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Although ganglioside GD3 levels are highly elevated in malignant
melanomas, the role of GD3 in melanomas’ malignant properties
has not been clearly shown. To investigate this problem, we
genetically generated GD3-positive (GD3�) transfectant cells from
a GD3-negative (GD3�) mutant line SK-MEL-28-N1 and analyzed
the phenotypic changes in the transfected cells. GD3� cells showed
markedly increased cell growth and invasive characteristics. Two
bands that underwent stronger tyrosine phosphorylation in GD3�

cell lines than in controls after treatment with FCS were found with
molecular masses of 130 and 68 kDa. They were identified as
p130Cas and paxillin by sequential immunoprecipitation. Their
roles in cell growth and invasion were analyzed with a small
interfering RNA (siRNA) approach. Cell growth, as analyzed by
BrdUrd uptake, was strongly suppressed in GD3� cells to near the
levels of GD3� cells when treated with siRNA for p130Cas but not
when treated with siRNA for paxillin. However, treatment with
siRNAs of either p130Cas or paxillin resulted in the marked sup-
pression of the invasive activity of GD3� cells almost to the levels
of control cells. These results suggested that these two molecules
function as effectors of GD3-mediated signaling, leading to such
malignant properties as rapid cell growth and invasion.

small interfering RNA � sialyltransferase � phosphorylation

Malignant melanoma is very difficult to cure because of its
rapid growth, high tendency of metastasis, rigorous inva-

sion into surrounding tissues, and resistance to chemotherapy
and�or radiation (1). Therefore, a number of therapeutic ap-
proaches to overcome the malignant properties of the disease
have been attempted. By identifying melanoma-specific antigens
(2–4), it has been possible to apply antibody therapies (5) and
induce melanoma-specific cytotoxic T cells (6). Vaccination
therapy with melanoma-associated gangliosides combined with
a unique adjuvant has also been studied (7).

In particular, ganglioside GD3, which is widely expressed on
melanomas (8, 9), has been a common target of these studies.
Anti-GD3 mAb has been used in clinical trials in melanoma
patients (5). Based on the expression pattern of GD3 in normal and
malignant cells, its role in cell proliferation and�or activation has
been postulated for a long time. For example, GD3 is expressed
almost exclusively among gangliosides in the early stage of the brain
development of mice and rats (10). GD3 is also detected in the T
cell malignant leukocytes, such as acute lymphoblastic leukemia
cells (11–13), adult T cell leukemia cells (14), and activated normal
human T lymphocytes (5, 15). However, no clear function of GD3
in the malignant tumor cells has been demonstrated, although
anti-GD3 antibody was reported to suppress the cell growth of
cultured melanoma cells (16), and a GD3-negative cell isolate,
SK-MEL-28-N1, was found to have slower growth and tumorigenic
properties than the parent cell line (17).

In this study, we have generated GD3� transfectant cells from the
GD3� mutant of SK-MEL-28 designated N1 (17) by using cloned
GD3 synthase cDNA (18), and we have analyzed the phenotypic
changes in GD3� transfectant cells and molecular mechanisms for
GD3-mediated biosignals. Subsequently, we identified p130Cas and
paxillin as effector molecules involved in the increased cell growth
and�or invasion activity observed in the GD3� transfectant cells.
To our knowledge, this report is the first to clearly elucidate the
mechanisms whereby GD3 expression influences the malignant
properties of melanoma cells.

Materials and Methods
Antibodies. Anti-rabbit IgG conjugated with horseradish peroxi-
dase (HRP) was purchased from Cell Signaling Technology (Bev-
erly, MA). Anti-phosphotyrosine mAb (PY20) and anti-paxillin
(mouse mAb IgG1) were from Transduction Laboratories (Lex-
ington, KY). Anti-p130Cas (rabbit IgG C-20) was from Santa Cruz
Biotechnology. Anti-mouse IgG conjugated with HRP was from
Amersham Pharmacia Biotech.

Reagents. Protein G-Sepharose or A-Sepharose beads were from
Amersham Pharmacia Biosciences.

Cell Cultures. SK-MEL-28-N1 was established as described in ref.
17 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. Human �2,8-sialyltrans-
ferase cDNA clone pD3T-31 (18) was digested by XhoI and
inserted into the XhoI site of pMIKneo (provided by K. Ma-
ruyama, Tokyo Medical and Dental University, Tokyo) to obtain
the pMIKneo�D3T-31.

Gene Transfection and Selection. SK-MEL-28-N1 cells used for
cDNA transfection were plated in a 60-mm plastic plate (Falcon).
The cDNA expression vectors were transfected with Effectene
(Qiagen, Valencia, CA). Stable transfectants were selected in the
presence of 400 �g�ml G418 (Sigma).

Flow Cytometry. The cell surface expression of GD3 and other
gangliosides was analyzed by flow cytometry (Becton Dickinson) as
described in ref. 19. Control samples were prepared by using
nonrelevant mAbs with the same subclasses for individual mAbs.

Freely available online through the PNAS open access option.

Abbreviations: MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide; IP, im-
munoprecipitation; IB, immunoblotting; FAK, focal adhesion kinase; siRNA, small interfer-
ing RNA.

¶To whom correspondence should be addressed. E-mail: koichi@med.nagoya-u.ac.jp.

© 2005 by The National Academy of Sciences of the USA

www.pnas.org�cgi�doi�10.1073�pnas.0503658102 PNAS � August 2, 2005 � vol. 102 � no. 31 � 11041–11046

M
ED

IC
A

L
SC

IE
N

CE
S



Preparation of Cell Lysates. Cells (2 � 105) were plated in a 6-cm dish
and serum-starved for 12 h before the treatment with FCS or
recombinant proteins such as human platelet-derived growth fac-
tor, basic FGF, or EGF. Cells were treated with FCS or recombi-
nant proteins for 0–60 min at 37°C. Then, cells were lysed with a
lysis buffer (20 mM Tris�HCl, pH 7.5�150 mM NaCl�1 mM
Na2EDTA�1 mM EGTA�1% Triton X-100�2.5 mM sodium py-
rophosphate�1 mM �-glycerophosphate�1 mM Na3VO4�1 �g�ml
leupeptin�1 mM PMSF), and insoluble materials were removed by
centrifugation at 4°C at 10,000 � g for 10 min.

Western Immunoblotting (IB). Lysates were separated by SDS�
PAGE using 7.5–12% gels. The separated proteins were transferred
onto an Immobilon-P membrane (Millipore). Blots were blocked
with BSA in PBS containing 0.05% Tween 20. The membrane was
first probed with primary antibodies. After being washed, the blots
were incubated with goat anti-rabbit IgGs or goat anti-mouse IgGs
conjugated with horseradish peroxidase (1:2,000). After the mem-
branes were washed, bound conjugates were visualized with an
enhanced chemiluminescence detection system (PerkinElmer). To
analyze the band intensities in IB, bands were scanned with
PHOTOSHOP 6.0 (Adobe Systems, San Jose, CA) and quantified by
using NIH IMAGE 1.61.

Immunoprecipitation (IP). The lysates were immunoprecipitated
with mAb or polyclonal antibody bound to protein G-Sepharose or
A-Sepharose beads at 4°C for 75 min. The beads were washed five
times with a washing buffer (50 mM Tris�HCl, pH 7.5�150 mM
NaCl�1 mM MgCl2�0.5% Nonidet P-40�1 mM Na3VO4) and
finally resuspended in 20 �l of 2� SDS sample buffer. The
precipitated proteins were separated by SDS�PAGE and then
immunoblotted.

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl Tetrazolium Bromide (MTT)
Assay. Cells (4 � 103) were seeded in 98-well plates. MTT assay was
performed by assessing the reduction of MTT to formazan based
on the absorbance at 590 nm using an ELISA reader Immuno Mini
NJ-2300 (System Instruments, Tokyo).

In Vitro Invasion Assay. Invasion assays with a Boyden chamber were
performed as described in ref. 19. In brief, Matrigel (Becton
Dickinson) was diluted with ice-cold PBS (100 �g�ml), and 0.6 ml
was added to each Falcon 3093 filter (polyethylene terephthalate
membrane, 8-mm pore size, 23.1-mm diameter) 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. Cells
(1–8 � 105 per well) were added to serum-free medium in the upper
chamber and incubated for 24 h, and then the cells on the sur-
face of the filter were stained with Giemsa and counted under
microscopy.

BrdUrd Assay. Cells grown on a 60-well plate were incubated in the
presence of BrdUrd for 14 h with a cell proliferation kit (Amersham
Pharmacia Biosciences) according to the manufacturer’s instruc-
tions and then fixed with acid-ethanol for 30 min. The cells were
immunostained with anti-BrdUrd antibody and Alexa Fluor 546-
conjugated secondary antibody (Molecular Probes). The BrdUrd-
positive cells were observed by laser microscopy, and the percent-
age of BrdUrd-positive cells was calculated.

Inhibition of p130Cas and Paxillin Expression by Small Interfering RNA
(siRNA). Human melanoma cells were plated at 70–80% confluency
in 3.5-cm or 6-cm cell culture dishes and were cultured overnight.
They were transiently transfected in Optimem I medium (Invitro-
gen) with Lipofectamine 2000 reagent (Invitrogen) with control
(fluorescein-labeled luciferase GL2 duplex, Dharmacon Research,
Lafayette, CO), anti-p130Cas siRNAs, or paxillin siRNAs (100 nM)

following the manufacturer’s instructions. Four hours later, the
Optimem I medium was replaced by regular culture medium.
Effects of down-regulation on p130Cas or paxillin were assessed at
48 h after the transfection with IB. For invasion assay, cells were
collected after 2 days of the transfection and replated.

Statistical Analysis. Statistical significance of data was determined
by using Student’s t test.

Results
Generation of GD3� Clones of SK-MEL-28-N1 with Transfection of GD3
Synthase cDNA. After the transfection of SK-MEL-28-N1 cells with
the expression vector pMIKneo�D3T-31, two GD3� clones (G5
and G11) were derived. Two clones transfected with pMIKneo
alone (V5 and V9) were also isolated. These GD3� clones showed
reduced GM3 expression and low levels of GD2, whereas control
cells expressed only GM3 (see the supporting information, which is
published on the PNAS web site). Using these clones, the effects of
GD3 expression on cell proliferation and invasion were determined.

Effects of GD3 Expression on Cell Proliferation and Invasion. The
proliferation of the GD3� transfectant cells and the control cells
were compared by using two methods. In MTT assay, the GD3�

cells showed markedly increased cell growth. The cell numbers of
these transfectants were much higher than those of the control cells
at day 9 of culture (Fig. 1A). In BrdUrd uptake, GD3� cells showed
significantly higher growth rate than the control cells (Fig. 1B).
Invasion activity, as analyzed by the Boyden chamber, was also
markedly increased in the GD3� cells (Fig. 2A) under both con-
ditions examined: i.e., no serum (Fig. 2Ba) and serum added (Fig.
2Bb) in the lower chamber.

Tyrosine Phosphorylation of p130 and p68. To analyze critical pro-
teins involved in the increased proliferation and invasion of GD3�

cells, IB with PY20 was performed by using lysates from cells
treated with FCS or various recombinant growth factors. When
cells were treated with FCS, two bands appeared with increasing
intensities from 5 min and reached a plateau at 30 min after the

Fig. 1. Effects of GD3 expression on cell proliferation. (A) Cells (4 � 103) were
seeded in 98-well plates. At day 1, 3, 6, and 9 of culture, MTT assay was
performed. The experiments were repeated three times with similar results.
(B) Cells were cultured with BrdUrd for 14 h and stained with BrdUrd antibody
as described in Materials and Methods. *, P � 0.05; **, P � 0.01.
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stimulation. The intensity of two tyrosine-phosphorylated proteins
was much stronger in GD3� cells than in the controls, and their
molecular masses were �130 kDa (Fig. 3 A and Ba) and 68 kDa
(Fig. 3 A and Bb). No bands with higher intensity in GD3� cells
were detected with any known stimulatory factors examined (see
the supporting information).

Identification of p130 as p130Cas and Identification of p68 as Paxillin.
The two tyrosine-phosphorylated bands (130 and 68 kDa) were
suspected to be p130Cas and paxillin, respectively, based on their
migration rates in SDS�PAGE. To clarify this point, IP and
sequential IB were performed. In the IB with PY20, both the
immunoprecipitate with PY20 and that with anti-p130Cas showed
bands with similar mobility (Fig. 4Aa). In contrast, in the IB with
anti-p130Cas, p130 bands precipitated with anti-p130Cas as well as
those in the total lysate were detected at the faster-migrating site
compared with a band precipitated with PY20 (a-u and a-l in Fig.
4Aa). For the immunodepletion of phosphotyrosine-containing
proteins, the lysates were repeatedly precipitated with PY20, and
then the resultant supernatant was precipitated with anti-p130Cas.

In the IB of these immunoprecipitates, PY20 IP1 showed a band
that could be detected with similar mobility both with PY20 and
with anti-p130Cas antibody. In PY20 IP3, no band could be
detected, indicating the complete immunodepletion of phosphoty-
rosine-containing proteins with PY20 antibody (Fig. 4Ab Left). In
contrast, a definite band of p130Cas could be detected in p130Cas
IP, as in the total lysate, at the faster-migrating site, compared with
that in PY20 IP1 with anti-p130Cas antibody (Fig. 4Ab Right).
These results indicated that the band at 130 kDa detected with
PY20 was p130Cas, and only a small portion of p130Cas was
tyrosine-phosphorylated. As for paxillin, the identification of the
68-kDa band as paxillin was achieved just as p130Cas (Fig. 4B),
showing that only a small portion of paxillin was tyrosine-
phosphorylated.

Selection of siRNA for Specific Knock-Down of p130Cas and Paxillin.
To analyze the involvement of p130Cas and paxillin in cell prolif-
eration and invasion, we used a siRNA-based approach. We first
tested the ability of siRNAs to down-regulate p130Cas and paxillin
proteins in SK-MEL-28-N1 with IB. Transfection efficiency of
siRNAs as analyzed with fluorescein-labeled luciferase was �90–
95% constantly. Among effective siRNAs, highly effective siRNAs
(Cas4, Cas3, Pax5, and Pax4) were selected for the following
experiments (Fig. 5 A and B). The transfection with control siRNA
had no effect on p130Cas or paxillin levels. Specific knock-down of
p130Cas and paxillin with individual siRNAs was confirmed with
IB. As shown in Fig. 5C, Cas4 suppressed the protein level of
p130Cas but not that of paxillin. Pax5 suppressed the protein level
of paxillin but not that of p130Cas. Tyrosine-phosphorylated pro-
teins also underwent specific effects with the siRNAs.

Effects of Knock-Down of p130Cas and Paxillin on BrdUrd Uptake. To
analyze the effects of transient knock-down of p130Cas and paxillin
with siRNA on BrdUrd uptake, siRNA Cas4 and Pax5 were
transfected into the GD3� cells and the vector controls, and then
the ratio of BrdUrd-positive cells was counted. The GD3� cells
showed a significantly higher ratio of BrdUrd uptake than the
controls (Fig. 1B). Both the GD3� cells and the controls showed no
definite differences in the ratio of BrdUrd-positive cells between
siRNAs for luciferase and Pax5 (Fig. 6A). In contrast, both the
GD3� cells and the control cells transfected with siRNA Cas4
showed a lower ratio of BrdUrd uptake than those transfected with
luciferases. The GD3� cells with siRNA Cas4 showed a much
decreased ratio of BrdUrd uptake compared with the control cells,
suggesting that p130Cas plays a key role in cell proliferation but
paxillin does not. These results were further confirmed by using
siRNAs for other sites (Cas3 and Pax4) with similar effects (Fig.
6B). Because the knock-down of paxillin was not enough, repeated
treatments of cells with Pax5 or combined use of Pax5 and Pax4
were examined, resulting in better suppression of paxillin protein
(see the supporting information). However, BrdUrd uptake was not
affected even in these conditions.

Involvement of p130Cas and Paxillin in Invasion. After the transfec-
tion of SK-MEL-28-N1 transfectant cells with siRNAs, invasion
assays were performed with the Boyden chamber method. The
invasion activity was markedly reduced by the knock-down of
p130Cas and paxillin in GD3� cells, although the invasion activity
showed no change in GD3� controls (Fig. 7). Using the lower
chamber filled with serum-free medium, the relative invasion
activities were 0.68 and 1.38 for p130Cas-suppressed GD3� cells
and 0.14 and 0.12 for p130Cas-suppressed GD3� cells (Fig. 7Ba).
When the lower chamber was filled with serum-containing me-
dium, the relative invasion activities were 1.04, 1.04, 0.26, and 0.29
in V5, V9, G5, and G11, respectively (Fig. 7Bb). Similar effects were
also observed with Cas3 in V9 and G5 (Fig. 7 Ac and Bc). When
paxillin was suppressed with Pax5, the relative invasion activities
were 0.57, 0.98, 0.34, and 0.19 in V5, V9, G5, and G11, respectively,

Fig. 2. Invasion activity of GD3 synthase gene transfectant cells. Invasion
activity of the transfectants was analyzed by using a Boyden chamber as
described in Materials and Methods. (A) Micrographs at 200� magnification
of a vector control transfectant (V5) and GD3� transfectant (G11) showing
migrated cells to the lower surface of the filter. (B) Summaries of the invasion
assay. The ratios of cell number in the lower chamber�total cell number
applied (in percent) are shown. V5 and V9 are the vector controls, and G5 and
G11 are the GD3 synthase gene transfectant cells. Results when the lower
chamber was filled with serum-free medium (Ba) or with FCS-containing
medium (Bb) are shown. *, P � 0.05; **, P � 0.01.

Fig. 3. Tyrosine-phosphorylated proteins appearing after FCS treatment. (A)
IB with PY20 was performed by using lysates from cells treated with FCS after
serum starvation for 12 h. (B) Bands in A were quantitated by a scanner, and
the relative intensities of the bands were plotted. Two tyrosine-phosphory-
lated proteins showed molecular masses of �130 (a) and 68 (b) kDa.
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using the lower chamber without serum (Fig. 7Da). Using the lower
chamber with serum, the relative invasion activities were 0.95, 1.19,
0.32, and 0.59 in V5, V9, G5, and G11, respectively (Fig. 7Db).
Similar effects were also observed with Pax4 in V9 and G5 (Fig. 7
Cc and Dc). These results indicated that p130Cas and paxillin were
involved in the invasion activity only in GD3� cells and suggested
the possibility that GD3 expression caused the enhancement of
invasion activity by means of the activation of p130Cas and paxillin.

Discussion
GD3 is a melanoma-associated antigen (3, 4, 8, 9) and has been used
as a target for the immune therapy of melanomas (5). The facts that
GD3 is highly expressed in melanomas in comparison with mela-
nocytes, is exclusively expressed in the early developmental stage of
the fetal brain (10), and is highly expressed in activated T lympho-
cytes and in T cell malignant tumor cells (12–15) suggest that GD3
is involved in tumor phenotypes, such as enhanced proliferation and
frequent metastasis. There have been a number of reports indicat-
ing that GD3 is associated with cell adhesion to the extracellular
matrix (20), increased cell growth (17), and invasion activity (21).
In fact, anti-GD3 antibodies appeared to suppress cultured mela-
noma growth (16, 22), and GD3-lacking mutants of SK-MEL-28
showed markedly reduced cell proliferation (17), supporting its role
in cell growth. Suppression of GD3 expression with antisense GD3
synthase cDNA also resulted in the reduction of tumor cell phe-
notypes such as growth, migration, metastasis, and angiogenesis in
F11 cells (23, 24). However, molecular mechanisms for the en-
hancement of malignant properties by GD3 have never been
demonstrated.

In this study, we established a set of melanoma cell lines with or
without GD3 expression by using a GD3-deficient mutant of
SK-MEL-28 that was generated by the treatment of the parent cell
with anti-GD3 mAb and complement (17). Reexpression of GD3
with GD3 synthase cDNA provided cell lines that enabled us to
identify the phenotypic changes due to GD3 expression in the
transfectant cells and also to investigate the molecular mechanisms
for the enhanced malignant properties correlated with GD3 ex-

pression. Because only low GD2 expression appeared and low GM3
expression disappeared in the transfectants, these cells seemed to
be useful to analyze the roles of GD3. As expected, cell growth and
invasion activity were markedly enhanced after the induction of
GD3 expression. Moreover, two proteins (p130Cas and paxillin)
were identified as the candidates for the effectors through which
GD3 brings about the biological features of melanoma cells.
Suppression of these two molecules with siRNA clearly demon-
strated their roles in the increased cell growth and�or invasion in
GD3� cells: i.e., p130Cas is involved in both the cell growth and
invasion, and paxillin is involved in invasion in these cells. The fact
that siRNAs of either p130Cas or paxillin sufficiently suppressed
the increased levels of growth and�or invasion in GD3� cells
suggested that the increased cell growth and�or invasion in GD3�

cells was dependent mainly on these two molecules. In contrast,
GD3� cells were scarcely affected by these treatments. These clear
differential effects of siRNA encourage us to expect that these
agents could have therapeutic application for melanoma patients.
Analysis of the phosphorylation levels of p130Cas and paxillin in
other melanoma cell lines and melanocytes also revealed much
higher intensities of these molecules in tumor lines (see the sup-
porting information).

p130Cas was originally defined as a highly tyrosine-phosphory-
lated molecule during transformation by p60v-src, as well as by
v-Crk, forming stable complexes with these oncoproteins, suggest-
ing that it was a direct signal mediator of v-Crk (25). Then, it was
reported that the binding of melanoma growth stimulatory activity
(MGSA), a CXC chemokine to the class II IL-8 receptor (IL-8RB)
(26, 27), enhanced the tyrosine phosphorylation of p130Cas and a
70-kDa protein (28). These results suggest that some growth factor
or factors in FCS bind to IL-8RB and induce the tyrosine phos-
phorylation of p130Cas and paxillin. In a preliminary experiment,
MGSA (Gro�) stimulation of GD3� transfectant cells induced
tyrosine phosphorylation of the two molecules with a different time
course from that with FCS. Furthermore, GD3� cells expressed
IL-8RB at a minimal level. Therefore, we need to consider factors
other than MGSA, although it may partially contribute as an

Fig. 4. Identification of p130 as p130Cas and identi-
fication of p68 as paxillin. IP�IB was performed to
identify the two tyrosine-phosphorylated components
using PY20 and anti-p130Cas (A) and PY20 and anti-
paxillin (B) antibodies. (A) Immunoprecipitates with
PY20 (PY20 IP) and those with anti-p130Cas (p130Cas
IP) together with total lysate were immunoblotted by
using PY20 (a Left) or anti-p130Cas (a Right). The
bands at �130 kDa were designated a-u (upper) and
a-l (lower). Then, immunodepletion of phosphoty-
rosine-containing proteins was performed before
IP�IB as follows. The lysates were repeatedly immuno-
precipitated with PY20, and the individual immuno-
precipitates were designated PY20 IP1, PY20 IP2, and
PY20 IP3. The resultant supernatant was immunopre-
cipitated with anti-p130Cas (p130Cas IP). (B) Immuno-
precipitates with PY20 and those with anti-paxillin
antibody were immunoblotted as performed for
p130Cas in A to identify the 68-kDa band to be paxillin
(Ba). As was performed for p130Cas, the identification
of the 68-kDa band as paxillin was performed with
sequential IP (Bb).
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autocrine factor to the signals triggered with FCS as reported
previously (29, 30).

p130Cas is now considered to be an important adaptor molecule
in a variety of biological processes, including cell adhesion (31),

migration (32), growth factor stimulation (33), and cytokine recep-
tor engagement (28). It is well known that p130Cas is implicated in
many different receptor signaling pathways and interacts with a
wide variety of molecules (34). Above all, association with focal
adhesion kinase (FAK) and Src family kinases should be important
in the development of malignant phenotypes (35). In the null
mutant mice (36), p130Cas was shown to be essential in actin
filament assembly as well as in the development of heart and blood
vessels. Therefore, it seems reasonable to think that p130Cas plays
an essential role in the increased growth and invasion in GD3�

transfectant cells, whatever the extrinsic stimulant is. In our IP of
p130Cas, it was shown that only a small portion of p130Cas was
tyrosine-phosphorylated. This active form might be translocated
from cytoplasm to the plasma membrane, as reported (25). Fur-

Fig. 5. siRNAs for the knock-down of p130Cas and paxillin. (A) p130Cas
suppression after transfection of SK-MEL-28-N1 with siRNAs Cas1–Cas4 was
examined by IB as described in Materials and Methods. Actin served as a
control for equal loading. The percentage of remaining p130Cas in cells
transfected with anti p130Cas-siRNAs was calculated as a percentage of
p130Cas in cells transfected with the control siRNA. (B) Paxillin suppression
was assessed as performed for p130Cas in A with siRNAs Pax1–Pax5 by IB. The
percentage of remaining paxillin in cells transfected with anti-paxillin siRNAs
was calculated. (C) Suppression of tyrosine phosphorylation in G5 and G11
after the transfection of siRNAs. Cell lysates after the transfection with Cas4 or
Pax5 were served for IB using PY20, anti-p130Cas, anti-paxillin, and anti-�-
actin as indicated.

Fig. 6. BrdUrd assay to examine the role of p130Cas and paxillin in cell
proliferation. (A) The cells were analyzed for BrdUrd uptake after treatment
with either Cas4 or Pax5 siRNAs as described in Materials and Methods, and
the results were compared with those of control siRNA (Luc). (B) Similar
experiments were performed using other siRNAs (i.e., Cas3 or Pax4), showing
similar results. *, P � 0.05; **, P � 0.01.

Fig. 7. Suppression of the invasion activity with siRNA in GD3 synthase gene
transfectant cells. (A) Invasion activity of each transfectant was investigated
after 2 days of transfection with the control and Cas4 or Cas3 siRNA. (a) The
lower chamber was filled with serum-free medium. (b and c) The lower
chamber was filled with culture medium containing FCS. (B) Relative inhibi-
tion rate of invasion activity. Relative inhibition rate was calculated as the
ratio of the number of invaded siRNA Cas4- or siRNA Cas3-treated cells to the
control (Luc) siRNA-treated cells. (C) Invasion activity of each transfectant was
investigated after transfection with the control (Luc) and Pax5 or Pax4 siRNA.
(a) The lower chamber was filled with serum-free medium. (b and c) The lower
chamber was filled with culture medium containing FCS. (D) Relative inhibi-
tion rate of invasion activity was shown as the ratio of the number of invaded
siRNA Pax5- or siRNA Pax4-treated cells to the control siRNA-treated cells. *,
P � 0.05; **, P � 0.01.
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thermore, the membrane fraction toward which p130Cas moved
might be glycolipid-enriched microdomains (37), where GD3 is also
enriched in the transfectants. If so, interaction between p130Cas
and GD3 in glycolipid-enriched microdomains could be crucial in
the phenotypic changes of GD3� cells.

Paxillin is a multidomain protein that primarily localizes to cell
adhesion sites at the extracellular matrix (ECM) called focal
adhesions (38). Focal adhesions form a structure link between the
ECM and the actin cytoskeleton and are also important sites of
signal transduction. Focal adhesion proteins, including paxillin,
serve as a point of convergence for signals resulting from stimula-
tion of various growth factor receptors (39). Thus, it also seems
reasonable that paxillin is involved in the increased invasion of
GD3� cells. The paxillin and FAK complex plays roles in associ-
ation with extracellular signal-regulated kinase (ERK) in DNA
synthesis (40), survival, and motility (41) and in morphogenesis
(42). Correspondingly, GD3� cells showed higher phosphorylation
levels of ERK1�2 and Akt (see the supporting information).

The results with inhibitors of mitogen-activated protein kinase
kinase or phosphatidylinositol 3-kinase (PI3-K) suggested that only
Akt activation is involved in the process of tyrosine phosphorylation
of p130Cas and paxillin, although both the ERK1�2 and PI3-K�Akt
pathways seem to be involved in the changes of GD3� cells. An
important issue to be investigated is how these pathways interact
with FAK�p130Cas�paxillin in the signal crosstalk.

In the immunocytostaining, colocalization of GD3 and p130Cas
or GD3 and paxillin at the leading edges of melanoma cells was
observed (see the supporting information). Here, cells seemed to be
affected by signals both through unidentified growth factor�
receptor(s) and through integrins. Although focal adhesions con-
sisting of integrins, FAK, p130Cas, Src family kinases, and paxillin
are considered to be formed based on the interaction between
integrin and the extracellular matrix (43), resulting in the migration
and fillopodia�lamellipodia formation (44), growth factor�
receptors are also involved under proper coordination (45). Coor-
dination of adhesion and growth factor signals might be facilitated
by the close physical proximity of key molecules in the signaling
cascades (39) and might be regulated by the docking molecules

called ‘‘platform’’ (39), such as FAK (46) in the focal adhesion
complex.

The remaining issue is how GD3 regulates the input of extrinsic
signals on the cell surface. One possibility is that it functions
through interactions with integrins as suggested by Cheresh et al.
(20). Also, Hakomori (37) proposed interactions between gangli-
oside and integrin as one of patterns for signal regulation in the
membrane microdomain on the cell surface. We have also sug-
gested the possibility that ganglioside GM2 modulates integrin
function (47). Simultaneously, GD3 might also interact with un-
identified growth factor receptor(s) and enhance the receptor
function, as we demonstrated in the study of a rat pheochromocy-
toma cell line, PC12 (48). The elucidation of molecules associating
with GD3 in GD3� cells is critical.

As for known growth factors effective in the stimulation of the
growth in melanocytes�melanomas, basic FGF, platelet-derived
growth factor, and EGF have been demonstrated to be responsible.
However, these known factors did not show increased tyrosine
phosphorylation in any proteins of GD3� transfectant cells in our
study (see Fig. 9 and Table 1). In turn, the treatment of GD3�

transfectant cells with FCS showed markedly increased tyrosine
phosphorylation and enabled us to identify p130Cas and paxillin as
actual effectors involved in inducing some malignant features of
GD3� melanoma cells. Although these effectors were discovered
with FCS treatment, results of the following function analyses
suggested that they are critical molecules in the growth and�or
invasion of GD3� melanomas, regardless of the real stimulants.
These results strongly suggested that p130Cas and paxillin are
widely involved in the malignant properties of melanoma cell lines
and melanoma tissues (28). Thus, expression levels and tyrosine
phosphorylation levels of these molecules in melanoma cell lines
and melanoma tissues deserve to be investigated.
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