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The possible roles of Src family kinases in the enhanced
malignant properties of melanomas related to GD3 expression
were analyzed. Among Src family kinases only Yes, not Fyn or
Src, was functionally involved in the increased cell proliferation
and invasion of GD3-expressing transfectant cells (GD3�). Yes
was located upstream of p130Cas and paxillin and at an equiva-
lent level to focal adhesion kinase. Yes underwent autophospho-
rylation even before serum treatment and showed stronger
kinase activity in GD3� cells than in GD3� cells following
serum treatment. Coimmunoprecipitation experiments re-
vealed that Yes bound to focal adhesion kinase or p130Casmore
strongly in GD3� cells than in GD3� cells. As a possible mech-
anism for the enhancing effects of GD3 on cellular phenotypes,
it was shown that majority of Yes was localized in glycolipid-
enriched microdomain/rafts in GD3� cells even before serum
treatment, whereas it was scarcely detected in glycolipid-en-
riched microdomain/rafts in GD3� cells. An in vitro kinase
assay of Yes revealed that coexistence of GD3 with Yes in mem-
branous environments enhances the kinase activity of GD3�

cell-derived Yes toward enolase, p125, and Yes itself. Knock-
down of GD3 synthase resulted in the alleviation of tumor phe-
notypes and reduced activation levels of Yes. Taken together,
these results suggest a role ofGD3 in the regulation of Src family
kinases.

Gangliosides, sialic acid-containing glycosphingolipids, are
considered to play essential roles in the development and func-
tions of nerve tissues in vertebrates because they are enriched in
nervous systems and their composition is well conserved
among species (1, 2). Some gangliosides are also expressed in
neuroectoderm-derived cancers such as malignant melanomas
and neuroblastomas (3). Besides being markers of cancers, it
has been recognized that gangliosides play roles as modulators
of signaling in cancer cells, on the basis of the genetic manipu-

lation of glycosylationmachineries (4). GangliosideGD3 in par-
ticular is thought to play a key role in malignant melanoma.
Using aGD3-defectivemutant of the SK-MEL-28 sublineN1

cell (5), the effects of re-expression of GD3 in N1 cells on the
phenotypes ofmelanoma cells have been analyzed. The adaptor
molecules p130Cas and paxillin were the major molecules acti-
vated and involved in the enhanced cell growth and invasion
related to GD3 expression (6). Focal adhesion kinase (FAK)3
also undergoes activation under GD3 expression and is
involved in the enhancedmalignant properties in GD3� trans-
fectant cells (7). All these experiments were performed by stim-
ulatingmelanoma cellswith FCS after serum starvation. Similar
experiments have been performed using fibroblasts (8), ham-
ster melanoma (9) and CHO cells (10), and the same involve-
ment of GD3 has been reported. Opposite effects of GD3 on
vascular smooth muscle cells were also reported (11, 12).
Furthermore, the effects of GD3 on cell adhesion were ana-

lyzed (13). Expression of GD3 apparently enhanced cell attach-
ment to the extracellularmatrix and increased phosphorylation
levels of adaptor molecules during adhesion (13). These results
suggested that signals mediated via growth factor receptor(s)
and those mediated via adhesion receptor integrins might con-
verge in the vicinity of the cell membrane.
In this study, the roles of Src family kinases in the enhance-

ment of the malignant properties of melanoma cells involving
GD3 expression have been examined. Although several mem-
bers of Src family kinaseswere expressed in themelanoma cells,
only Yes was functionally involved in the enhanced signaling
that contributes to the malignant phenotypes of melanoma
cells.Mechanisms bywhichYes is activated under the influence
of GD3 were extensively analyzed.

EXPERIMENTAL PROCEDURES

Antibodies—Anti-phosphotyrosine mAb PY20, anti-FAK
(mouse mAb IgG1), anti-paxillin (mouse mAb IgG1), anti-Yes
(mouse mAb IgG1), anti-Fyn (mouse mAb IgG2b), anti-Lck
(mouse mAb IgG2a), anti-Lyn (mouse mAb IgG1), and anti-
flotillin-1 (mousemAb IgG1) were fromBDTransduction Lab-
oratories. Anti-flotillin-1 (rabbit IgG, H-104), anti-p130Cas
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(rabbit IgG, C-20), anti-FAK (rabbit IgG, C-20), anti-c-Src (rab-
bit IgG, N-16), anti-c-Src (mouse mAb IgG2a), and anti-Lyn
(rabbit IgG, 44) were from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA). Anti-phospho-Src family (Tyr-416, rabbit
IgG) was from Cell Signaling Technology, Inc. (Beverly, MA).
Anti-rabbit IgG conjugated with HRP was purchased fromCell
Signaling Technology, Inc. Anti-mouse IgG conjugated with
HRP was purchased from Amersham Biosciences. Anti-mouse
IgG conjugated with HRP (Mouse TrueBlotTM ULTRA) was
purchased from eBioscience, Inc. (San Diego, CA). Anti-mouse
IgG1 Alexa Fluor 555, anti-rabbit IgG-Alexa Fluor 488, and
anti-mouse IgG3 Alexa Fluor 488 were purchased from Invit-
rogen. Anti-GD3mAb R24 was kindly provided by Dr. L. J. Old
at Memorial Sloan-Kettering Cancer Center (New York).
Reagents—Protein G-Sepharose or A-Sepharose beads were

from Amersham Biosciences. Purified mouse IgG and rabbit
IgG were from Millipore (Temecula, CA). RestoreTM Western
blot stripping buffer was from Thermo Scientific (Waltham,
MA).
Preparation of siRNAs—Several kinds of StealthTM siRNAs

against some portion of human Src, Fyn, and Yes cDNA were
designed by Invitrogen, and siRNAs against p130Cas, paxillin,
and FAK were designed by Dharmacon Research (Lafayette,
CO). They were transfected into a transfectant line G5 and a
vector control line V9 with Lipofectamine 2000TM (Invitrogen)
according to the manufacturer’s protocol. As a nonspecific
siRNA control, a sequence targeting firefly (Photinus pyra-
lis) luciferase gene (X65324) 153–175 (Dharmacon
Research) or StealthTM siRNA negative control Med and
Low (Invitrogen) were used. Finally, selected target se-
quences for knockdown of Src, Fyn, Yes, p130Cas, paxillin,
and FAK were as follows: Src, 5�-GGAGACAGACCUGUC-
CUUCAAGAAA-3�; Fyn, 5�-GAGCGACAGCUAUUGUC-
CUUUGGAA-3�; Yes 1, 5�-CCAAGUUCAUAUCCUGCU-
GGUUUAA-3�; Yes 2, 5�-GGCUGCUAAUAUUCUUGUA-
GGAGAA-3�; p130Cas, 5�-AACCCACAAGCUGGUGUU-
CAU-3�; paxillin, 5�-AAGAACGACAAGCCUUACUGU-3�;
and FAK, 5�-AAGUGAAGACAAGGACAG AAA-3�.
Cell Lines and Transfectant Cells—SK-MEL-28-N1 was

established as described previously (5) and maintained in
DMEM supplemented with 7.5% FCS at 37 °C in a humidified
atmosphere containing 5% CO2. Construction of a cDNA
expression vector of human �2,8-sialyltransferase (GD3 syn-
thase) was as described previously (14), andGD3� transfectant
cells were established by transfecting SK-MEL-28-N1 cells with
the cDNA expression vectors and selecting G-418-resistant
clones in the presence of G418 (400 �g/ml) (Sigma). The trans-
fectant cells were screened by flow cytometry using mAb R24
(anti-GD3) andmaintained in DMEMwith 7.5% FCS andG418
(400 �g/ml).
Flow Cytometry—The cell surface expression of GD3 was

analyzed by flow cytometry (BD Biosciences) as described pre-
viously (6). Control samples were usually prepared using non-
relevant mAbs with the same subclasses for individual mAbs.
In Vitro Invasion Assays—Invasion assays were performed

with a Boyden chamber as described previously (6), with some
modifications. In brief, Matrigel (BD Biosciences) was diluted
with ice-cold PBS (100 �g/ml). 0.6 ml were then added to each

filter (polyethylene terephthalate membrane, 8-�m pore size,
23.1 mm in diameter, Falcon 3093) and left to be polymerized
overnight. The membrane was reconstituted with serum-free
medium. The lower chamber (6-well plate, Falcon 3502) was
filled with the culture medium with or without serum before
the chamber was assembled. Cells (1�8 � 105 cells/well) were
added to serum-free medium in the upper chamber and incu-
bated for 24 h. Then the cells on the surface of the filter were
stained with Giemsa (Wako, Osaka) and counted under
microscopy.
BrdUUptake—Cells grownon a 60-well platewere incubated

in the presence of BrdU for 14 h according to the instructions of
the cell proliferation kit (Amersham Biosciences) and then
fixed with acid-ethanol for 30 min. The cells were immuno-
stained with anti-BrdU antibody and Alexa 546-conjugated
anti-mouse antibody (Molecular Probes, Invitrogen). The
BrdU-positive cells were observed by fluorescence microscopy
(BX51, Olympus, Tokyo), and the percentage of BrdU-positive
cells was calculated.
MTT Assay—Cells (2 � 103) were seeded in 98-well plates.

An MTT assay was performed by assessing the reduction of
MTT to formazan on the basis of the absorbance at 590 nM
using an ELISA reader Immuno Mini NJ-2300 (System Instru-
ments, Tokyo).
Preparation of Cell Lysates—2 or 6 � 105 cells were plated in

a 6- or 10-cm dish, respectively, and serum-starved for 12 h
before treatment with FCS. Then, cells were treated with FCS
for 0–120 min at 37 °C. Cells were lysed with a lysis buffer (20
mM Tris-HCl (pH7.5), 150 mM NaCl, 1 mM Na2EDTA, 1 mM

EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM

�-glycerophosphate, 1 mM Na3VO4, leupeptin (1 �g/ml),
1 mM PMSF), and then insoluble materials were removed by
centrifugation.
Western Immunoblotting—Lysates were separatedwith SDS-

PAGE using 10–15% gels. The separated proteins were trans-
ferred onto an Immobilon-PTMmembrane (Millipore). Blots
were blocked with 3% BSA in PBS containing 0.05% Tween
20 for 1 h. The membrane was first probed with primary
antibodies. After being washed, the blots were then incu-
bated with goat anti-rabbit IgGs or goat anti-mouse IgGs
conjugated with HRP (1:2000). After washing, bound conju-

FIGURE 1. Expression of GD3 on SK-MEL-28 N1-derived transfectant cells.
Flow cytometry of GD3 expression on two controls (V5, V9) and two GD3
synthase-cDNA transfectant cells (G5, G11) was performed with mAb R24 and
FITC-labeled secondary antibody. Solid peaks represent negative controls
prepared using a non-relevant mAb with the same subclass (IgG3).
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gates were visualized with an ECL detection system
(PerkinElmer Life Sciences). HL-60, a promyelocytic leuke-
mia cell line, was used as a positive control for Lyn.
Immunoprecipitation—The lysates were immunoprecipi-

tated withmonoclonal or polyclonal antibody bound to protein
G-Sepharose orA-Sepharose at 4 °C for 75min. The beadswere
washed five times with washing buffer (50 mM Tris-HCl
(pH7.5), 150 mM NaCl, 1% Triton X-100, 1 mM Na3VO4, 1 mM

EDTA) and finally resuspended in 20 �l of 2� SDS sample
buffer. The precipitated proteins were separated using SDS-
PAGE and then immunoblotted.

Knockdown of Src, Fyn, Yes, p130Cas, Paxillin, and FAK by
siRNA—Melanoma cells were plated at 70�80% confluency in
3.5- or 6-cm cell culture dishes andwere cultured overnight. They
were transiently transfected with siRNAs (100 nM) of the target
gene or control in Opti-MEM I medium (Invitrogen) with Lipo-
fectamine 2000TM (Invitrogen) following the manufacturer’s
instructions. Four hours later, the Opti-MEM I medium was
replaced by regular culturemedium.The efficiency of knockdown
against individual gene products and the effects of knockdown on
theothermoleculeswere assessedwith immunoblotting 48h after
the transfection. For the invasion assay and BrdUrd assay, cells

FIGURE 2. Expression of Src family kinases and implication of them in the phenotypes of melanoma cells. Immunoblotting (IB) or immunoprecipitation/
immunoblotting (IP) were performed with antibodies for individual Src family kinases. A, total cell lysates from two GD3� and GD3� cells were immunoblotted
with an anti-Yes or an anti-Fyn antibody. For c-Src, immunoprecipitates with an anti-c-Src antibody were immunoblotted with anti-c-Src antibody. B, immu-
noprecipitates with an anti-Lyn antibody were immunoblotted with an anti-Lyn antibody. HC in A and B means IgG heavy chain. C, siRNAs for the knockdown
of Yes. Yes suppression after transfection of G5 (GD3�) with siRNAs YES1 or YES2 was examined by immunoblotting. D, G5 (GD3�) was transfected with YES1
twice with an interval of 2 days, and immunoblotting was performed. E, specificity of an anti-Yes siRNA, YES1. The protein level of Fyn was not affected by the
knockdown of Yes. F–K, involvement of Src family kinases in the cell proliferation and invasion of melanoma cells. G5, G11 (GD3�), and V5, V9 (GD3�) were
transfected with anti-Yes, Fyn, or c-Src siRNAs. The effects of the knockdown of Yes (F) or Fyn (I) on the phosphorylation levels of p130Cas, FAK, and paxillin in
G5 (GD3�) were analyzed by immunoblotting as shown in the figures. A significant reduction of the tyrosine phosphorylation levels of FAK, p130Cas, and
paxillin by knockdown of Yes was observed, whereas knockdown of Fyn had no effect. Then, BrdU uptake (G and J) and invasion activity (H and K) were
examined. The experiments were performed in triplicates, and mean � S.D. are presented. *, p � 0.05; **, p � 0.01. Note that significant suppression was
observed only in G5 and G11 (GD3�) between anti-Yes siRNA- and control siRNA-treated cells. (Data on Src are in supplemental Fig. S3.) NC in C–K means a
negative control, StealthTM siRNA negative control (Invitrogen).
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were collected 2 days after the transfection and replated for the
assays.
In Vitro Kinase Assay—The lysates prepared from cells treated

with FCS were immunoprecipitated using anti-Yes antibody, and
the immunocomplexes were washed three times with washing
buffer (50mMTris-HCl (pH7.5), 150mMNaCl, 1% Triton X-100,
1mMNa3VO4, 1mM EDTA) and twice with kinase buffer (30mM

HEPES (pH7.5), 10 mM MgCl2, 2 mM MnCl2, 10 �M Na3VO4).
Then, the immunocomplexes were resuspended in 20 �l kinase
bufferwith2.62,3.00,or6.99�gofacid-denaturedenolase (Sigma)
as a substrate, 1 �M ATP (Sigma), and 10 �Ci of [�-32P]ATP
(PerkinElmer Life Sciences). For in vitro kinase assays in the pres-
ence of liposome-embedded GD3, GM1, or GD1a, dipalmitoyl-
phosphatidycholine (0.5 �mol) (NOF Corp., Tokyo) and choles-
terol (Sigma-Aldrich) (0.5 �mol), GD3, GM1 (1, 2.5, 5, 10, or 20
�g) orGD1a (5, 10, or 20�g)weremixed in chloroform/methanol
(2:1) anddriedby evaporation.Then, theyweredissolved in100�l
of the kinase buffer, and liposomes were formed. An aliquot of
them (3.6�l) was added to the immunocomplexes resuspended in
21.4 �l of the kinase buffer containing 3 �g of acid-denatured
enolase, 1�MATP, and10�Ciof [�-32P]ATP.Thekinase reaction
was carriedout at roomtemperature for 20min.The final reaction
products were denatured in SDS sample buffer and separated by
SDS-PAGE using 10% gels. The bands were visualized by
TyphoonTM 8600 (Amersham Biosciences).
Isolation of the GEM/Raft Fraction—Glycolipid-enriched

microdomains (GEM)/raft membrane microdomains were pre-
paredusing adetergent extractionmethodessentially as described
byMitsuda et al. (15). Cells were plated at a density of 5� 105 per
15-cm dish (Greiner Bio One, Frickenhausen, Germany) and cul-
tured up to 80% confluency, and six dishes of cells were used for
each preparation. After beingwashed twicewith ice-cold PBS, the
cells were collected, suspended in 1 ml of TNE/Triton X-100
buffer (1% Triton X-100, 25mMTris-HCl (pH7.5), 150mMNaCl,
1 mM EGTA), Dounce homogenized 20 times, andmixed with an
equal volume of 80% sucrose (w/v). Then, samples (2 ml) were
placed at the bottom of Ultra-Clear centrifuge tubes (Beckman
Instruments, Fullerton, CA). 2 ml of 30% sucrose in TNE buffer
without Triton X-100 was laid on top of the samples, and 1 ml of
5% (w/v) sucrose in TNE buffer without Triton X-100 was laid on
top.Thesampleswerecentrifugedat105,000� g inaMLS50rotor
(Beckman Instruments) for 16 h at 4 °C. The entire procedurewas
performed at 4 °C. From the top of the gradient, 0.5 ml each of
fraction was collected to yield 10 fractions. Furthermore, the
GEM/raft fractionwas prepared using a non-detergent extraction
method essentially as described by Nishio et al. (16). Cells were
plated at a density of 5 � 105 per 15-cm dish and cultured up to
80% confluency, and six dishes of cells were used for each prepa-
ration. After being washed twice with ice-cold PBS, the cells were
scraped in 1 ml of 0.5 M sodium carbonate buffer (pH 11.0). The
cells were sequentially homogenized using a loose-fitting Dounce
homogenizer (10 strokes), a Polytron tissue grinder (three 10-s
bursts), and a sonicator (three 20-s bursts). All procedures were
carried out at 4 °C. The homogenate (1 ml) was then adjusted to
45% (w/v) sucrose by adding 1mlof 90% (w/v) sucrose prepared in
2� MNE buffer (25 mM 4-morpholineethanesulfonic acid (pH
6.5), 150mMNaCl, 5mMEDTA). The final pH of themixture was
10.2.Adiscontinuous sucrosegradientwas formedbyoverlaying2

mlof35%(w/v) sucroseonto themixtureandthen1mlof5%(w/v)
sucrose. Both of these layers were prepared withMNE containing
0.25 M sodium carbonate. The samples were centrifuged at
105,000 � g in a MLS50 rotor (Beckman Instruments) for
16 h at 4 °C. From the top of the gradient, 0.5 ml each of
fraction was collected to yield 10 fractions. The components
in each fraction were concentrated by centrifugation at
100,000 � g for 2 h at 4 °C in MNE buffer, and precipitates
were resolved in the lysis buffer (10 mM Tris-HCl (pH7.4),
150 mM NaCl, 10 mM MgCl2, 0.5% Nonidet P-40, 1 mM

Na3VO4) and used for Western immunoblotting. To inves-
tigate distribution patterns of phosphorylated Yes inside/
outside of GEM/rafts, antibodies on the membranes were
stripped using Western blot stripping buffer for 1 h at 37 °C
after immunoblotting by an anti-phospho-Src family (Tyr-
416) antibody. Then, the membrane was blocked with 3%
BSA in PBS containing 0.05% Tween 20 for 1 h and was
probed with an anti-Yes antibody.
Immunocytostaining—Cells were fixed in paraformalde-

hyde (4% in PBS for 10 min) and then incubated with 0.1%
Triton X-100 in PBS for 5 min at room temperature. After
being washed with PBS, nonspecific binding was blocked
with 10% normal goat serum in PBS for 15 min at room
temperature. The fixed cells were incubated with primary
antibodies in PBS containing 10% normal goat serum over-
night at 4 °C. After being washed, nonspecific binding was
blocked with 10% normal goat serum in PBS for 15 min at
room temperature. They were incubated with anti-mouse
IgG1-Alexa Fluor 555 and anti-rabbit IgG-Alexa Fluor 488
or anti-mouse IgG3-Alexa Fluor 488 in PBS containing 10%
normal goat serum for 60 min at room temperature. The
resulting staining patterns were imaged using a confocal
microscope (Fluoview FV500, Olympus).
Knockdown of GD3 Synthase with an shRNAi in Melanoma

Cell Line SK-MEL-28—To stably knock down GD3 synthase in
SK-MEL-28, we used an shRNAi expression plasmid as
described previously (17). After transfection of the anti-GD3

FIGURE 3. Effects of the knockdown of p130Cas, paxillin, or FAK on
phosphorylation levels of Yes. A, the effects of the knockdown of
p130Cas or paxillin on the phosphorylation levels of Yes in G5 were exam-
ined by immunoblotting (IB). The tyrosine phosphorylation level of Yes at
Tyr-416 was not affected. IP, immunoprecipitation. B, the effects of the
knockdown of FAK on the phosphorylation levels of Yes, p130Cas, and
paxillin were examined in G5. The phosphorylation level of Yes at Tyr-416
was partially suppressed, whereas those of p130Cas and paxillin were
strongly suppressed.
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synthase shRNAi vector into SK-MEL-28 and subsequent
selection with puromycin (0.4 �g/ml) (Sigma), GD3 knock-
down clones were established.
Image Analysis—To analyze the band intensities in immuno-

blotting and the autoradiograph, bands were scanned byAdobe
Photoshop CS2 or TyphoonTM 8600 and quantified using
National Institutes of Health Image 1.61.

Statistical Analysis—Statistical significance of data were
determined using Student’s t test.

RESULTS

Generation of GD3-expressing Lines from SK-MEL-28-N1—
As described previously (6), SK-MEL-28-N1was transfected by
an expression vector of GD3 synthase cDNA, resulting in the

FIGURE 4. Tyrosine phosphorylation of Yes at Tyr-416 by FCS treatment. A, G5 (GD3�) and V9 (GD3�) were treated with FCS after serum starvation for 12 h,
and Yes was immunoprecipitated (IP) from their lysates at the indicated time points. Then tyrosine phosphorylation of Yes at Tyr-416 was analyzed by an
anti-phospho-Src family (Tyr-416) antibody. IB, immunoblotting. B, the relative intensity of bands of p-Yes in A was measured using National Institutes of Health
Image 1.61 and plotted after correction with that of Yes. The experiments were performed in triplicates, and mean � S.D. are presented. *, p � 0.05; **, p � 0.01.
C, kinase activity of Yes under GD3 expression. An in vitro kinase assay was done with enolase as a substrate to determine whether GD3 enhances the kinase
activity of Yes. G5 (GD3�) and V9 (GD3�) were treated with FCS after serum starvation for 12 h, and Yes was immunoprecipitated from their lysates. Then, an
in vitro kinase assay was performed using 3 �g of enolase and 1 �M ATP. D, the relative intensity of bands in C was measured using National Institutes of Health
Image 1.61 and plotted after correction with those of Yes. The experiments were performed in triplicates, and mean � S.D. are presented. *, p � 0.05; **, p �
0.01. Note that the bands of autophosphorylated Yes, phosphorylated p125, and phosphorylated enolase were stronger in GD3� cells than those in GD3�
cells at both 0 min and 15 min after FCS treatment.
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establishment of GD3� transfectant cells G5 and G11. As
shown in Fig. 1,G5 andG11 showeddefinite expression ofGD3,
whereas transfectants of the vector alone, V5 and V9, showed
no GD3. In TLC, the transfectant contained 67.1% of GD3 (�
0.27 �g/mg wet tissue) compared with that in SK-MEL-28, as
shown in the previous report (supplemental Fig. S1) (7). A few
faint bands were detected as well as GD3 bands, suggesting that
a minor portion of GD3 was converted. SK-MEL-28-N1 and
controls derived from it showed no band of GD3 (below 0.005
�g/mg wet tissue) in TLC, as suggested in flow cytometry.
Expression of Src Family Kinases and Their Involvement in

the Malignant Properties of Melanoma Cells—To determine
the expression of Src family kinases in melanoma cells, immu-
noprecipitation and immunoblotting were performed with
antibodies for individual Src family kinases. These results
showed that the expression levels of Yes and Fyn were fairly
high, whereas those of Src and Lyn were low (Fig. 2, A and B).
Expression of Lck was not detected (supplemental Fig. S2).
Involvement of Src family kinases in cell proliferation and inva-
sion was analyzed by knockdown with siRNAs against individ-
ual Src family kinases. Between two siRNAs for the knockdown
of Yes, highly effective siRNA (YES1) was selected (Fig. 2C).
Because a single knockdown of Yes was not enough, repeated
transfection of YES1 siNRA was performed, resulting in suffi-
cient reduction of Yes protein (Fig. 2D). To examine specificity
of YES1 siRNA, it was analyzed whether Fyn protein was
affected by YES1. Consequently, no effect on Fyn was observed
(Fig. 2E). After the transfection of individual siRNAs into
GD3� transfectant cells and GD3� vector control cells, cell
proliferation and invasion activity were analyzed with the
BrdUrd assay and the Boyden chamber invasion assay, respec-
tively. As shown in Fig. 2F, tyrosine phosphorylation levels of
FAK, p130Cas, and paxillin were definitely suppressed by
knockdown of Yes, although their total protein amounts were
not affected in GD3� cells. The proliferation and invasion
activities were markedly reduced after knockdown of Yes in
GD3� cells (G5 and G11) (Fig. 2, G and H), whereas they
showed no change by knockdown of Yes in GD3� cells (V5 and
V9). On the other hand, knockdown of Fyn in GD3� cells did
not affect the phosphorylation levels of FAK, p130Cas, and pax-
illin (Fig. 2I). Furthermore, the proliferation and invasion activ-
ity showed no change by knockdown of Fyn (Fig. 2, J and K).
(Data of Src are in supplemental Fig. S3).
Yes Is Located Upstream of p130Cas and Paxillin and in

Equal Level to FAK—To clarify the position of Yes in the sig-
naling pathway, knockdown of Yes, FAK, p130Cas, and paxillin
was performed with siRNAs. As shown in Fig. 3, A and B, after
knockdown of p130Cas or paxillin with individual siRNAs, the
total amounts of p130Cas or paxillin were definitely sup-
pressed, respectively, whereas tyrosine phosphorylation of Yes
was not affected. After knockdown of FAK, the phosphoryla-
tion levels of Yes were partially suppressed. On the other hand,
after knockdown of Yes, the phosphorylation levels of p130Cas
and paxillin were strongly suppressed and that of FAKwas par-
tially suppressed (Fig. 2F). These results indicated that Yes was
located upstream of p130Cas and paxillin and at an equivalent
level to FAK.

Enhanced Phosphorylation and Kinase Activity of Yes under
GD3 Expression—The time course of tyrosine phosphorylation
levels of Yes inGD3� cells andGD3� cells after FCS treatment
was analyzed. Cells were treated with FCS after serum starva-
tion for 12 h, and the tyrosine phosphorylation levels of Yes
were observed up to 120min after the addition of FCS (Fig. 4,A
andB). Stronger tyrosine phosphorylation of Yes inGD3� cells
than in GD3� cells was observed up to 15 min after stimula-
tion of FCS. Interestingly, the tyrosine phosphorylation level
at Tyr-416 was already increased in GD3� cells even before
FCS treatment. Then, in vitro kinase assays were done with
enolase as a substrate to determine whether GD3 enhanced
kinase activity of Yes. We conducted the in vitro kinase assay

FIGURE 5. GD3 expression enhanced association of Yes with FAK and
p130Cas. A, G5 (GD3�) and V9 (GD3�) were treated with FCS after serum
starvation for 12 h, and FAK was immunoprecipitated (IP) from their lysates at
the indicated time points. Coprecipitated Yes as well as FAK was immuno-
blotted (IB) by the individual antibodies. Results of immunoblotting for Yes
(upper panel) and FAK (lower panel) are shown. B, the relative intensity of
bands in A was measured using National Institutes of Health Image 1.61 and
plotted after correction with that of FAK. The experiments were performed in
triplicates, and mean � S.D. are presented. *, p � 0.05; **, p � 0.01. C, G5
(GD3�) and V9 (GD3�) were treated with FCS after serum starvation for 12 h,
and p130Cas was immunoprecipitated from their lysates at the indicated
time points. Coprecipitated Yes as well as p130Cas was immunoblotted by
the individual antibodies. Results of immunoblotting for Yes (upper panel)
and p130Cas (lower panel) were shown. D, relative intensity of bands in C was
measured using National Institutes of Health Image 1.61 and plotted after
correction with that of p130Cas. The experiments were performed in tripli-
cates, and mean �S.D. are presented. *, p � 0.05; **, p � 0.01.
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using 3 �g of enolase and 1 �M ATP on the basis of the
preliminary experiments (supplemental Fig. S4). The bands
of autophosphorylated Yes, phosphorylated p125, and phos-
phorylated enolase were stronger in GD3� cells than in
GD3� cells at both 0 and 15 min after FCS treatment (Fig. 4,
C and D), suggesting that Yes is already activated before FCS

treatment, although not fully, and activatedmore strongly by
FCS in GD3� cells.
GD3 Expression Causes Enhanced Association of Yes with

FAK and p130Cas—To investigate whether expression of GD3
in melanoma cells is involved in the formation of complexes of
Yes with FAK and/or p130Cas after FCS treatment, immuno-

FIGURE 6. Alteration in the floating patterns of Yes in sucrose density gradient fractions. Floating patterns of Yes in the extracts from G5 (GD3�) and V9
(GD3�) at 0 and 30 min after FCS treatment were shown. Triton X-100 extracts were fractionated by sucrose density gradient ultracentrifugation, and each
fraction was used for immunoblotting by an anti-Yes antibody. A, results for G5 (GD3�) and V9 (GD3�) before FCS treatment. B, results for G5 (GD3�) and V9
(GD3�) at 30 min after FCS treatment. Note that definite bands of Yes were found in GEM/raft fractions of the GD3� cells compared with GD3� cells at time
0. C, bands in A and B were measured using National Institutes of Health Image 1.61, and the relative intensities in GEM/raft fractions (fractions 2– 4) against
those in GEM/raft fractions plus non-GEM/raft fractions (fractions 6 –10) were plotted. The experiments were performed in triplicates, and mean � S.D. are
presented. *, p � 0.05. D, the GEM/raft fractions at 0 and 30 min after FCS treatment were isolated using Triton X-100 extracts. GEM/raft fractions (fraction 2, 3,
and 4) and non-GEM/raft fractions (fractions 6 –10) were used for immunoblotting by an anti-phospho-Src family (Tyr-416) antibody (upper panel) and an
anti-Yes antibody (lower panel). Antibodies on the membranes were stripped using Western blot stripping buffer after immunoblotting by an anti-phospho-Src
family (Tyr-416) antibody, and the membrane was immunoblotted by an anti-Yes antibody. E, the relative intensity of bands of phosphorylated Yes was
measured using National Institutes of Health Image 1.61. F, the ratios of phosphorylated Yes to total Yes was measured using National Institutes of Health
Image 1.61. The experiments were performed in triplicates, and mean � S.D. are presented. *, p � 0.05; **, p � 0.01.
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precipitation/immunoblotting was performed using lysates
from GD3� and GD3� melanoma cells during the FCS treat-
ment. As shown in Fig. 5, A and B, the band intensities of Yes
coprecipitated with FAK from 0 to 120 min were generally
higher in GD3� transfectant cells. p130Cas was also associated
with Yes much more in GD3� transfectants compared with
GD3� cells (Fig. 5, C and D). The presence of equivalent
amounts of Yes in both types of cells was confirmed (supple-
mental Fig. S5). Consequently, molecular complexes consisting
of Yes and FAK and/or p130Cas were formed more strongly in
GD3� cells than in GD3� cells.
Localization of Yes in the GEM/Rafts—To clarify molecular

mechanisms by which kinase activity, phosphorylation of Tyr-
416, and complex formation of Yes were increased in GD3�
transfectant cells, the intracellular localization of Yes in the
GEM/raft was analyzed. Sucrose density gradient fractionation
of Triton X-100 extracts was performed using flotillin-1 as a
marker of GEM/rafts. It was detected in fractions 2–4 (supple-
mental Fig. S6). Bands of Yes were found at much higher levels
in GEM/raft fractions of the GD3� cells compared with GD3�
cells at time 0, whereas its bands in GEM/raft fractions were
found in GD3� control cells at the same level as GD3� trans-
fectant cells at 30 min after FCS treatment (Fig. 6A–C). Both
levels of phosphorylated Yes and ratios of phosphorylated Yes
to total Yes in GEM/raft fractions were significantly higher in
GD3� transfectant cells than in GD3� control cells both at
time 0 and 30 min (Fig. 6, D–F). On the other hand, ratios of
phosphorylated Yes to total Yes in non-GEM/raft fractions of
GD3� cells were almost equivalent to those inGD3� cells both
at time 0 and 30min. These results suggested that Yes in GEM/
raft fractions might be constitutively activated in GD3� cells.
Furthermore, similar patterns of Yes localizationwere observed
when a non-detergent method was used for the preparation
(supplemental Fig. S7).
Yes Colocalizes with GD3 and Flotillin-1 before FCS Treat-

ment in GD3� Cells—Yes colocalized with flotillin-1 only in
GD3� cells at time 0, whereas its colocalization was almost
equivalent between GD3� cells and GD3� cells 30 min after
FCS treatment (Fig. 7A). Yes colocalized with GD3 in GD3�
cells as expected (Fig. 7B). These results correspondedwell with
those in Fig. 6.
Liposome-embedded GD3 Enhances Kinase Activity of Yes

from GD3� Cells—We conducted in vitro kinase assays using
immunoprecipitated Yes from GD3� cells in the presence of
liposome-embedded GD3 to examine effects of GD3 on the
kinase activity in a membrane-like environment. The effects of
direct addition ofGD3on the kinase activity of immunoprecipi-
tated Yes are shown in supplemental Fig. S8, showing some
increase in its kinase activity at 1–50 �M. As shown in Fig. 8, A,
C, E, and G, Yes kinase activity was higher in samples with
liposome-embedded GD3 than in samples with liposome only.
The effects of GD3-liposome were dose dependent, and the
kinase activity of Yes was enhanced particularly at around 5 �M

of GD3-liposome. On the other hand, kinase activity of Yes
from GD3� cells did not change in the presence of liposome-
embedded GM1 or GD1a (supplemental Fig. S9, A–D). Fur-
thermore, kinase activity of Yes from GD3� cells was signifi-
cantly reduced in the presence of liposome-embedded GM1

(Fig. 8, B, D, F, and H). The kinase activity was particularly
reduced at around 5 �M of GM1-liposome. These results sug-
gested the possibility that kinase activity of Yes was oppositely
regulated by GD3 and GM1 in the in vitro kinase assay and
probably in melanoma cells.
Effects of GD3 Synthase Knockdown in SK-MEL-28 by

shRNAi—After the transfection of SK-MEL-28 with the
shRNAi expression plasmid, two GD3 synthase-knockdown
clones (KF10T-1 and KF10T-2) were established. A control
clone transfected with PH1-RNA puro alone (VC-A) was also
isolated (Fig. 9A). To clarify the effects of GD3 synthase knock-
down on cancer properties, an MTT assay and invasion assay
were performed. In the MTT assay, the GD3 synthase knock-
down cells showed markedly decreased cell growth compared
with the control cell and the parent cell line (Fig. 9B). The inva-

FIGURE 7. Immunocytostaining of Yes and flotillin-1 or GD3. Colocaliza-
tion of Yes, flotillin-1, and GD3 was examined at time 0 and 30 min after FCS
treatment. Cells were fixed as described under “Experimental Procedures.”
Yes was stained with anti-Yes mouse mAb and anti-mouse IgG1 Alexa Fluor
555. Flotillin-1 was stained with anti-flotillin-1 rabbit antibody and anti-rabbit
IgG Alexa Fluor 488 (A). GD3 was stained with mAb R24 and anti-mouse IgG3
Alexa Fluor 488 (B). The staining pattern was analyzed with confocal laser
microscopy.
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sion assay revealed that GD3 synthase knockdown cells had
much lower invasion activity than the controls (Fig. 9C), indi-
cating reduced malignant properties in the GD3 synthase
knockdown cells.
Suppressed Phosphorylation of Yes by GD3 Synthase Knock-

down—The time course of tyrosine phosphorylation levels of
Yes in GD3 synthase knockdown cells as well as control cells
after FCS treatment was analyzed. Cells were treated with FCS
after serum starvation for 12 h, and tyrosine phosphorylation
levels of Yes were observed up to 60 min (Fig. 9, D and E).
Significantly lower tyrosine phosphorylation of Yes inGD3 syn-
thase knockdown cells than in the control cells was observed
before FCS treatment and 60 min after stimulation of FCS. All

these results corresponded well with those observed in GD3
synthase overexpression experiments.

DISCUSSION

Following the cloning of cDNAs of glycosyl transferases,
such as of GD3 synthase (14), the expression and role of gan-
gliosides in cancer cells has been studied, particularly in malig-
nant melanomas (6, 18), T-cell leukemias (19) and lung cancers
(20). In particular, strong enhancement of activation of adaptor
molecules such as p130Cas and paxillin and their involvement
in the malignant properties of melanomas under GD3 expres-
sion have been demonstrated. Roles for FAK in the activation of
p130Cas and paxillin were also elucidated (7). However, no

FIGURE 8. Liposome-embedded GD3 enhanced kinase activity of Yes from GD3� cells and liposome-embedded GM1 suppressed kinase activity
of Yes from GD3� cells. A, in vitro kinase assays using immunoprecipitated Yes from GD3� cells were performed in the presence of liposome-
embedded GD3 (5, 10, and 20 �M). C, the relative intensities of phosphorylation bands of enolase and p125 as well as of Yes were measured using
National Institutes of Health Image 1.61 and plotted in graphs after correction with that of Yes. The experiments were performed in triplicates, and
mean � S.D. are presented. *, p � 0.05; **, p � 0.01. B, in vitro kinase assays using immunoprecipitated Yes from GD3� cells were performed in the
presence of liposome-embedded GM1 (5, 10, and 20 �M). D, the relative intensities of phosphorylation bands of enolase and p125 as well as Yes were
measured using National Institutes of Health Image 1.61 and plotted in graphs as described in C. The experiments were performed in triplicates, and
mean � S.D. are presented. *, p � 0.05; **, p � 0.01. E, in vitro kinase assays using immunoprecipitated Yes from GD3� cells were performed in the
presence of liposome-embedded GD3 (1, 2.5, and 5 �M). G, the relative intensities of phosphorylation bands of enolase and p125 as well as of Yes were
measured using National Institutes of Health Image 1.61 and plotted in graphs as described in C. The experiments were performed in triplicates, and
mean � S.D. are presented. *, p � 0.05; **, p � 0.01. F, in vitro kinase assays using immunoprecipitated Yes from GD3� cells were performed in the
presence of liposome-embedded GM1 (1, 2.5, and 5 �M). H, the relative intensities of phosphorylation bands of enolase and p125 as well as Yes were
measured using National Institutes of Health Image 1.61 and plotted in graphs as described in C. The experiments were performed in triplicates, and
mean � S.D. are presented. *, p � 0.05; **, p � 0.01. Note that significant suppression of kinase activity of Yes derived from GD3� cells by liposome-
embedded GM1 was observed at around 5 �M.
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molecules interacting with GD3 in the vicinity of the cell mem-
brane to generate strong growth and/or invasion signals have
been identified.
The Src family of non-receptor protein tyrosine kinases plays

critical roles in the regulation of various biological signals for
cell growth, adhesion, motility, survival, and angiogenesis (21).
Constitutive activation of Src family kinases often results in the
induction of malignant transformation of a wide variety of cell
lineages. High levels of expression of Src family kinases are also
found in many cancer tissues. They are also associated with
progression andmetastasis as well as in the evolution of cancers
(21).
In particular, Yes has been detected in colon cancers (22) and

breast cancers and, less frequently, in gastric cancers (23), and
malignant melanomas (24). c-Yes was activated in colorectal

carcinoma liver metastases (25), indicating that elevated c-Yes
kinase activity in liver metastases was associated with a worse
prognosis (25). Differential behaviors between Src and Yes dur-
ing mitosis of colon carcinoma cells were also reported (26),
namely Src activity increased and Yes activity decreased during
mitosis. Furthermore, an increase in c-Yes expression level and
activity promotedmotility but not proliferation of colon cancer
cells (22). All these results suggested that Yes is implicated in
colon cancers with differential ways of regulation,mechanisms,
and resulting effects compared with Src.
Inmelanomas, an elevated expression of Yes and higher tyro-

sine kinase activity was detected in a wide range of melanoma
cells than in normalmelanocytes (24). The average kinase activ-
ity of c-Yes was 5-10-fold higher in melanomas than melano-
cytes, suggesting that derangement of expression of the c-Yes

FIGURE 9. Effects of GD3 synthase knockdown on cancer properties and phosphorylation levels of Yes. A, expression of GD3 in SK-MEL-28 (parent cell
line), a vector control (VC-A), and two GD3 synthase knockdown cell lines (KF10T-1 and KF10T-2). B, results of the MTT assay. Cells (2 � 103) were seeded in
98-well plates. At days 1, 3, 5, and 7 of culture, the MTT assay was performed. The experiments were performed in triplicates, and mean � S.D. are presented.
**, p � 0.01. C, invasion activity of the GD3 synthase knockdown cells was analyzed by using a Boyden chamber as described under “Experimental Procedures.”
The ratios of the cell number in the lower chamber/total cell number applied are shown. The experiments were performed in triplicates, and mean � S.D. are
presented. **, p � 0.01. D, immunoblotting to analyze the phosphorylation levels of Yes. VC-A (GD3�) and KF10T-1 (GD3�) were treated with FCS after serum
starvation for 12 h, and Yes was immunoprecipitated from their lysates at the indicated time points. Then tyrosine phosphorylation of Yes at Tyr-416 was
analyzed by an anti-phospho-Src family (Tyr-416) antibody. E, the relative intensity of bands of p-Yes in D was measured using National Institutes of Health
Image 1.61 and plotted after correction with that of Yes. The experiments were performed in triplicates, and mean � S.D. are presented. **, p � 0.01.
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tyrosine kinase might have a role in the malignant progression
of the human melanocytes. An intriguing point was that c-Src
did not show increased expression. In human brain metastatic
melanoma cells, treatment of cells with neurotrophins resulted
in the increase of the protein tyrosine kinase activity of c-Yes
but not of c-Src (27). These results suggest that c-Yes is mainly
activated by either intrinsic or extrinsic factors among Src fam-
ily kinases in human melanomas and that this signaling causes
increased cell growth and/or metastasis of melanoma cells.
Actually, c-Yes has beenmore strongly implicated than c-Src in
melanomas and might make a more significant contribution
than c-Src in the natures of melanomas.
GEM/rafts have been considered to be platforms for the reg-

ulation of various biosignals as well as endocytosis and choles-
terol turnover (28). Among molecules localized in GEM/rafts,
G-proteins and Src family kinases have been known to be local-
ized at the reverse side of the cell membrane in GEM/rafts (29).
Src is known to undergo myristylation, resulting in the mem-
brane anchoring to efficiently express its function (30). Yes also
undergoes acylations and plays roles on the cellmembrane (31).
However, Yes was preferentially localized in lipid rafts, whereas
most Src was in non-raft fractions in PC12 cells (32). This dif-
ference in the intracellular localization between Yes and Src
might explain the results of our knockdown experiments, i.e.
only Yes showed significant effects on tumor phenotypes after
siRNA treatment (Fig. 2 and supplemental Fig. S3).
The alteration in the location inside/outside of GEM/rafts

and in activation levels of Yes under GD3 expression appeared
to be critical for the malignant properties of melanoma cells.
Here, Yes appeared to be constitutively activated in GD3�
cells, i.e.Yes was already phosphorylated even before treatment
with FCS, although not fully. Namely, high levels of GD3 in
GEM/rafts should modulate the natures of Yes and activate
without extrinsic stimulation. Therefore, already activated Yes
in GEM/rafts might be able to induce stronger activation sig-
nals upon the stimulation with FCS in GD3� cells than in
GD3� cells. This was reflected in the increased kinase activity
of Yes as phosphorylated bands of Yes, p125, and enolase in
GD3� cells (Fig. 4C). Consequently, absolute activation levels
of Yes before and during FCS stimulation should be crucial to
enhance malignant tumor phenotypes in GD3� cells.
There is also the possibility that high levels of GD3 might

alter the physicochemical nature of GEM/rafts that affects the
intracellular localization of signaling molecules and receptors.
Changes of Yes localization during GD3 expression might be
addressed using an inducible gene expression system.As shown
by analysis of GD3 and Lyn in granular cells of the cerebellum,
GD3 and Yes might have physical association in the context of
cell membrane (33). Association of GD3 and Yes could be
observed in preliminary experiments in our laboratory (unpub-
lished data).
Liposomes are cell membrane-mimicking structures useful

to form cell membrane-like environments (34). In particular,
interaction between glycosphingolipids and other membrane
molecules should be examined under the physiological situa-
tion based on the re-constitution of “proteo-liposomes” (35). In
this study, we attempted to construct artificial environments,
including glycolipids and signaling molecules. As we expected,

GD3 and GM1 showed differential effects on the biosignals
similar to their effects found in the living cells (7, 36, 15). GD1a
showed no significant effects on the kinase activity of Yes. All
these results are in good agreement with our previous reports.
Namely, monosialyl gangliosides such as GM1 and GM2
showed suppressive roles in cell proliferation (15). Anti-meta-
static activity in amurine lung cancer cell line was also reported
(36), suggesting that monosialyl gangliosides might have an
opposite activity with disialyl gangliosides with a tandem
sequence, such as GD3.
This kind of approach, as reported in this study, should be

effective to analyze glycolipid functions in the context of the cell
membrane because complex factors are actually involved in the
regulation of signaling molecules with glycolipids embedded
into the lipid bilayer containing cholesterol, phospholipids,
sphingomyelin, and various proteins. However, reconstitution
of artificial lipid rafts containing glycolipids, glycoproteins, and
Src family kinases in their native forms needsmuchmore effort
and time for technical development.
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