulfatide. Several sulfated polysac-
charides are potent inhibitors of laminin binding to sulfatide
(40) and were tested for inhibition of melanoma cell adhesion
(Table 3). Fucoidan is the best inhibitor of laminin binding to
sulfatide (40) and of laminin-mediated adhesion of G361 cells
to sulfatide. Dextran sulfate, a galactose-rich sulfated polysac-
charide Fl from 5. plicata, and heparin also inhibit, whereas
chondroitin sulfate, hyaluronate, colominic acid, and yeast

Laminin-dependent
adhesion of

Inhibitor G361cellsFucoidan

Dextran sulfate (M, 500.000)
Heparin
S. />//ruruMiltati'd glycan Fl
5. p/irafa-sulfated glycan F2
Chondroitin sulfate
Hyaluronate
Colominic acid
//. holstii phosphomannan0.2

0.6
24

8>100

>100
>100
>100
>100Direct

adhesion
of C32cells0.05

0.05
0.8

>100
>100
>100
>100
>100
>100

" IMI.concentration of inhibitor giving 50% inhibition of control cell attachment

when included as a competitive inhibitor in the adhesion assay.

phosphomannan are inactive. Fucoidan also inhibits laminin
independent adhesion of G361 cells to sulfatide. Using plastic
coated with S Mg/ml of sulfatide, 30 Mg/ml of fucoidan inhibit
laminin-dependent adhesion 93% and laminin-independent
adhesion 94%. At saturating sulfatide (50 Mg/ml), however,
laminin-independent adhesion is inhibited only 58% at the same
fucoidan concentration.

C32 cell adhesion to sulfatide is strongly inhibited by fucoi
dan and dextran sulfate (Table 3). Using 8 Mg/ml of sulfatide
(1.7 pmol/mm2 adsorbed), fucoidan and dextran sulfate inhibit
adhesion by 50% at 0.05 Mg/ml. Heparin is about 10-fold less
active, and S. p/icato-sulfated glycans, yeast phosphomannan,
chondroitin sulfate, hyaluronic acid, and colominic acid are
inactive.

Involvement of the M, 68,000 laminin receptor in laminin-
mediated G361 cell adhesion to sulfatide was examined using
an antiserum to the laminin receptor. A rabbit polyclonal
antiserum to laminin receptor (33) inhibits direct adhesion of
G361 cells to laminin substrate by 48% and laminin-mediated
adhesion to sulfatides by 83% following preincubation with the
cells (Table 4). The antiserum does not inhibit G361 cell
attachment on thrombospondin. Laminin-mediated adhesion is
inhibited both in the presence of soluble laminin and to sulfatide
layers preincubated with laminin (data not shown). Thus, the
antiserum to laminin receptor specifically inhibits laminin bind
ing to the cells and does not inhibit laminin binding to the
sulfatide layer.

As both C32 and G361 cells attach to laminin-coated sub
strates (26), both cells should have laminin receptors. If part of
these receptors is occupied by laminin secreted by the cells,
adhesion to sulfatides in the absence of exogenous laminin
could still be laminin dependent. Alternatively, other sulfatide-
binding proteins could mediate adhesion of C32 cells.

To determine whether endogenous laminin mediates C32 cell
adhesion, rabbit antiserum to laminin was tested as an inhibitor.
This antiserum inhibits both C32 and G361 cell adhesion to
laminin substrates (Table 4). The antiserum also inhibits lami
nin-dependent adhesion of G361 cells to sulfatide (Table 4).
Similar inhibition was obtained when the plate was preincu
bated with laminin for 30 min followed by antibody which was
removed before addition of cells, but not when antibody was
preincubated with the plate before laminin was added (data not
shown). This excludes the possibility that inhibition is due to
sulfatide-binding proteins in the antibody preparation. Thus,
the antiserum inhibits both direct adhesion of C32 and G361
cells to laminin and laminin-dependent adhesion of G361 cells
to sulfatide. Pretreatment of C32 cells with the antiserum,
however, did not inhibit their adhesion to sulfatide (Table 4).
Therefore, adhesion of C32 cells to sulfatide is probably not
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Table 4 Antibody inhibition of melanoma cell adhesion to sulfatides or laminin

CelllineC32G361Attachmentsubstrate"LamininLamininLamininSulfatideSulfatideSulfatideSulfatideLamininLamininLamininLamininSulfatide

+lamininSulfatide
â€”lamininSulfatide
*lamininSulfatide
+ lamininAntibody

preincubationwithCellsAnti-thrombospondin

A2.5Anti-thrombospondin
C6.7Anti-laminin
(1:20)Anti-laminin

receptorAnti-laminin

receptorÂ»

CellsattachedSubstrateAnti-laminin

(1:20)Anti-laminin
(1:100)Anti-laminin

(1:20)Anti-laminin
(1:100)Anti-laminin

(1:100)Per

mm258

Â±2'0Â±05Â±260

Â±472
Â±757
Â±651

Â±10249

Â±2122
Â±512

Â±2129
Â±1641

Â±95Â±51

Â±17Â±4%

ofcontrol100091001209581100955210012117

"Cell adhesion to polystyrene discs coated with laminin or sulfatide was determined as described in "Materials and Methods." Laminin was used at 10-^g/ml and
sulfatide at 8-^g/ml or 4-/ig/ml initial concentrations for C32 and G361 cell assays, respectively.

h Preincubation with antibodies to laminin or thrombospondin was for 20 min at room temperature on a rotating table. Cells were centrifuged and resuspended in
fresh medium, and the discs were washed twice with fresh medium to remove free antibody before adding melanoma cells. For inhibition studies with anti-laminin
receptor, the antisemiti was preincubated with the cells at 1:20 and remained present during the adhesion assay at 1:100 final dilution.c Mean Â±SD (n = 4).

laminin dependent. Attachment of OHI cells on sulfatide but
not on laminin suggests that a laminin-independent mechanism
of attachment to sulfatides also occurs in other cell types.

Because C32 cells attach to thrombospondin-coated sub
strates (26) and thrombospondin binds to sulfatide (27), throm
bospondin synthesized by the melanoma cells (41) and bound
to the cell surface could mediate C32 cell adhesion to sulfatides.
This would be consistent with inhibition of adhesion by exog
enous thrombospondin. Antibodies to thrombospondin were
tested as inhibitors of C32 cell adhesion to sulfatide (Table 4).
Monoclonal antibodies C6.7 and A2.5, at concentrations which
inhibit thrombospondin binding to melanoma cells (26) or to
sulfatide (27), respectively, had no effect on C32 cell adhesion
to sulfatide. Thus, neither laminin nor thrombospondin me
diates C32 cell adhesion to sulfatide.

DISCUSSION

Melanoma cell adhesion to sulfatide-coated surfaces can oc
cur by two mechanisms: direct interaction with a sulfatide-
binding protein on the cell surface or laminin-mediated cross-
linking of cell surface laminin receptors to sulfatide. The former
mechanism is probably manifest in all three melanoma cell lines
examined, although the extent of cell adhesion by this mecha
nism is greater with C32 cells than G361 or A2058 cells (Fig.
2). Two of the three other tumor cell lines tested also attach
directly on sulfatide (Table 1), although participation by endog
enous laminin produced in these cell lines has not been ex
cluded. Direct adhesion requires relatively high surface densities
of lipid and is maximal to a sulfatide monolayer. Many tumor
cells have cell surface lectins specific for 0-galactosides (42) and
various other sugar sequences (reviewed in Ref. 43). We have
demonstrated here that several tumor cell lines also have lectin-
like surface molecules that bind to sulfated glycolipids and that
these can specifically mediate cell adhesion to monolayers
containing sulfatide. Based on antibody inhibition data, the
sulfatide-binding protein on C32 cells is not laminin or throm
bospondin. Whether a melanoma membrane protein is directly
involved or an additional soluble sulfatide-binding protein is
bound to a receptor on the melanoma surface remains to be

determined. This sulfatide binding protein is not present, how
ever, on SW403 cells.

Laminin-dependent adhesion to sulfatides occurs only with
G361 and A2058 melanoma cells and to a lesser extent with
MCF7 breast adenocarcinoma cells. This mechanism of adhe
sion functions at relatively low sulfatide densities where direct
adhesion of G361 melanoma cells is minimal. Laminin in the
medium at low concentrations only weakly stimulates adhesion
to albumin-coated plastic but strongly promotes adhesion to
sulfatide. Thus, laminin and sulfatide act synergistically, sug
gesting that laminin is simultaneously binding to receptors on
the cells and to sulfatide. As G361 cells attach and spread on
laminin comed surfaces (26) and antibodies to the M, 68,000
laminin receptor inhibit direct adhesion to laminin and laminin-
mediated adhesion to sulfatides (Table 4), these cells probably
have laminin receptors similar to those characterized on MCF7,
A2058, and other tumor cell lines (5-7). C32 cells must also
have laminin receptors to mediate their adhesion to laminin
(26), but the receptors may differ in number or type as they do
not support laminin-mediated adhesion to sulfatides.

Lipid specificities are similar for G361 cell attachment in the
presence and absence of laminin (Table 2; Fig. 5). Only sulfatide
and seminolipid promote direct melanoma cell adhesion. Both
active lipids contain galactose 3-sulfate, whereas the simple
sulfate ester cholesterol 3-sulfate is inactive. In contrast, chick
retinal cells attach on plastic coated with various gangliosides
but not with sulfatide (22). Laminin strongly stimulates adhe
sion to sulfatide and seminolipid, slightly to cholesterol 3-
sulfate and phosphatidylserine, but not at all to gangliosides or
other lipids. This specificity is identical to that for direct binding
of laminin to lipids (19).

Polysaccharide inhibition indicates some differences between
direct and laminin-dependent melanoma cell adhesion. Heparin
is a better inhibitor of direct adhesion, whereas Fraction Fl
from 5. plicata is less active. Inhibition of laminin-dependent
adhesion (Table 3) closely parallels the relative activities of the
polysaccharides for inhibiting laminin binding to sulfatide (40).
A sulfated galactose-rich polysaccharide Fl from S. plicata (32)
also inhibits laminin-dependent adhesion to sulfatide, whereas
a second polysaccharide, F2, containing more amino sugars is
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inactive. The sulfated galactan, however, is less active than the REFERENCES
sulfated fucose polymer fucoidan. As proposed previously,
charge orientation rather than the identity of the esterified
sugar may play a primary role in determining laminin binding
affinity for these polysaccharides (40).

Both laminin and thrombospondin bind specifically to sul
fatide and to receptors on melanoma cells. The present results
demonstrate that these specificities are not sufficient for a
protein to mediate cell adhesion to sulfatides. Conformation of
the proteins and the spatial orientation of binding sites may be
critical. Laminin can simultaneously bind to a cell surface
receptor and to sulfatides on an opposing surface. Similar
laminin-mediated cross-linking occurs between cells and type
IV collagen (3, 39). Based on binding activities of proteolytic
fragments of laminin, both type IV collagen and sulfatide
binding sites are on the ends of the short arms of laminin (9,
19, 39).

Thrombospondin can bind simultaneously to a melanoma
cell receptor using a site at the carboxyl terminus and to
melanoma cell-sulfated glycoconjugates via the amino-terminal
heparin binding domain (26). Thus, both sites can be used when
the respective ligands are on the same surface. In the present
adhesion assay, however, thrombospondin is unable to bind
simultaneously to the same ligands when they are on opposing
surfaces. Therefore, thrombospondin cannot mediate cell-cell
adhesion by this mechanism but rather is an inhibitor of adhe
sion. The limited conformational freedom for this activity may
explain a previous report that thrombospondin acts as an anti-
adhesive factor for attachment of endothelial cells to substrates
(44).

The biological functions of the two types of cell adhesion to
sulfatides are unknown. A few tissues such as brain and kidney
may have sufficient concentrations of sulfatide (45, 46) to
support laminin-independent adhesion, but most other tissues
do not. In contrast, laminin-dependent adhesion requires only
low sulfatide densities and, therefore, may participate in many
cell interactions. In view of the high concentration of sulfatides
in brain, it is interesting that sulfatides were recently proposed
as a likely receptor for RN22 schwannoma cell attachment to
laminin (47).

The sulfated polysaccharides that inhibit laminin-dependent
cell adhesion to sulfatides also inhibit several cell interactions
including lymphocyte binding to high endothelial venules (48)
and recirculation (49), endothelial cell spreading (50), and
metastasis of tumor cells injected in mice (51, 52). Lymphocyte
recirculation is a complex process that is also inhibited by yeast
phosphomannan and other agents that do not affect laminin-
dependent adhesion (53). Lymphocytes, macrophages, and met-
astatic tumor cells, however, have surface laminin or receptors
for laminin (14, 15, 20) and for sulfated polysaccharides (51,
52, 54, 55). Laminin antibodies (56), receptor binding frag
ments of laminin (20), and sulfated polysaccharides that bind
to laminin (51, 52) inhibit metastasis. The present results
suggest that, in some cases, these inhibitors may be blocking
different sites of a common laminin-dependent adhesion mech
anism.
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