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Background: Altered cell motility is a crucial aspect determining the invasiveness of tumors.
Results:Cells with concomitantly high levels of gangliosides and caveolin-1 have reduced activation of Src and reducedmotility.
Conclusion: A caveolin-1�glycolipid complex can modulate the motility of tumor cells by regulating Src activity
Significance: This is a novel mechanism for the control of cell motility by caveolin-1 and gangliosides.

The genetic (stable overexpression of sialyltransferase I, GM3
synthase) or pharmacological (selective pressure by N-(4-hy-
droxyphenyl)retinamide)) manipulation of A2780 human ovar-
ian cancer cells allowed us to obtain clones characterized by
higher GM3 synthase activity compared with wild-type cells.
Clones with high GM3 synthase expression had elevated gangli-
oside levels, reduced in vitro cell motility, and enhanced expres-
sionof themembrane adaptor protein caveolin-1with respect to
wild-type cells. In high GM3 synthase-expressing clones, both
depletion of gangliosides by treatment with the glucosylcer-
amide synthase inhibitor D-threo-1-phenyl-2-decanoylamino-
3-morpholino-1-propanol and silencing of caveolin-1 by siRNA
were able to strongly increase in vitro cell motility. Themotility
of wild-type, low GM3 synthase-expressing cells was reduced in
the presence of a Src inhibitor, and treatment of these cells with
exogenous gangliosides, able to reduce their in vitro motility,
inactivated c-Src kinase. Conversely, ganglioside depletion by
D-threo-1-phenyl-2-decanoylamino-3-morpholino-1-propanol
treatment or caveolin-1 silencing in high GM3 synthase-ex-
pressing cells led to c-Src kinase activation. In high GM3 syn-
thase-expressing cells, caveolin-1 was associated with sphingo-
lipids, integrin receptor subunits, p130CAS, and c-Src forming a
Triton X-100-insoluble noncaveolar signaling complex. These
data suggest a role for gangliosides in regulating tumor cell
motility by affecting the function of a signaling complex orga-
nized by caveolin-1, responsible for Src inactivation down-
stream to integrin receptors, and imply that GM3 synthase is a
key target for the regulation of cell motility in human ovarian
carcinoma.

Alterations in glycosphingolipid3 expression are common in
tumors of different origins (2). Moreover, gangliosides, sialic
acid-containing glycosphingolipids, are known to modulate
several cellular functions relevant to tumor progression. Thus,

altered ganglioside expression might play a relevant role in
determining the aggressiveness andmetastatic potential at least
in certain tumors. Cellular ganglioside levels regulate cell pro-
liferation, mainly by affecting the tyrosine kinase activity asso-
ciated with growth factor receptors and receptor compartmen-
talization, thus regulating the responsiveness of these receptors
to their ligands or their cross-talkwith other signalingmodules.
However, gangliosides deeply affect tumor cell adhesion,motil-
ity, and migration. Ganglioside depletion by double knock-out
of GM3 synthase and GM2 synthase in transformed fibroblasts
reduced their migration on fibronectin and reduced their
tumorigenic potential in syngeneic immunocompetent mice
(3). However, transfection with GM1a/GD1b synthase, leading
to the expression of complex gangliosides, inhibited neuroblas-
toma cell migration by affecting the Rho/Rac1 pathway (4).
Invasiveness of melanoma cells was reduced by GM1/GD1b/
GA1 synthase expression (5) or by GlcCer synthase antisense
inhibition (6). GM3 is highly expressed in noninvasive com-
pared with invasive bladder tumors and derived cell lines (7, 8);
the overexpression of GM3 synthase reduced cell proliferation,
motility, and invasion in mouse bladder carcinoma cells (9).
The molecular mechanisms underlying the role of gangliosides
in the regulation of tumor invasiveness are likely very hetero-
geneous. In colorectal (10) and bladder (8) cancer cells charac-
terized by highGM3 levels and by the expression of tetraspanin
CD9, a CD9��3 integrin complex, were stabilized by GM3-me-
diated interactions. The Src C-terminal kinase CSK was
recruited to this complex, with consequent inhibition of c-Src
and reduced cell motility (11). Therefore, the influence of gan-
gliosides on tumor cell motility seems to be mediated by the
regulation of membrane-associated signaling complexes. Gan-
glioside interaction with hydrophobic membrane adaptor pro-
teins seems to be crucial for this regulation. From this point of
view, the interaction between gangliosides and the integral
membrane protein caveolin-1 is potentially very interesting.
Caveolin-1 is usually highly expressed in terminally differenti-
ated cells, although it is markedly down-regulated in tumors of
different origin, including ovarian, breast, and colon carcinoma
(12). Cell lines with no caveolin-1 expression are usually char-
acterized by increased proliferation (13), and in certain cell
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types, inhibition of caveolin-1 expression is sufficient to induce
transformation and to accelerate tumorigenesis (14, 15), sug-
gesting a role for caveolin-1 as a suppressor of tumor growth
and metastasis in several types of cancer (16). In particular,
caveolin-1 inhibits metastatic potential in melanoma through
suppression of the integrin/Src/FAK signaling pathway (17).
In some cases, entire signalingmodules are dynamically asso-

ciated with caveolin-1, implying a major functional role for
caveolin-1 as a molecular organizer for multiprotein signaling
complexes. In particular, the amino acid sequence between 80
and 101 on the N-terminal side of the membrane insertion
region of caveolin-1 is important for its interactions with many
other proteins and has consequently been named “caveolin
scaffolding domain” (18). Among others, caveolin-1 binds to
nonreceptor kinases, including c-Src. Remarkably, for all of the
enzymatic proteins that interact with caveolin-1 via a caveolin-
binding motif, it has been observed that the binding motif is
localized within the catalytic domain of the protein. In fact, in
the case of tyrosine and serine/threonine kinases, the caveolin
binding domain is localized within the catalytic kinase domain,
and the caveolin scaffolding domain is able to inhibit the activ-
ity of several kinases, suggesting that themajor regulatory func-
tion of caveolin-1 in multiprotein signaling complexes might
rely on its ability to negatively affect multiple protein kinases
associatedwith signalingmodules (19). It isworthwhile to recall
thatmany signalingmodules are constitutively activated during
cellular transformation. Among others, c-Src is usually overex-
pressed or activated in tumors. c-Src is a nonreceptor tyrosine
kinase belonging to a family of proteins comprising nine mem-
bers, c-Src, Fyn, Yes, Lck, Hck, Blk, Fgr, Lyn, and Yrk (20). In
normal cells, Src family tyrosine kinases transduce signals act-
ing on cell proliferation, adhesion, and motility (21). Particu-
larly relevant is the role of Src in integrin-mediated cell adhe-
sion (21, 22). Conversely, cell lines from metastatic tumors
usually exhibit elevated Src kinase activity (23–27).
A relationship between c-Src and caveolin-1 has been docu-

mented in different cell types. Caveolin-1 interacts with c-Src
within a glycosphingolipid-enriched membrane domain. The
association between Src and caveolin is sensitive to the lipid
composition of the membrane microenvironment (16, 28).
Moreover, caveolin-1 reduces cell motility by inhibiting Src.
For example, caveolin-1 inhibits metastatic potential in mela-
nomas through the suppression of the integrin/Src/FAK signal-
ing pathway (17). Caveolin-1 reduces osteosarcoma metastatic
ability by inhibiting c-Src activity and Met signaling (29). In
turn, Src can also contribute to caveolin-1-related signaling by
regulating the phosphorylation levels of caveolin-1 (30, 31). In
this study, we suggest that a ganglioside�caveolin-1 complex,
controlling the activation of c-Src, might be involved in the
regulation of human ovarian carcinoma cell motility.

EXPERIMENTAL PROCEDURES

Chemicals—Commercial chemicals were the purest available
and, unless otherwise stated, were obtained by Sigma.
Lipids and Radioactive Lipids—Gangliosides and [1-3H]sph-

ingosine were prepared as described previously (32).

Cell Culture—Cells (wild-type A2780 human ovarian carci-
noma cells, the derived clonal line A2780/HPR4) were cultured
in RPMI 1640 medium (Sigma) supplemented with 10% heat-
inactivated FBS (Invitrogen), 2 mM glutamine, 100 units/ml
penicillin, and 100 �g/ml streptomycin in the presence of 5 �M

HPR (33). Stably SAT-I-transfectedA2780 cell lineswere estab-
lished and maintained as described previously (32).
Determination of in Vitro Cell Motility by Wound Healing

Assay—Cells grown in 100-mm culture dishes as confluent
monolayersweremechanically scratched using a 200-�l pipette
tip, and wound healing was quantitatively assessed as described
previously (32). For the determination of cell motility in caveo-
lin-1-silenced cells, cells were first transfected with siRNA.
After 48 h, cell monolayers were scratched, and transfection
with siRNA was renewed as described below. Each experimen-
tal point was performed in duplicate, and data were expressed
as the means � S.D. of three independent experiments.
Determination of in Vitro Cell Motility by Phagokinetic Gold

Sol Assay—Phagokinetic assays with gold colloid-coated plates
were performed as described previously (34). Briefly, 24-mm
coverslips were coated with 1% BSA (Sigma) and then
immersed in the colloidal gold solution (35, 36). Two thousand
cells were seeded on the gold colloid-coated coverslips and
incubated at 37 °C. Images of the phagokinetic tracks were
taken after different times by the use of a phase contrast micro-
scope. The tracks of at least 50 cells were videocaptured, and
the areas cleared from the gold colloid by cell phagocytosis,
representing themigration response, were quantified by the use
of Image J software. Data are expressed as the means � S.D. of
three independent experiments.
Western Blot—Cell homogenates, gradient fractions, and

immunoprecipitation samples were analyzed by SDS-PAGE
and immunoblotting using mouse polyclonal anti-caveolin-1,
anti-p130CAS, anti-CD9, and anti-integrin �5 and �1 (BD
Transduction Laboratories), rabbitmonoclonal anti-c-Src, rab-
bit polyclonal anti-Src-pY416, and anti-Src-pY527 (Cell Signal-
ing Technology), and mouse monoclonal anti-�-SMA (Sigma)
followed by reaction with secondary horseradish peroxidase-
conjugated antibodies and enhanced chemiluminescence
detection (Pierce). �-Actin or �-tubulin was used as loading
control (anti-�-actin rabbit polyclonal antibodywas fromSanta
Cruz Biotechnology, Santa Cruz, CA; anti-�-tubulin monoclo-
nal antibody was from Sigma). The data acquisition was per-
formed using a GS-700 imaging densitometer, and acquired
blots were elaborated using the Quantity One software (Bio-
Rad). Each experimental point was performed in triplicate, and
data were expressed as the means � S.D. of three independent
experiments.
RNA Extraction and RT-PCR—Total RNA extraction and

semi-quantitative RT-PCR for CAV1, -2, and -3, has been per-
formed as described previously (32). The housekeeping genes
GAPDH and ACTB were used as reaction and loading control

4 The abbreviations used are: HPR, N-(4-hydroxyphenyl)retinamide; PDMP,
threo-1-phenyl-2-decanoylamino-3-morpholino-1-propanol; DRM, deter-
gent-resistant membrane fraction; EGFR, epidermal growth factor recep-
tor; HPTLC, high performance thin layer chromatography; �-SMA,
�-smooth muscle actin.
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and were simultaneously amplified with the target genes. Data
were acquired using a GelDoc 2000 instrument (Bio-Rad) and
were elaborated using the Quantity One software (Bio-Rad).
Data were normalized versus GAPDH expression and utilizing
individualCAV1 and -2 of theA2780 specimen set as 1.Data are
the means � S.D. of three independent experiments.
Electron Microscopy—Cell cultures were processed and ana-

lyzed by transmission electron microscopy as described previ-
ously (32). Human skin fibroblasts have been used as the posi-
tive control for caveolaemorphology.
siRNA Transfection—A2780/HPR or SAT-I-transfected cells

were plated in 6-well plates or 100-mmdishes and, when grown
at 50%confluence,were transfectedwithCAV1 siRNA (Qiagen,
catalog no. SI00299635) and with scrambled siRNA duplexes
(Qiagen, All Stars negative control siRNA catalog no. 1027280)
as transfection control. The optimal condition for the transfec-
tion was 32 nM siRNA in OptiMEM with Lipofectamine 2000
(1%, v/v) (Invitrogen), following the protocol provided by the
manufacturer. Freshmediumwas added 24 h after transfection,
and experiments were conducted for different times up to 72 h.
In the case of the cell motility analysis by wound healing assay,
cells were pretreated with siRNA for 48 h before the assay, and
siRNA administration was repeated after 48 h.
Immunofluorescence Analysis of Caveolin-1—A2780 and

A2780/HPR cells were grown on 24-mm sterilized coverslips.
A2780/HPR cells were transfected with scrambled siRNA or
siRNA targeting CAV1 mRNA as described above. After 72 h,
cells were fixed with 4% paraformaldehyde, permeabilized with
0.2% Triton X-100, and stained with rabbit anti-caveolin-1 IgG
diluted 1:5000 in phosphate-buffered saline supplementedwith
1% BSA and a FITC-conjugated secondary antibody against
rabbit IgG. The final samples were examined by fluorescence
microscopy.
PDMP Treatment—To study the effects of ganglioside syn-

thesis inhibition, the GlcCer synthase inhibitor D-PDMP has
been used. As a negative control, cells were treated with the
inactive stereoisomer L-PDMP under the same experimental
conditions. D- and L-PDMPwere kindly provided byDr. Jin-ichi
Inokuchi (Division of Glycopathology, Institute of Molecular
Biomembranes and Glycobiology, Tohoku Pharmaceutical
University, Aoba-ku, Sendai, Miyagi, Japan). The compounds
were dissolved in distilledwater at a concentration of 4mM.The
stock solution was stored at 4 °C and diluted with cell culture
medium to a final concentration of 10 or 20 �M just before use.
A2780/HPR cells were seeded and cultured in the presence of
D- and L-PDMP for 48 h. The effects of PDMP on ganglioside
synthesis were checked by analyzing the lipid composition of
the treated cells as described below.
Treatment with Exogenous Gangliosides—Administration of

exogenous gangliosides to A2780 cells has been performed as
described previously (32).
Lipid Analysis—Cell sphingolipids were steady-state meta-

bolically labeled by 2 h pulse/48 h chase with 3 � 10�8 M

[1-3H]sphingosine as described previously (37). Lipids from
total cell lysates or sucrose gradient fractions and immunopre-
cipitation samples obtained as described below were extracted
with chloroform/methanol/water, 2:1:0.1, by volume (in the
case of gradient fractions, water was omitted), subjected to a

two-phase partitioning, and radioactive lipids were separated
by monodimensional HPTLC (37) and quantitatively analyzed
by digital autoradiography (37). Endogenous phospholipids,
gangliosides, and cholesterol were analyzed as described previ-
ously (37).
Preparation of DRM Fractions by Sucrose Gradient

Centrifugation—Cells were subjected to homogenization, lysis
in the presence of Triton X-100, and ultracentrifugation on
discontinuous sucrose gradients (32, 38). For sphingolipid anal-
ysis, cells were previouslymetabolically labeledwith [1-3H]sph-
ingosine as described above.
Immunoprecipitation Experiments—Aliquots of the deter-

gent-resistantmembrane fractions obtained from [1-3H]sphin-
gosine-labeled cells were diluted 10-fold in immunoprecipita-
tion buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 2 mM NaF,
1 mM EDTA, 1 mM EGTA, 1 mM Na3VO4, 1 mM PMSF, 75
milliunits/ml aprotinin, 1%TritonX-100). After preclearing for
nonspecific binding, 10�g/ml anti-caveolin-1 rabbit or 4�g/ml
anti-c-Src antibody or normal rabbit IgG (as negative control)
was added to the supernatants, and the mixtures were put in
rotation overnight at 4 °C. Immunocomplexes were recovered
using protein A- and G-coupled magnetic beads (Dynabeads,
Invitrogen) in rotation for 4 h at 4 °C. After delipidation by
chloroform/methanol extraction, beads were suspended in
Laemmli sample buffer and boiled 5 min at 100 °C, and the
immunoprecipitated samples were separated from the beads by
centrifugation.
Src Immunocomplex Kinase Assay—Cells were lysed in RIPA

buffer (50mMTris-HCl, pH 7.4, 150mMNaCl, 2mMNaF, 1mM

EDTA, 1 mM EGTA, 1% Triton X-100, 0.2% SDS, 0.5% sodium
deoxycholate, 1 mM Na3VO4, 1 mM PMSF, 75 milliunits/ml
aprotinin). Protein concentration was adjusted to 1 �g/�l with
RIPA buffer. 500�g of proteins from each sample were used for
immunoprecipitation. Samples were pre-cleared for nonspe-
cific binding by adding 10 �l of G protein-coupled magnetic
beads (Dynabeads, Invitrogen). Precleared samples were incu-
bated with 4 �g of anti-Src antibody (clone GD11, Millipore,
Temecula, CA) or normal rabbit IgG, previously adsorbed on
10 �l of G protein-coupled beads following the manufacturer’s
instructions for 1 h at 4 °C. The anti-Src-immunoprecipitated
samples, conjugated to themagnetic beads, were recovered and
incubated with 10 �Ci of [�-32P]ATP (PerkinElmer Life Sci-
ences) and 10 �MATP in Kinase buffer (30 mMHEPES, pH 7.5,
10 mM MgCl2, 2 mM MnCl2, 0.2 mM Na3VO4, 2 mM NaF, 1 mM

DTT, 1 mM PMSF, and 75 milliunits/ml aprotinin) at 37 °C for
1 h. The reaction was stopped by adding an equal volume of
ice-cold 2� RIPA buffer, and beads were washed with ice-cold
RIPA buffer and put at 100 °C for 5 min with 2� Laemmli
buffer. The samples were separated by SDS-PAGE, and pro-
teins were transferred to polyvinylidene difluoridemembranes.
Membranes were analyzed by autoradiography by exposing to
Kodak BioMaxMR Film (Sigma) at �80 °C. c-Src was detected
by Western blot as described below.
Other Experimental Procedures—The protein content was

determined according to Lowry et al. (39), using BSA as the
reference standard. Radioactivity associated with cells, with
medium, with gradient fractions, and with lipid extracts was
determined by liquid scintillation counting.
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Statistical Analysis—Experiments were performed in tripli-
cate, unless otherwise stated. Data are expressed as means �
S.D. and were analyzed by one-way analysis of variance fol-
lowed by the Student-Neuman-Keul’s test. p values are indi-
cated in the legend of each figure.

RESULTS
A2780/HPR Cells, Characterized by Up-regulation of GM3

Synthase, Are Less Motile than A2780 Cells—Previously, we
showed that A2780/HPR cells, a clonal line obtained from
human ovarian carcinoma A2780 cells by selective pressure in
the presence of N-(4-hydroxyphenyl)-retinamide (HPR), are
characterized by amarked up-regulation of GM3 synthase (sia-
lyltransferase-I, SAT-I), a key enzyme in ganglioside biosynthe-
sis. Consequently, A2780/HPR cells have higher levels of gan-
gliosides with respect to the parental cell line (37). In addition,
we showed that stable overexpression of GM3 synthase in

A2780 cells led to reduced in vitro cell motility (32). To confirm
a possible relationship between GM3 synthase expression and
motility of ovarian cancer cells, we assessed the in vitro cell
motility ofA2780/HPRcells bywoundhealing assay andphago-
kinetic gold sol assay. Both assays revealed that the motility of
A2780/HPR cells was strongly reduced when compared with
wild-type A2780 cells (Fig. 1, panels A and C). In addition, we
analyzed the expression of �-smooth muscle actin (�-SMA), a
marker of the epithelium-to-mesenchyme transition and of
myofibroblast activation, usually expressed at high levels in
tumor cells with high ability to migrate and invade (40). We
observed that �-SMA expression was strongly reduced in
A2780/HPR (Fig. 1, panel B), as in SAT-I transfected A2780
cells (32), with respect to wild-type A2780 cells.
Caveolin-1 Is Markedly Up-regulated in A2780/HPR Cells—

SAT-I-transfected A2780 cells are characterized by a strong

FIGURE 1. In vitro motility of A2780 and A2780/HPR cells and �-SMA expression. Panel A, in vitro motility has been assessed in A2780 (white bars) and
A2780/HPR cells (black bars) by wound healing assay. Confluent monolayers were wounded with a rubber policeman; phase contrast microscopy images of the
wounds have been recorded, and the wound widths have been measured at 0, 24, and 48 h. Data are expressed in millimeters and are the means � S.D. of three
independent experiments. *, p � 0.01 versus time-matched A2780 cells. Panel B, protein levels of the epithelium-mesenchyme transition marker �-SMA have
been evaluated on cell lysates from A2780 (white bar) and A2780/HPR cells (black bar) by Western blotting after SDS-PAGE separation. The amount of �-SMA
present in each sample was determined by densitometry, normalized with respect to �-tubulin, used as loading control. Data are the means � S.D. of three
independent experiments. *, p � 0.01 versus A2780 cells. Panel C, in vitro motility of A2780 and A2780/HPR cells has been assessed by a phagokinetic gold sol
assay. Briefly, cells were plated on colloidal gold-coated coverslips. Migrating cells ingest or displace colloidal gold particles, forming clear particle-free tracks.
The areas of the tracks cleared by the cells have been recorded at time 0 and after 24 h. Average track areas (means � S.D. of 50 measurements) normalized for
the different cell size are reported in the left panel. *, p � 0.001 versus A2780 cells. Representative phase contrast microscopy images for each data set are shown
in the right panel.
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up-regulation of caveolin-1 (32), a membrane adaptor protein
that seems to act as a negative regulator of tumor progression
and invasiveness (16). Thus, we checked caveolin expression in
A2780/HPR cells, which are characterized by high GM3 syn-
thase levels. The expression levels of caveolin family members
(caveolin-1–3) were assessed in A2780 and A2780/HPR cells as
mRNA by semi-quantitative RT-PCR (Fig. 2, panel A) and as
protein by SDS-PAGE followed by Western blotting with spe-
cific antibodies (Fig. 2, panel B). Caveolin-1 was markedly up-
regulated both at the mRNA and protein levels in A2780/HPR
cells comparedwithA2780 cells, inwhich the protein is expressed
at very low levels, in agreement with previously published data
(41). Caveolin-2 and -3 were expressed at very similar levels in the
two cell lines. Despite the major role of caveolin-1 as a structural
component of caveolae (42), the up-regulation of caveolin-1 in
A2780/HPRcellswasnotparalleledby theappearanceofmorpho-
logically distinguishable caveolae (Fig. 3).
Caveolin-1 Silencing Increases the Motility of A2780/HPR

and SAT-I-transfected A2780 Cells—To verify whether caveo-
lin-1 might act as a negative regulator of motility in cells with

high GM3 synthase expression, caveolin-1 expression has been
transiently knocked down using siRNA targetingCAV1mRNA
in A2780/HPR and SAT-I-transfected A2780 cells. The silenc-
ing efficacy was evaluated through Western blot analysis and
immunofluorescence using a specific antibody for caveolin-1
(Fig. 4). siRNA treatment was able to significantly reduce
caveolin-1 protein levels already after 24 h. After 72 h of treat-
ment, caveolin-1 protein levels have been lowered by about 60
and 90% for A2780/HPR and SAT-I-transfected A2780 cells
respectively, compared with the control cells transfected with
scrambled siRNA duplex sequences (Fig. 4, panel A). The
immunofluorescence analysis revealed that the immunoreactivity
for caveolin-1 was almost completely lost from the plasma mem-
brane in permeabilized CAV1 siRNA-treated A2780/HPR cells
(Fig. 4, panel B). Similar results were obtained for SAT-I-trans-
fected A2780 (data not shown). Caveolin-1 levels were unaffected
in scrambled siRNA-treated cells. Caveolin-1 silencing had pro-
foundconsequencesonthemotile abilityof thesecells.The invitro
motility of A2780/HPR and SAT-I-transfected A2780 cells,
assessedbywoundhealing assay,wasmarkedlyhigher in caveolin-
1-silenced cells compared with control cells. A significant differ-
ence in cell motility was evident already after 48 h. Seventy two
hours after the scratch, the caveolin-1 knocked downA2780/HPR
and SAT-I-transfected A2780 cells completely healed the wound,

FIGURE 2. Expression of caveolins in A2780 and A2780/HPR cells. Panel A,
semi-quantitative PCR analysis of CAV1, -2, and -3 mRNA expression levels was
performed in A2780 and A2780/HPR cells by simultaneous amplification of
the housekeeping genes GAPDH and ACTB. Human skeletal muscle satellite
cells (SMSC) have been used as positive control for CAV3 expression. Patterns
(left) are representative of those obtained in three independent experiments.
CAV3 signal was not detectable in A2780 and A2780/HPR cells. Right, in the
graphs, data are normalized versus GAPDH expression and utilizing individual
CAV1 and -2 of the A2780 specimen set as 1. Data are the means � S.D. of
three independent experiments. *, p � 0.01 versus A2780 cells. Panel B, caveo-
lin-1 protein levels were assessed by Western blotting. Equal amounts of cel-
lular proteins (corresponding to 30 �g) were separated by SDS-PAGE and
transferred to polyvinylidene difluoride membranes. Membranes were
probed using specific anti-caveolin-1 and anti-�-actin monoclonal antibod-
ies. Patterns (left) are representative of those obtained in three independent
experiments. Right, in the graphs, the histogram represents mean densito-
metric quantification of caveolin-1. Data are normalized versus �-actin
expression and utilizing caveolin-1 of the A2780 specimen set as 1. Data are the
means � S.D. of three independent experiments. *, p � 0.01 versus A2780 cells.

FIGURE 3. Absence of caveolae in A2780/HPR cells. A2780/HPR cells (a and
b) and human skin fibroblasts (c and d), used as positive control for caveolae
morphology, were fixed, post-fixed, dehydrated, and embedded in Epoxy
resin as described under “Experimental Procedures.” Ultramicrotome ser-
rated sections were cut along transversal (a and c) and horizontal planes (b
and d), stained with uranyl acetate and lead citrate, and examined by a Philips
CM 10 transmission electron microscope. Scale bar, 500 nm. The white arrows
indicate some caveolae in fibroblasts.
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suggesting a leading role for caveolin-1 in the regulation of the cell
motility signal in this cell model (Fig. 4, panel C).
Blockade of Gangliosides Synthesis by GlcCer Synthase Phar-

macological Inhibition Increases the Motility of A2780/HPR
Cells—High expression levels of GM3 synthase, leading to high
cellular gangliosides content, in both A2780/HPR and SAT-I-
transfected A2780 cells were associated with a reduction of in

vitro cell motility. Accordingly, treatment with exogenous gan-
gliosides was able to reduce the motility of low GM3 synthase
A2780 cells (32), suggesting a role of gangliosides in controlling
the motility of these cells. To confirm this hypothesis, we
assessed the effect of the pharmacological manipulation of
ganglioside levels on the in vitro motility of A2780/HPR
cells. Treatment of A2780/HPR cells with the specific

FIGURE 4. Effects of caveolin-1 silencing on in vitro cell motility of A2780/HPR and SAT-I-transfected A2780 cells. A2780/HPR and SAT-I-transfected
A2780 cells have been treated with siRNA targeting to CAV1 gene to reduce the expression of caveolin-1. Panel A, Western blot analysis and quantification of
caveolin-1 expression in A2780/HPR and SAT-I-transfected A2780 cells treated with siRNA targeting to CAV1 mRNA (black bars) or with scrambled siRNA as
transfection control (ctr) (gray bars). Analysis has been performed 24 and 72 h after siRNA administration. �-Tubulin was detected as a loading control. Patterns
are representative of those obtained in three independent experiments (upper panel). The amount of caveolin-1 present in each sample was determined by
densitometry, normalized respect to �-tubulin, and expressed as a percent of time-matched controls. Data are the means � S.D. of three independent
experiments. *, p � 0.01 versus time-matched controls (lower panel). Panel B, detection of caveolin-1 protein by immunofluorescence analysis. Untreated A2780
cells (left) and A2780/HPR cells treated with scrambled siRNA (middle) or with siRNA targeting to CAV1 (right) were permeabilized, exposed to a rabbit
monoclonal anti-caveolin-1 antibody, and then incubated with a secondary anti-rabbit antibody conjugated to FITC as described under “Experimental
Procedures.” Fluorescence images are representative of those obtained in three independent experiments. Panel C, effects of caveolin-1 silencing on in vitro cell
motility of A2780/HPR and A2780 SAT-I cells. After 48 h treatment with scrambled siRNA or siRNA targeting to CAV1, wound healing assay was performed as
described in the legend of Fig. 1, and siRNAs were maintained in the medium for the whole duration of the assay. Phase contrast images of the wounds were
recorded at different times, and the wound widths were measured. Data are expressed in percentage respect to control cells treated with scrambled siRNA, and
are the means � S.D. of three independent experiments. *, p � 0.001 versus matched controls.

Glycosphingolipid/Caveolin-1 Inhibits Cancer Cell Motility

NOVEMBER 25, 2011 • VOLUME 286 • NUMBER 47 JOURNAL OF BIOLOGICAL CHEMISTRY 40905



GlcCer synthase inhibitor D-PDMP strongly reduced gan-
gliosides content after 2 days and almost completely abol-
ished GlcCer, LacCer, and ganglioside synthesis after 5 days
(Fig. 5, panel A). L-PDMP (the inefficient isomer, used as a
negative control) had no effect on glycosphingolipid levels in
A2780/HPR cells. Treatment with L- and D-PDMP was not
toxic; however, it slightly reduced cell proliferation in a
dose-dependent manner (data not shown). However, treat-
ment with D-PDMP, but not with L-PDMP, was able to sig-
nificantly increase the motility of A2780/HPR cells, evalu-
ated by the phagokinetic gold sol assay (Fig. 5, panel B).
These results further support a role for gangliosides in the
regulation of ovarian cancer cell motility.

Caveolin-1 Is Associated with Sphingolipids, Integrin Receptor
Subunits, and c-Src in a Triton-insolubleMicroenvironment—Al-
together, these experimental data suggest that low motility in
ovarian cancer cells is associated with high levels of both caveo-
lin-1 and gangliosides. It has been suggested that caveolin-1
might act as a molecular organizer for membrane multiprotein
signaling complexes, which are usually associated with Triton-
insoluble, low buoyancy membrane fractions enriched in (gly-
co)sphingolipids and cholesterol. To ascertain the possible role
of such a complex in controlling the motility of ovarian cancer
cells, we prepared and analyzed DRM fractions from A2780,
A2780/HPR, and SAT-I transfected A2780 cells using Triton
X-100. DRM fractions from all the three cell types were simi-
larly enriched in sphingolipids and cholesterol (about 80% of
total cell sphingolipids and 40% of cholesterol were associated
with DRM (Fig. 6, panel A)). DRM was highly enriched in
caveolin-1 and c-Src (75% of total caveolin-1 and 66% of total
c-Src were associated with DRM in A2780/HPR cells). No sig-
nificant differences in the distribution of these antigens were
observed in the different cell lines (Fig. 6, panel A). �1 and �5
integrin receptor subunitswere also enriched inDRM, even if at
a lesser extent (13.5% of total �1 integrin and 24.5% of total �5
integrin were recovered in the DRM in A2780/HPR cells.) No
significant differences in the distribution of these antigens were
observed in the different cell lines (Fig. 6, panel A), in agree-
mentwith previous reports indicating that these integrin recep-
tors are relatively soluble in Triton X-100 (11, 43).
To study caveolin-1 microenvironment, we immunoprecipi-

tated caveolin-1 from theDRM fractions obtained fromA2780/
HPR and SAT-I-transfected A2780 cells using anti-caveolin-1
monoclonal IgG under experimental conditions allowing the
preservation of noncovalent interactions within DRM (44, 45).
In both cases, the same amount of caveolin-1 was found asso-
ciated with the immunoprecipitates (about 20% of total caveo-
lin-1 present in the starting cell lysate) (Fig. 6, panel B). Con-
versely, caveolin-1 was quantitatively immunoprecipitated
under experimental conditions allowing the complete antigen
solubilization (data not shown). To allow the analysis of sphin-
golipid composition of anti-caveolin-1 immunoprecipitates,
cell sphingolipids were steady-state metabolically labeled with
[1-3H]sphingosine before DRM preparation and immunopre-
cipitation (37), and radioactive lipids associated with immuno-
precipitation samples were extracted and quantitatively
analyzed by two-dimensional TLC followed by digital autora-
diography. A similar amount of sphingolipid-associated radio-
activity was detected in anti-caveolin-1 immunoprecipitates
(about 10% of total cell sphingolipids) from both A2780/HPR
and SAT-I-transfected A2780 cells, with a neglectable amount
of radioactivity associated with the immunoprecipitation neg-
ative controls (Fig. 6, panel C). No radioactive lipids were found
in immunoprecipitates obtained after complete solubilization
of caveolin-1 (data not shown). The sphingolipid pattern asso-
ciated with the anti-caveolin-1-immunoprecipitated samples
encompassed all the major sphingolipids present in these cells
(GM3 and GM2 gangliosides, glucosylceramide, sphingomy-
elin, and ceramide) in the same proportions found in the start-
ing DRM and in the total cell lysates (37). Thus, the environ-
ment of the caveolin-1 immunoseparated from DRM was

FIGURE 5. Effects of PDMP treatment on the sphingolipid composition
and on the in vitro cell motility of A2780/HPR cells. A2780/HPR cells were
treated with the specific glucosylceramide synthase inhibitor D-PDMP to
achieve sphingolipid depletion. The ineffective stereoisomer L-PDMP has
been used as a negative control. Panel A, sphingolipid patterns of A2780/HPR
cells untreated (CTR), treated with 10 �M and 20 �M L-PDMP or treated with 10
and 20 �M D-PDMP for 5 days. Cell lipids were extracted with chloroform/
methanol/water, 2:1:0.1 by volume, subjected to a two-phase partitioning,
and aqueous (left panel) and organic phases (right panel) lipids were analyzed
by HPTLC, using as solvent system chloroform/methanol/water, 55:20:3 by
volume (spray reagent, aniline/diphenylamine), and chloroform/methanol/
0.2% aqueous CaCl2 50:42:11 (spray reagent, p-dimethylaminobenzalde-
hyde), respectively. The equivalent to 500 �g (for organic phases) and 1 mg
(for aqueous phases) of cell proteins were loaded on each lane. PE, phosphati-
dylethanolamine. Panel B, effect of PDMP treatment on in vitro motility of
A2780/HPR cells has been assessed by a phagokinetic gold sol assay as
described in the legend of Fig. 1. A2780/HPR cells were treated with 10 or
20 �M of L- or D-PDMP for 48 h before the assay, and compounds were
maintained in the medium for the whole duration of the assay. The areas
of the tracks cleared by the cells have been recorded at time 0 and after 24
and 48 h. Average track areas (means � S.D. of 50 measurements) normal-
ized for the different cell size are reported in the bar graph. *, p � 0.002
versus time-matched control, °, p � 0.01 versus time-matched L-PDMP-
treated cells.
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characterized by a high lipid complexity. When immunopre-
cipitation experiments were performed under experimental
conditions that allowed the preservation of noncovalent inter-
actions, a complex pattern of proteins was co-immunoprecipi-
tated with caveolin-1. The presence of �5 and �1 integrin
receptor subunits, of c-Src (and its inactive form phosphoryl-
ated on tyrosine 527), and integrin signaling adaptor protein
p130CAS in the anti-caveolin-1 immunoprecipitates from
A2780/HPR and SAT-I-transfected A2780 cells was deter-
mined by immunoblotting using specific antibodies (Fig. 7,
panel A). CD9, the only tetraspanin expressed in these cells, was
not associated with the anti-caveolin-1 immunoprecipitates.
To confirm the association of caveolin-1 with other DRM pro-
teins, we performed immunoprecipitation experiments using
an anti-c-Src monoclonal antibody. In the anti-c-Src immuno-
precipitate, we were able to detect caveolin-1 and �5 integrin
(Fig. 7, panel B), thus confirming the reciprocal association of
caveolin-1 and c-Src in DRM.
c-Src Activation Is Negatively Regulated by Caveolin-1 and

Gangliosides and Correlates with Cell Motility—These results
indicate that both caveolin-1 and gangliosides exert an inhibi-
tory regulation on the motility of ovarian carcinoma cells. In
addition, they suggest that gangliosides and caveolin-1might be
organized in amultimolecular complex together with c-Src and
integrin receptors. Several papers indicated that GM3 is able to
negatively affect cell motility stabilizing the formation of a
integrin�tetraspanin membrane complex, leading to the inhibi-
tion of c-Src (10, 11, 46, 47). However, caveolin-1 suppression
of metastatic potential in osteosarcoma (29) and melanoma
(17) has been linked to the inhibition of c-Src activation. In
addition, we have previously shown that the motility of low

FIGURE 6. Immunoprecipitation of caveolin-1 from a Triton X-100-resist-
ant fraction from A2780, A2780/HPR, and SAT-1-transfected A2780 cells.
Panel A, lipid and protein composition of the detergent-insoluble membrane
fractions. After metabolic labeling of cell lipids with [1-3H]sphingosine, DRM
fractions were prepared from A2780 (white bars), A2780/HPR (gray bars), and
SAT-1-transfected A2780 cells (black bars) by sucrose gradient centrifugation
after lysis in the presence of 1% Triton X-100 as described under “Experimen-
tal Procedures.” Lipids from the DRM fraction and from the other gradient
fractions were extracted in chloroform/methanol and separated by HPTLC.
Radioactive sphingolipids were detected and quantitatively analyzed by dig-
ital autoradiography, and cholesterol was detected colorimetrically and
quantitatively analyzed by densitometry. Data are expressed as the percent-
age amount of total sphingolipids (SL) and cholesterol associated with the
DRM fractions with respect to the total amount in the gradient. DRM and
other gradient fractions have been also analyzed by SDS-PAGE followed by
Western blotting detection using specific antibodies against �1 integrin, �5
integrin, caveolin-1, and c-Src. The relative quantities of each protein in the
fraction were calculated by densitometry on the basis of the intensity of the
blotting signal. Data are expressed as percentage of total signal associated
with each antigen in the cell lysates. Data are the means � S.D. of three
independent experiments. Panel B, immunoprecipitation of caveolin-1 from
DRM obtained from of A2780/HPR and SAT-I-transfected A2780 cells. Immu-
noprecipitation experiments using anti-caveolin-1 monoclonal antibody
were performed starting from the same DRM amount under domain preserv-
ing conditions in which the interactions between lipid and protein within the
plasma membrane have been maintained. Caveolin-1 was detected in each
sample by Western blotting. 1st lane, DRM (1/30 of total volume). 2nd lane,
negative control (neg ctr) (1/10 of the total volume). 3rd lane, anti-caveolin-1
immunoprecipitate (IP) (1/10 of the total volume). 4th lane, supernatants after
immunoprecipitation (sur) (1/40 of total volume). Panel C, after metabolic
labeling of cell sphingolipids with [1-3H]sphingosine, radioactivity-associ-
ated sphingolipids in immunoprecipitation samples obtained from of A2780/
HPR and SAT-I-transfected A2780 cells (1st lane, whole DRM; 2nd lane, nega-
tive control; 3rd lane, anti-caveolin-1 immunoprecipitate; 4th lane,
supernatants after immunoprecipitation) have been determined as
described above. Data are expressed sphingolipid-associated radioactivity in
each sample and are the means � S.D. of three independent experiments.

FIGURE 7. Proteins associated with the anti-caveolin-1 and anti-c-Src
immunoprecipitates from a Triton-X-100-resistant fraction from A2780/
HPR and SAT-1-transfected A2780 cells. Immunoprecipitation experi-
ments using anti-caveolin-1 (panel A) or anti-c-Src (panel B) antibodies were
performed starting from the same DRM amount under domain preserving
conditions as described in the legend of Fig. 6. Caveolin-1, �5- and �1-integ-
rin, c-Src, c-Src-pY527, CD9, and p130CAS were detected in each sample by
Western blotting. 1st lane, DRM (1/30 of total volume). 2nd Lane, negative
control (1/10 of the total sample volume) (neg ctr). 3rd lane, anti-caveolin-1
immunoprecipitate (panel A) or anti-c-Src immunoprecipitate (panel B) (1/10
of the total sample volume) (IP). Patterns are representative of those obtained
in three different experiments.
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GM3 synthase-expressing A2780 cells was reduced in the pres-
ence of a Src inhibitor and that c-Src was less active in SAT-1-
transfected cells (32). To confirm the role of c-Src in the control
of cell motility in our model, we assessed Src kinase activity by
immunocomplex kinase assay after different treatments were
able to modify the gangliosides or caveolin-1 levels in these
cells, resulting in variations in their motility. The results
obtained are summarized in Fig. 8. Transient silencing of caveo-
lin-1 in A2780/HPR cells (that positively affected in vitro cell
motility) resulted in a higher c-Src kinase activity with respect to
control cells treated with scrambled siRNA, not affecting the total
cellular levels of c-Src (Fig. 8, panel A). In the same cells, abolition

of ganglioside synthesis (associatedwith an increased cellmotility)
led as well to c-Src kinase activation with similar levels of c-Src
protein (Fig. 8, panel B). However, the exogenous administration
of monosialogangliosides GM3 and GM2 to A2780 cells (a treat-
ment able to strongly inhibit their in vitromotility (32))was able to
significantly inhibit c-Src autophosphorylation, even if in this case
we observed an increased amount of c-Src protein in the ganglio-
side-treated samples, which might represent a compensatory
mechanism (Fig. 8, panel C). These data strongly suggest that the
activity of c-Src, which is inversely correlated with cell motility, is
regulated by the membrane ganglioside composition and/or the
presence of caveolin-1.

FIGURE 8. Effects of the modulation of caveolin-1 and cellular ganglioside levels on c-Src activity. c-Src activity has been measured as autophosphoryl-
ation using an immunocomplex kinase assay as described under “Experimental Procedures.” Briefly, c-Src has been immunoprecipitated with a specific
monoclonal antibody from cell lysates obtained under the different experimental conditions. Immunoprecipitates have been incubated with 10 �M [�-32P]ATP.
After incubation, proteins associated with each sample have been separated by SDS-PAGE. The total amount of c-Src associated with each sample has been
determined by Western blotting and densitometry (left panels). The amount of radioactivity associated with the band corresponding to c-Src protein has been
determined by autoradiography and has been normalized for the total c-Src content associated with each sample (right panels). Data are the means � S.D. of
four independent experiments. Panel A, effect of caveolin-1 silencing in A2780/HPR cells. A2780/HPR cells were treated with siRNA targeting to CAV1 mRNA
(gray bars) or with scrambled siRNA as control (white bars). Analysis has been performed 48 h after siRNA administration. *, p � 0.03 versus control. Panel B,
effect of ganglioside depletion by treatment with D-PDMP in A2780/HPR cells. A2780/HPR cells were treated with 20 �M D-PDMP (gray bars) or with
vehicle (white bars) for 48 h. *, p � 0.02 versus control. Panel C, effect of exogenous gangliosides administration in A2780 cells. Cells were treated with
50 �M GM2 for 48 h or with 50 �M GM3 for 24 and 48 h in serum-free medium as described under “Experimental Procedures.” *, p � 0.01 and °, p � 0.03
versus time-matched controls.
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DISCUSSION

The evidence provided in this paper, together with our pre-
viously published results (32), indicate that, in human ovarian
cancer cells, an increased cellular gangliosides content, caused
by the enhanced expression of GM3 synthase, is paralleled by a
marked up-regulation of themembrane adaptor protein caveo-
lin-1. The result of concomitantly high levels of gangliosides
and caveolin-1 is a marked reduction of in vitro cell motility.
Up-regulation of caveolin-1 and reduced cell motility were
observed in two cellular models in which higher GM3 synthase
activity with respect to wild-type cells has been obtained by two
entirely different procedures as follows: the genetic manipula-
tion of GM3 synthase levels by its stable overexpression in the
case of SAT-I-transfected A2780 cells or the selective pressure
in the presence of a drug, N-(4-hydroxyphenyl)retinamide), in
the case of A2780/HPR cells. The existence of a causal connec-
tion between high levels of gangliosides and caveolin-1 and the
observed reduction of cell motility are supported by the deple-
tion experiments, as shown in Figs. 4 and 5. Both caveolin-1
silencing and block of gangliosides biosynthesis by pharmaco-
logical inhibition of glucosylceramide synthase led to a strong
enhancement of cell motility. These results indicate that high
levels of caveolin-1 and high levels of gangliosides are necessary
but not sufficient, if independent, to down-regulate cell motil-
ity. Thus, the regulation of cell motility requires a certain
degree of cooperation between gangliosides and caveolin-1.
Caveolin-1, an integralmembrane protein originally discovered
as a main structural component of caveolae, soon gained a role
as a molecular organizer for multiprotein signaling complexes,
because of its ability to interactwith several proteins involved in
signal transduction and to concentrate whole signaling mod-
ules in specialized plasmamembrane areas, allowing their func-
tional regulation. Caveolin-1 is insoluble in cold nonionic
detergents (48) and can be enriched in low density Triton
X-100-insoluble membrane fractions. These fractions, highly
enriched also in cholesterol and sphingolipids, putatively cor-
respond to lipid rafts. Thus, caveolin-1 at the plasmamembrane
is concentrated in a lipid-richmembrane environment, and lip-
ids affect several of the functionally relevant properties of
caveolin-1. Caveolin-1 and sphingolipids not only co-localize in
the same detergent-insoluble membrane fraction, but several
pieces of evidence indicate that they can be close enough in
specializedmembrane subdomains to allow a direct interaction
between the transmembrane domain of caveolin and the hydro-
phobic moiety of the lipid (49, 50). In SAT-I-transfected A2780
ovarian carcinoma cells, photoreactive GM3 is able to label
caveolin-1 in a detergent-resistantmembrane preparation (32).
In a few cases, it has also been reported that detergent-resistant
association of caveolin-1 and sphingolipids is strong enough to
allow co-immunoprecipitation. Caveolin-1 can be immunopre-
cipitated by amonoclonal antibody to gangliosideGD3 inCHO
cells transiently transfected by GD3 synthase cDNA (51).
Here,we report that caveolin-1 and gangliosides are enriched

in a Triton-X-100-insoluble fraction and that a significant por-
tion of the sphingolipids associated with the DRM fraction can
be recovered upon immunoprecipitation with anti-caveolin-1
antibody (Fig. 6). Therefore, we hypothesize that the formation

of a ganglioside�caveolin-1 complex, occurring in cells with
concomitantly high levels of both components, might be
involved in the negative regulation of ovarian carcinoma cell
motility. We tried to elucidate the downstream signaling path-
way possibly affected by the ganglioside�caveolin-1 complex.
Our results indicated that integrin receptor subunits and the
nonreceptor tyrosine kinase c-Src are enriched together with
caveolin-1 and sphingolipids within detergent-resistant mem-
brane fractions.Moreover, integrin receptor subunits and c-Src
co-immunoprecipitate with caveolin-1. Caveolin-1 (16, 28) and
Src kinases (52, 53) are typically associated with sphingolipid-
enriched membrane domains or other subtypes of lipid rafts
also in other cell types. In addition, it has been suggested that
caveolin-1 might act as a membrane adaptor coupling integrin
receptors to Src kinases (54) and that caveolin-1-mediated
inactivation of the integrin/Src/FAK pathwaymight be respon-
sible for the inhibition of metastatic potential in melanoma
(17). Our results strongly support the hypothesis that the inac-
tivation of c-Src by a ganglioside�caveolin-1 complex might
result in the down-regulation of ovarian carcinoma cell motil-
ity. We have previously shown that a Src inhibitor was able to
inhibit the motility of A2780 cells (expressing low GM3 syn-
thase and low caveolin-1) and that c-Src was less active in SAT-
I-transfected cells (32), characterized by high caveolin-1 levels.
Now we report that treatments able to reduce the content of
caveolin-1 (CAV1 siRNA) or of gangliosides (glucosylceramide
synthase inhibition) in A2780/HPR and in SAT-I-transfected
A2780 cells led to enhanced c-Src kinase activation and
increased motility. However, ganglioside administration to
A2780 cells, which able to reduce their motility, resulted in
c-Src kinase inactivation. Altogether, these data suggest a novel
role for gangliosides in the regulation of cell motility in human
ovarian carcinoma by affecting the organization of a signaling
complex organized by caveolin-1, responsible for Src
inactivation.
Our results call attention to two aspects that probably

deserve future consideration. First, despite the much higher
expression of caveolin-1, the morphological analysis revealed
the absence of caveolae both in A2780/HPR and SAT-I-trans-
fected A2780 cells as in the wild-type A2780 cells. This finding
might seem in contrast to the usual association between caveo-
lin-1 and caveolae, but it is indeed in agreementwith the diverse
and multiple caveolae-independent roles of caveolin-1 that
have been described in the last few years (16, 28, 55). The sec-
ond aspect is related to the observation that cellular ganglioside
or GM3 synthase levels can regulate the expression of caveo-
lin-1. Yamagata and co-workers (56) showed that GD1a gangli-
oside regulated caveolin-1 expression in FBJ mouse osteosar-
coma cells. Also in that case, the concomitant increase in a
certain ganglioside and in caveolin-1 seems to be related to the
possible role of caveolin-1 as a tumor suppressor. FBJ mouse
osteosarcoma cells and A2780 human ovarian carcinoma cells
exist in different phenotypic variants, characterized by strik-
ingly different in vitro cell motility. For both cell types, the low
motility variants are characterized by high ganglioside and high
caveolin-1 expression, although the high motility variants con-
tain low ganglioside and low caveolin-1 levels. Treatment of the
highly motile FBJ-LL osteosarcoma cell line with exogenous
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GD1a ganglioside or transfection with GM2/GD2 synthase
cDNA resulted in the up-regulation of caveolin-1 expression
with reducedmetastatic potential and suppressed cell adhesion
to vitronectin (57). Similarly, GM3 synthase-transfected A2780
ovarian carcinoma cells were characterized by an increased
expression of caveolin-1 and reduced in vitro cell motility.
However, the mechanism underlying the regulation of caveo-
lin-1 expression by the cellular ganglioside levels is totally
unknown.
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