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ABSTRACT

Mel-cell adhesion molecule (CAM), also known as MUC1S and CD146,

is a novel member of the immunoglobulin supergene family. Mel-CAM
was first identified as an integral membrane glycoprotein in human
melanoma and is also abundantly expressed by endothelial cells of various
origins. In a previous study (I. M. Shih et a!., Cancer Res., 54: 2514â€”2520,

1994), we showed that Mel-CAM is a ceU-cell adhesion molecule with a
possible role in melanoma invasion and metastasis. Here, we define the
molecular mechanism responsible for cell-cell adhesion of Mel-CAM and
demonstrate its role in melanoma-endothelial cell interactions. Most of
human melanoma cells, including Mel-CAM-negative SBcl-2 cells, ad
hered to nitrocellulose-immobiized Mel-CAM produced by baculovirus
recombinants. This adhesion can be blocked by full-length Mel-CAM or
polyclonal antiserum against Mel-CAM. Adhesion is not affected by the
presence of EDTA, truncated Mel-CAM extracellular domain, or heparan
sulfate proteoglycan. In cell aggregation assays, Mel-CAM-negative
SBcl-2 ceHscluster with U937TM cells (U937 transfected with Mel-CAM
cDNA) but not with control nontransfectants, suggesting that SBcl-2 cells
express the ligand for Mel-CAM. SBcl-2 cells also form heterotypic ag
gregates with Mel-CAM-positive human endothelial cells but not with
Mel-CAM-negative but ligand-positive smooth muscle cells. Taken to
gether, our results show that Mel-CAM mediates cell-cell adhesion
through heterophilic adhesion to an as yet unidentified ligand present on
melanoma but not on endothelial cells. Thus, melanoma-endothelial in
teractions during metastasis may occur through this novel mechanism.

INTRODUCTION

CAMs4 involving homophilic and heterophilic cell-cell interactions
have been suggested to play important roles in organogenesis and
maintenance of tissue integrity (1). Aberrant expression of different
CAMs is a contributing factor to tumor development and progression
(for review, see Ref. 2). These CAMs include members of several
gene families of adhesion molecules, such as integrins, selectins,
cadherins, and molecules belonging to the immunoglobulin gene
superfamily. Mel-CAM (also known as MUC18 and CD146) was
identified as a member of the immunoglobulin gene superfamily
based on cDNA and genomic sequence organization from human
melanoma cells (3, 4). Nucleotide sequence analysis reveals that
Mel-CAM displays significant homology to a number of CAMs
within the immunoglobulin superfamily containing the characteristic
V-V-C2-C2-C2 immunoglobulin domain structure. These molecules
include HEMCAM (5), B-CAM (6), BENIDM-GRASP/SC1 (7-10),
ALCAM (1 1), gicerin (12), and KG-CAM (13). Mel-CAM is an
integral membrane glycoprotein with an apparent molecular weight of
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I 13,000 and possesses several protein kinase recognition motifs in its
cytoplasmic domain, suggesting a potential involvement of the cyto

plasmic region in cell signaling (4). Mel-CAM is highly glycosylated,
and approximately 35% of the molecular mass is composed of car
bohydrates, including sialic acid and HNK- 1 carbohydrate moieties.
Like ICAM-l, Mel-CAM is highly expressed on the majority of
malignant melanomas and some nevi but not on normal melanocytes
(14) in situ. Mel-CAM expression correlates with tumor thickness and
metastatic potential (15â€”18).The presence of putative binding sites
for the transcriptional factors AP-l , AP-2, and CREB in the promoter
region suggests that Mel-CAM expression can be modulated by
exogenous factors (4). Indeed, Mel-CAM expression in melanocytic
cells is environmentally regulated by epidermal keratinocytes through
direct cell-cell contacts (19). Previous immunohistochemical studies
in normal human tissues demonstrated Mel-CAM expression in cer

ebral cortex, endothelial cells, smooth muscle cells, hair follicles,
activated T lymphocytes, breast ductal epithelium, and intermediate
trophoblasts (14, 20â€”22).In tumors other than melanoma, Mel-CAM
immunoreactivity was found in leiomyosarcoma, angiosarcoma, pla
cental site trophoblastic tumor, and choriocarcinoma (20, 23, 24). Our
previous results have shown that three human melanoma cell lines
examined adhere to immobilized Mel-CAM affinity purified from
melanoma cells, implying that Mel-CAM acts as an adhesion mole
cule for melanoma cells (14). This adhesion between melanoma cells
and recombinant Mel-CAM is temperature dependent (14). However,
the heterotypic and/or homotypic interactions mediated by Mel-CAM
have not been well defined. In this study, we further characterize the
mechanism of Mel-CAM adhesion using both solid-phase adhesion

experiments and heterotypic cell aggregation assays. To obtain a
sufficient amount of Mel-CAM for study, we affinity purified Mel
CAM from Sf9 Spodoptera frugiperda insect cells transduced with
recombinant baculovirus. The baculovirus-insect cell expression sys
tem was used for its ability to abundantly express recombinant gly
cosylated proteins, which often resemble native proteins with respect
to function, immunoreactivity, and immunogenicity (25). The intro
duction of Mel-CAM expression in nonadhesive U937 human leuke
mia cells and SK-Mel 25 melanoma cells in this study failed to induce
adhesion to recombinant Mel-CAM. Likewise, HUVECs, which
highly express Mel-CAM in vitro, do not significantly adhere to
Mel-CAM in solid-phase assay. Conversely, SBcl-2 melanoma cells
and HSMCs, which do not express Mel-CAM in culture, adhere to
recombinant Mel-CAM. In heterotypic cell aggregation assays,
SBcl-2 cells form heterologous aggregates with Mel-CAM-trans
fected U937 cells but not with control nontransfectants. SBcl-2 cells
also cluster with HUVECs where cell aggregation was perturbed by
both recombinant full-length Mel-CAM and Mel-CAM-specific anti
serum. Thus, this study provides new evidence suggesting that Mel
CAM mediates cell-cell adhesion by heterophilic interactions to a yet
unidentified ligand that could contribute to melanoma-melanoma cell
and endothelium-melanoma cell adhesion during tumor growth and
metastasis.

MATERIALS AND METHODS

Cell Culture,Transfection,and Flow Cytometry.Humanmelanoma
cells were cultured in W489 medium supplemented with 2% FCS and 5 @g/ml
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insulin (26). Endothelial cells and smooth muscle cells from human umbilical
veins were grown in Ml99 medium (Sigma Chemical Co., St. Louis, MO)
supplemented with 10% FCS, heparin (50 @g/ml),pituitary extract, and 2%
glutamate. Human monocytic leukemia cells (U937) were maintained in RPM!

1640 supplemented with 10% FCS. Mel-CAM-positive U937TM cells trans
fected with Mel-CAM cDNA were maintained in the same medium supple
mented with 500 @g/ml0418 (19). For transfecting SK-Mel 25 melanoma
cells, cDNA clone drop 4.7, kindly supplied by J. Johnson (University of
Munich, Munich, Germany), encoding Mel-CAM was cloned into the expres

sion vector pCB6+ carrying the cytomegalovirus promoter and neomycin
resistance gene. SK-Mel 25 melanoma cells (2 X l0@)were washed with PBS
(Dulbecco's modification) and resuspended in 0.4 ml of PBS. PCB6+IMel
CAM vector (10 @.tg)was added to the cell suspension, which was transferred
to a plastic electroporation cuvette (Bio-Rad, Richmond, CA). The cell sus
pension was subjected to electroporation (960 mFD and 350 V) using a

Gene-pulser electroporation unit (Bio-Rad). After being pulsed, cells were
transferred into Petri dishes containing neomycin selection medium (RPMI
1640 with 10% FCS and 500 p@g/mlG418 sulfate). Transfected cells were
cloned by serial dilution, and each clone was evaluated by flow cytometry. For
this assay, cultured cells were stained for 20 mm with mAb A32 (10 p@g/ml)
and then incubated at 4Â°Cfor another 20 mm with FITC-conjugated goat IgG
antimouse IgG. Cells were analyzed using an Ortho Cytofluorograf 50H
connected to a 2150 Data Handling System (Ortho Diagnostics, Inc., West
wood, MA). Mouse serum in place of mAb A32 was used as a negative control.

Expression of the Full-Length and Extracellular Domain of Mel-CAM
in Baculovirus Recombinants. cDNA that encodes the amino-terminal cx
tracellular domain (containing the NH2-terminal 534 amino acids) of Mel
CAM was obtained by a nonsense (amber) mutation (GGCâ€”+TGA)at the
534th codon encoding the first deduced amino acid in the transmembrane
domain using the site-specific mutagenesis method (27). The sequence was
confirmed by nucleotide sequence analysis. Both full-length and truncated
Mel-CAM cDNA were cloned out from the pUC1 8 vector and inserted into the

baculovirus transfer vector pVL1393 (Invitrogen Corp., San Diego, CA),
downstream from the AcNPV polyhedrin promoter. The restriction enzymes
EcoRl and Psi! were used to directionally subclone the truncated Mel-CAM
product into pVLl393.

Generation and purification of baculovirus recombinants was performed
essentially as described previously (28). Briefly, Sf9 insect cells (Invitrogen

Corp.) were cultured at 27Â°Cin supplemented Grace's insect medium. An
aliquot of 2.0 x 106 cells was cotransfected with 1.5 @.tgof purified AcNPV
viral DNA and 2 ,.sgof pMel-CAM-EC using the calcium phosphate precip
itation method. After 7 days of incubation, a viral stock containing wild-type
and recombinant viruses was harvested. Recombinants were enriched by two
rounds of visual screening for occlusion body-negative recombinant viral
plaques.

To determine the time course of expression efficiency of full-length and
truncated Mel-CAM, cell pellets and supernatants of Sf9 insect cells infected

with purified Mel-CAM recombinant virus were collected on days 1, 3. and 5.
Then, 50 @lof each supernatant were subjected to Western blot analysis using
mAb A32.

Antibodies and Antigen Purification. Mel-CAM-specific mAb A32 was

affinity-purified from ascitic fluid on a protein G-Sepharose column (14). The

polyclonal antiserum was generated in a rabbit against recombinant full-length
Mel-CAM (80 @g)produced in Sf9 cells. Preimmunized serum from the same
rabbit was used for control studies. The Mel-CAM polyclonal antiserum

resulted in its identical immunoblotting and immunostaining patterns when
compared with mAb A32. Secondary antibodies, including isothiocyanate- and
alkaline phosphatase-labeled goat IgG antimouse IgG, were purchased from
Jackson ImmunoResearch Laboratories (West Grove, PA). Antigen purifica
tion was performed using affinity chromatography with affinity-purified mAb

A32 as described previously (14). Briefly, purified full-length or truncated
Mel-CAM were obtained by cycling approximately 200 ml of Sf9 cell extract
or supernatant through a mAb A32 immunoaffinity column, and the antigen
was eluted with 100 mMtriethylamine (pH 11.5). The purified proteins were
neutralized, dialyzed against PBS, and concentrated using Centriprep concen
trators (Amicon, Beverly, MA).

Western Blot Analysis. Protein samples were separated on 8% nonreduc
ing SDS polyacrylamide gels by the method of Laemmli (29) followed by

electroblotting to a Millipore Immobilon-P polyvinylidene difluoride mem

brane for 2â€”3h at 250 mA constant current using 10 mt@iTris, 100mr@iglycine,
in 10% methanol as the transfer buffer (30). The polyvinylidene difluoride
membrane was blocked with 5% nonfat dry milk in TBST for I h, rinsed three
times with TBST, incubated with primary antibody (mAb A32) at a concen

tration of 1 @.Lg/mlin TBST for 1 h, rinsed three times with TBST, incubated
with antimouse IgG-alkaline phosphatase conjugate for 1 h, and washed three

times with TBST. Positive bands were detected by incubation for 10 mm in

color reagent consisting of 330 @lof 5-bromo-4-chloro-3-indolyl phosphate
(BCIP) reagent and 660 @lof nitroblue tetrazolium (NBT) reagent (Promega,
Madison, WI) in 100 ml of alkaline phosphatase buffer (100 mMTris, 100 mM
NaC1,and 5 mMMgC12,pH 9.5) in the dark. The color reaction was stopped
by removing the reagent followed by repetitive rinses with MilliQ water, and
the membrane was air dried for storage.

CeH Adhesion and Heterotypic AggregationAssay. Nitrocellulose
coated plastic Petri dishes were prepared for solid-phase adhesion assays (31).
Briefly, a 9-cm2 strip of nitrocellulose (Schleicher & Schuell, Keene, NH) was
dissolved in 15 ml of methanol, and 1 ml of the solution was spread over the

surface of a 35-mm polystyrene Petri dish (VWR Scientific, Philadelphia, PA)
and allowed to dry in a laminar flow hood. Four @.dof affinity-purified native
WM1366- or Sf9-derived full-length Mel-CAM (200 @g/ml)and control
samples [including the recombinant extracellular domain of Mel-CAM, BSA,
and heparan sulfate proteoglycan (200 p@g/ml;Sigma)i were applied to the
nitrocellulose-coated dishes. These were then incubated at 37Â°C for 30 mm

followed by washing and blocking with W489 culture medium containing 20%
FCS at 37Â°Cfor 30 mm. Human cells (except U937 and U937TM cells, which
grew in suspension) were detached from culture flasks using versene. Cell

viability was evaluated by trypan blue exclusion. Two-ml cell suspensions
(1 X 106 cells/mI) of melanoma cells, HUVECs, HSMCs, U937TM cells, and

U937 cells in serum-free culture medium were added to the dishes and
incubated for 10 mm at 37Â°C.After three gentle washes with PBS, cells were
fixed with 3% paraformaldehyde, and adherent cells were counted under a light
microscope. Results were expressed as the average number of adherent cells in

five randomly chosen fields from five experiments at X150 magnification.
Heterotypic cell aggregation assays were performed essentially as described

previously (32). Briefly, 1.5 X 106 SBc1-2 melanoma cells (provided by Dr. B.
Giovanella, Stehlin Foundation for Cancer Research, St. Joseph Hospital,
Houston, TX), were labeled with 2 @mof PKH26-GL vital dye (Sigma) for 2
mm and washed with 20% of FCS in PBS without calcium and magnesium.
The labeled cells were then mixed with an equal number of U937 cells,
U937TM cells, or HUVECs in a final volume of 0.5 ml of PBS containing
0.5%glucose,0.1%EDTA,and0.2%BSA.Themixedcellsuspensionswere
transferred to l5-ml polystyrene tubes and incubated at 37Â°Cfor 40 mm. At
intervals, glutaraldehyde (at a final concentration of 2%) was added to the
tubes to stop the aggregation process, and aliquots of equal volumes from each
sample were transferred into 48-well plates. Aggregation was quantified by
evaluating the percentage of SBcI-2 melanoma cells (red fluorescence label)
forming heterologous cell aggregates in five representative fields from five
experiments under fluorescence microscopy. For blocking assays, recombinant

soluble full-length Mel-CAM (100 @.tWml)and Mel-CAM-specific rabbit an
tiserum (1:300) were used. Purified recombinant Mel-CAM extracellular do
main, heparan sulfate proteoglycan, and preimmunized rabbit serum were
negative controls.

RESULTS

Expression of Full-Length and Extracellular Domain of Mel
CAM. We used a baculovirus-insectcell proteinexpressionsystem to
produce recombinant Mel-CAM for solid-phase adhesion assays. Two
different human Mel-CAM proteins were expressed in Sf9 insect cells
by infection with baculovirus recombinants. One consisted of the
full-length form of Mel-CAM, derived from EcoRI digestion of the
pCB6 + recombinant plasmid. The other comprised an amber
mutated extracellular truncated version of Mel-CAM. The expression
of both versions of Mel-CAM was detected and compared to that of
native Mel-CAM from WM1366 melanoma cells by immunoblot

analysis using mAb A32 (Fig. 1). The full-length recombinant Mel

CAM migrated slightly more rapidly than the protein from WM1366
cells, apparently due to less extensive glycosylation of the recombi
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OriginCell line%
Cells expressing

Mel-CAMâ€•No.
of adherent

cells Â±SDPrimary

melanomaWM9O2B
WM1552C
SBcI 2
SK-Mel25
SK-Mel25TMâ€•99

26
<1

4
99108

Â±13
295Â±19
202 Â±18

13 Â±3
19Â±10Metastatic

melanomaWM852
l2O5Lu
WM136IC
WM179IC100

99
96
99208

Â±15
180Â±12
201Â±10
205Â±IIMyelomonocytic

leukemiaU937< 110 Â±1U937TM998Â±4EndothelialHUVEC1006

Â±2Smooth

muscleHSMC< I1 20 Â±20
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inhibited in their binding to immobilized Mel-CAM. Similarly,
SBcl-2 melanoma cells showed decreased adhesion to immobilized
Mel-CAM following preincubation with Mel-CAM-specific anti
serum but not with preimmunized serum (Fig. 3). The blocking effects
in solid-phase adhesion due to soluble Mel-CAM or anti-Mel-CAM
sera were concentration and titer dependent (not shown). SK-Mel 25
and U937 cells were then transfected with a full-length Mel-CAM
cDNA pCB6 + expression vector. Flow cytometry revealed that 99%
of Mel-CAM-transfected SK-Mel 25 (SK-Mel 25TM) and U937 cells
(U937TM) expressed the antigen on their cell surface. As shown in
Table I , both SK-Mel 25TM and U937TM cells, including the pa
rental cells, did not significantly bind to the recombinant Mel-CAM in
solid phase.

Heterotypic Cell Aggregation. Mel-CAM-negative SBc1-2 cells
were mixed with equal cell numbers of U937, U937TM, or endothe
hal cells, and the ability of Mel-CAM to mediate cell-cell aggrega

tions was examined. Because adhesive interactions mediated by Mel
CAM are Ca@2-independent, we used EDTA in this assay to reduce
potential cell-cell adhesions involving Ca@2-dependent mechanisms.

A B
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97- -97
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@ - 66

66-
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123 45
Fig. 1. Expression of full-length and extracellular domain of Mel-CAM by baculovirus

recombinants. The cell lysate and culture supematants were collected from Sf9 cells
following infection with full-length Mel-CAM or the extracellular domain of Mel-CAM
eDNA baculovirus reconstructs, respectively. Both versions of Mel-CAM were detected

by immunoblotting analysis. A, Western blot from an 8% nonreducing gel. Lane 1, cell
lysate from WM 1366 cells; Lane 2, cell lysate from Sf9 insect cells expressing full-length
Mel-CAM; Lane 3, culture medium from insect cells expressing the extracellular domain
of Mel-CAM. B, Coomassie Blue-stained gel run under reducing conditions showing
purified full-length Mel-CAM (Lane 4) and purified extracellular domain Mel-CAM
(Lane 5).

nant protein. The extent of glycosylation of the recombinant full
length Mel-CAM and extracellular domain of Mel-CAM appeared to
be simiuiar because their relative migration rates were consistent with
the differences in their sequence length. The ability of melanoma cells
to bind in solid-phase adhesion assays to full-length recombinant
Mel-CAM was comparable to binding to Mel-CAM purified from
human melanoma cells (Fig. 2). Moreover, adhesion of melanoma
cells to both native and full-length recombinant Mel-CAM could be
inhibited to a similar extent by preincubating cells with soluble
full-length recombinant Mel-CAM, indicating that the recombinant
Mel-CAM retained full functional activity for cell adhesion.

Adhesion of CUltUred Cells to Immobilized Mel-CAM. Recom
binant full-length Mel-CAM and control proteins that included the
extracellular domain of Mel-CAM and BSA at 200 @g/mlwere
immobilized on the nitrocellulose and the binding ability of various
cells assessed. The human cell lines used here included eight mela
noma cell lines, U937 human leukemia cells, HUVECs, and HSMCs.
Cell viability of all lines used remained above 95% as determined by
trypan blue exclusion. Mel-CAM expression and solid-phase adhesion
results from representative cell lines are shown in Table 1. Based upon
flow cytometry assays, all melanoma cell lines tested except SBc1-2
and SK-Mel 25 expressed Mel-CAM on their cell surface to various
degrees, ranging from 26 to 100%. In solid-phase adhesion assays to
immobilized Mel-CAM on nitrocellulose-coated dishes, all melanoma
cells except SK-Mel 25 adhered to immobilized Mel-CAM. Mel
CAM-positive endothelial cells did not bind to solid-phase Mel-CAM.
In contrast, Mel-CAM-negative vascular smooth cells showed signif
icant adherence to immobilized Mel-CAM. The adhesion ability of
Mel-CAM nonexpressing SBcl-2 melanoma to Mel-CAM was not
affected by the presence of EDTA (Fig. 3). Melanoma cells pretreated
with full-length but not extracellular recombinant Mel-CAM were

ci)
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â€˜I
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a-s

E
z

0
0

-Mel-CAM

+Mcl-CAM

U937 cells

I I

Mel-CAM purified Mel-CAM purified
from WM1366 cells from sf9 cells

Fig. 2. Functional activity of purified recombinant full-length Mel-CAM. The ability
of full-length recombinant Mel-CAM to bind WM1366 melanoma cells was compared in
a solid-phase assay with the native Mel-CAM purified from human melanoma cells. U937
cells were used for negative controls.

Table I Relationship between binding of normal and malignant cells to immobilized
recombinant Mel-CAM and their expression of cell surface Mel-CAM

Expression of Mel-CAM was tested with mAb A32 by fluorescence-activated cell
sorting. Adhesion of cells to recombinant full-length Mel-CAM was tested by solid-phase
adhesion assays.

a Binding of control mouse serum was below 2% of cells.
b Mel-CAM-transfected cells.
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Fig. 3. Effects of EDTA, recombinant Mel-CAM. and Mel-CAM-specific antiserum on
the adhesion of SBcl-2 melanoma cells to immobilized Mel-CAM. Adhesion of SBcl-2
cells to Mel-CAM was not affected by the presence of EDTA in the cell suspension during
the assay. However, SBcl-2 cells pretreated with full-length but not extracellular Mel
CAM were inhibited in their binding to immobilized Mel-CAM. Similarly, SBcl-2 cells
showed decreased adhesion to immobilized Mel-CAM if the dish was preincubated with
Mel-CAM-specific antiserum but not with preimmunized serum. Columns. mean number
of adherent cells from five experiments: bars. SD.

As shown in Fig. 4, A and B, fluorescence-labeled SBcl-2 cells in
suspension clustered with Mel-CAM-expressing U937TM cells but
not with Mel-CAM-negative parental U937 cells. SBcI-2 cells also
formed heterotypic cell aggregates with human endothelial cells in
which aggregation could be partially blocked either by soluble
Mel-CAM (100 @g/ml)or by Mel-CAM-specific rabbit antiserum
(1:300).

Interaction between Mel-CAM and Heparan Sulfate Proteogly
can. Glycosaminoglycans are abundant extracellular matrix proteins
present in a variety of tissues, and they are involved in modification
of the adhesion of several CAMs of the immunoglobulin gene super
family, including NCAM and PECAM-l (33, 34). Glycosaminogly
cans are synthesized and secreted by melanocytic cells. The second

immunoglobulin loop of Mel-CAM contains an amino acid stretch
(LKEEKN) that is highly similar to the glycosaminoglycan recogni
tion sequence (LKREKN) located at the same site in NCAM and
PECAM-l. Hence, we tested whether proteoglycans might modify
cell-cell adhesion mediated by Mel-CAM in solid-phase adhesion and
cell-cell aggregation assays. As shown in Fig. 5A, neither U937- nor
Mel-CAM-transfected U937TM cells (as compared with the control)
adhered to the purified heparan sulfate proteoglycan in solid-phase
adhesion assays. In contrast, a metastatic human melanoma cell line,

l205Lu, adhered to the immobilized heparan sulfate proteoglycan.
The heterotypic cell-cell aggregation among U937TM and l2O5Lu
cells was not disturbed by the presence of purified heparan sulfate
proteoglycan (Fig. SB).

DISCUSSION

The molecular mechanism by which Mel-CAM mediates cell-cell
adhesion has been examined. Full-length and extracellular domains of
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Fig. 4. Heterotypic cell aggregation among SBcl-2 melanoma cells and U937TM or
endothelial cells. SBcl-2 cells were labeled with red fluorescence dye. Equal numbers of
labeled SBcl-2 cells and either U937 cells, U937TM cells, or HUVECs were mixed in
suspension. A, heterotypic cell aggregations are observed among SBcI-2 cells and Mel
CAM expressing U937TM but not with Mel-CAM-negative U937 cells. SBcl-2 cells also
formed heterotypic cell aggregates with human endothelial cells in which aggregation was
partially blocked by soluble full-length Mel-CAM (FL) or by Mel-CAM-specific anti
serum (AS). The ability of melanoma cells to cluster with other cells was determined by
quantitating the percentage of SBcl-2 cells in the heterotypic cell clusters under fluores
cence and phase-contrast micrography after 40 mm of mixing. Columns. mean percentage
of melanoma cells in aggregates from five experiments; bars, SD. B, representative
micrographs following mixing of SBcl-2 and endothelial cells. a, phase-contrast micro
graph; b, fluorescence micrograph. Arrows. endothelial cells (nonfluorescent) in the
heterotypic cell aggregates.
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Therefore, our results suggest that Mel-CAM mediates cell-cell
adhesion via a heterophilic mechanism and that the unidentified
Mel-CAM counter-receptor(s) on the melanoma cell surface can
mediate melanoma-endothelial cell interactions by binding to Mel
CAM present on the endothelial cell surface.

In this study, we successfully expressed Mel-CAM in both the
full-length and the extracellular form using a baculovirus expression
system. Both versions of Mel-CAM were abundantly produced by Sf9
insect cells. Although posttranslational modifications in insect cells
are not identical to those in human cells, full-length Mel-CAM, as
shown in Fig. 2, retained full functional activity as compared with
native Mel-CAM purified from human melanoma cells. Thus, the
baculovirus expression system allowed us to obtain proteins in large
quantities that were suitable for investigation of the adhesion mech
anism of Mel-CAM.

The evidence that Mel-CAM-negative cells (SBcl-2 cells and
HSMCs) are able to bind to immobilized Mel-CAM in solid phase,
whereas Mel-CAM-positive cells (HUVECs) are not, suggests a het
erophilic interaction between Mel-CAM and its ligand(s). Consistent

with this, as shown in Table 1, there was no positive correlation
between the level of Mel-CAM expression and cell binding activities
in the solid-phase assay. Complementary to these findings are our
observations that Mel-CAM cDNA transfected SK-Mel 25TM and
U937TM cells (as compared with their nontransfected parental cells)
did not show a significant increase in binding to the recombinant

Mel-CAM.
The finding that most of the melanoma cells tested coexpress

Mel-CAM and its ligand on their cell surface suggests that the
Mel-CAM adhesion system contributes to cohesive interactions of
tumor cells both at the primary site and when in circulation. Because
melanoma cells express several cell-cell adhesion molecules and tend
to aggregate in cell suspension, it would be difficult to address the
importance of Mel-CAM in the formation of a tumor cell thrombus.
Because heterotypic aggregations of SBcl-2 melanoma and endothe
hal cells can be partially inhibited by Mel-CAM or Mel-CAM
specific antiserum, Mel-CAM adhesion appears to be one of the major
mechanisms involved in melanoma-endothelial cell interactions dur
ing metastasis. Extravasation of tumor cells is a necessary event
during tumor metastasis and may involve several sequential adhesive
interactions with vascular endothelium (35). The Mel-CAM adhesion
system may be necessary but not sufficient for successful metastasis.
The expression of Mel-CAM on the endothelium in various organs
and tissues may explain why malignant melanomas have widespread
metastatic potential (36). Once adherent, melanoma cells are capable
of secreting interleukin 1, which can in turn up-regulate the expression
of VCAM-l on the endothelial cells. This is the ligand for a4@l
(VLA-4) expressed by most melanoma cells (see Ref. 37 for review).
Hence, melanoma-endothelial adhesion may involve a cascade of
adhesion molecule inductions.

In addition to tumor-endothelial cell interactions, Mel-CAM may
be important in maintaining architectural integrity and functional
activity in cells that express Mel-CAM and its ligand. Such an
â€œautohesiveâ€•mechanism may be important to â€œglueâ€•smooth muscle
cells together in a variety of organs because smooth muscle cells in
situ express Mel-CAM and most likely also its ligand.

Several members of the immunoglobulin gene superfamily (espe
cially those expressed by endothelial cells) have been demonstrated to
use integnns as their ligands in cell-cell adhesion such as LFA- 1 for

ICAM-! (38) and a431 (VLA-4) for VCAM-l (39). In this study, we
tested whether the heterophilic ligand for Mel-CAM is an integrin. As
shown in Fig. 2, the binding efficiency of SBc1-2 cells to immobilized
Mel-CAM in solid-phase assay is not affected by the presence of
EDTA, a calcium and magnesium chelator. Therefore we find it
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Fig. 5. Interaction between Mel-CAM and heparan sulfate proteoglycan. A, solid-phase

cell adhesion assays for cultured cells to immobilized purified heparan sulfate proteogly
can. 12O5Lumelanoma cells adhered to heparan sulfate proteoglycan, whereas other cells
(U937 and Mel-CAM-transfected U937TM cells) did not. As a negative control, l205Lu
melanoma cells were allowed to adhere to a BSA (200 @sg/ml)-coateddish (control).
Columns. average of five experiments; bars, SD. B, the effect of heparan sulfate proteo
glycan on heterotypic cell-cell aggregation. As in A, equal numbers of U937TM and
l205Lu were mixed in suspension in the presence or absence of heparan sulfate proteo
glycan (HSPG) at 100 @&g/ml.Cell aggregation was evaluated after 40 mm of the
experiment as the percentage of melanoma cells in heterotypic cell aggregates. l2O5Lu
cells formed heterotypic cell aggregates with U937TM cells. The heterotypic aggregations
could not be blocked by heparan sulfate proteoglycan. In contrast, Mel-CAM-specific
antiserum (AS) partially inhibited the heterotypic cell aggregations. Columns. average
from five experiments; bars, SD.

recombinant Mel-CAM were produced by expression in baculovi
rus. Different cell lines were tested for their binding to purified
recombinant proteins in a solid-phase assay. Mel-CAM-negative
SBcl-2 melanoma cells and HSMCs adhered to the immobilized
full-length Mel-CAM. In contrast, Mel-CAM-positive, SK-Mel
25TM, and U937TM cells did not. The cell adhesion to recombi
nant Mel-CAM is specific, because this binding can be partially
inhibited by soluble Mel-CAM or Mel-CAM-specific antiserum. In
heterotypic cell aggregation assays, SBc1-2 cells form aggregates
with Mel-CAM-transfected U937TM but not with parental U937
cells. Similarly, SBcl-2 cells cluster with human endothelial cells,
and these cellular aggregations can be partially inhibited by the
presence of soluble Mel-CAM or Mel-CAM-specific antiserum.
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unlikely that the Mel-CAM counter-receptor is an integrin. Fl 1 and
Ng-CAM are two members of the immunoglobulin gene superfamily that
interact with each other (40). Similarly, it may be that Mel-CAM could

bind to a different member within the immunoglobulin gene superfamily.
Another candidate ligand would be a cell surface-associated glycosami
noglycan that binds to the putative glycosaminoglycan recognition se
quence located in the second immunoglobulin loop of Mel-CAM. How
ever, heparan sulfate proteoglycan was unable to modify adhesion of
Mel-CAM, thus ruling out this hypothesis. The distribution of the Mel
CAM ligand is unknown. Based upon our previous and current results
using the solid-phase adhesion assay for a variety of cell lines, the
Mel-CAM ligand is expressed by most melanoma cell lines (14), vascular
smooth muscle cells, and breast carcinoma cell lines (22) but is absent
from colon carcinoma cells (14), leukemia U937 cells, fibroblast CVF-l
cells, and intermediate trophobla.stic if- 11 cells.5

The lack of adhesive function of the COOH-terminal-truncated extra
cellular Mel-CAM highlights the crucial role of transmembrane and
cytoplasmic domains on Mel-CAM in maintaining the functional activity
of this molecule. It is possible that the function of Mel-CAM resides on
the dimeric form on cell surface, whereas the cytoplasmic and transmem
brane domains contribute to the noncovalent association of Mel-CAM
intracellularly. This hypothesis is supported by our preliminary evidence
using gel filtration assays that most recombinant full-length Mel-CAM

exists as a dimer, whereas the recombinant extracellular domain occurs in
a monomeric form (data not shown). Alternatively, the presentation of a
heterophilic binding epitope on Mel-CAM may depend on the transmem
brane and cytoplasmic domains, and the truncated version of Mel-CAM
disturbs the proper protein folding leading to the modification of overall
protein structures.

In conclusion, our study indicates that Mel-CAM exhibits hetero
philic binding activity that mediates cell-cell interactions. Most mel
anoma cells coexpress Mel-CAM and its ligand, and adhesion is
calcium independent. The identification and analysis of the putative

Mel-CAM ligand will enable us to gain more insight into the biolog
ical and pathological aspects of this novel cell adhesion mechanism.
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