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Abstract: Melanoma is a highly aggressive form of skin cancer and a leading cause of death from skin diseases 
mainly due to its propensity to metastasis. Due to metastatic tendency, melanoma is often associated with activa-
tion of Wnt/β-catenin signaling mechanism. Blocking β-catenin activation may be a good strategy to block melano-
ma-associated mortality. We have shown earlier that grape seed proanthocyanidins (GSPs) inhibit melanoma cell 
migration via targeting cyclooxygenase-2 (COX-2) overexpression. Here we explored further whether inhibition of 
inflammatory mediators-mediated activation of β-catenin by GSPs is associated with the inhibition of melanoma cell 
migration. Our study revealed that PGE2 receptors (EP2 and EP4) agonists promote melanoma cell migration while 
PGE2 receptor antagonist suppressed the migration capacity of melanoma cells. GSPs treatment inhibit butaprost 
(EP2 agonist) or Cay10580 (EP4 agonist) induced migration of melanoma cells. Western blot analysis revealed 
that GSPs reduced cellular accumulation of β-catenin, and decreased the expressions of matrix metalloproteinase 
(MMP)-2, MMP-9 and MITF, downstream targets of β-catenin in melanoma cells. GSPs also reduced the protein ex-
pressions of PI3K and p-Akt in the same set of experiment. To verify that β-catenin is a specific molecular target of 
GSPs, we compared the effect of GSPs on cell migration of β-catenin-activated (Mel1241) and β-catenin-inactivated 
(Mel1011) melanoma cells. GSPs inhibit cell migration of Mel1241 cells but not of Mel1011 cells. Additionally, in 
vivo bioluminescence imaging data indicate that dietary administration of GSPs (0.5%, w/w) in supplementation 
with AIN76A control diet inhibited the migration/extravasation of intravenously injected melanoma cells in lungs of 
immune-compromised nude mice, and that this effect of GSPs was associated with an inhibitory effect on the activa-
tion of β-catenin and its downstream targets, such as MMPs, in lungs as a target organ.  
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Introduction

Melanoma is the cancer of pigment forming 
melanocytes of the skin. The overall incidence 
of melanoma worldwide is increasing than that 
of any other cancer. It is an aggressive cancer 
with high propensity for metastasis. Melanoma 
is less common than other types of skin cancer, 
however, it causes the majority of skin cancer-
related deaths. Once, diagnosed with meta-
static melanoma, most patients will ultimately 
die of their disease within 2 years [1, 2]. 
Exposure of the skin to solar ultraviolet (UV) 
radiation is considered as a risk factor for mela-

noma [3]. UV radiation exposure induces inflam-
matory mediators, such as upregulation of 
inducible cyclooxygenase-2 (COX-2) expression 
and production of prostaglandin (PG) metabo-
lites that have been recognized as potential risk 
factors for the development of skin cancers [4, 
5]. These inflammatory mediators play crucial 
roles in multiple events involved in cancer pro-
motion, progression, tumor cell invasion and 
metastasis [4, 6, 7]. Since, melanoma cancer 
cells possess potent capacity to metastasize 
distantly, an approach that can block or inhibit 
its metastatic capacity may facilitate the devel-
opment of an effective strategy for its treat-
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ment and/or prevention, and thus ultimately 
can reduce the melanoma related deaths. 

Inflammatory mediators affect several signal-
ing mechanisms responsible for tumor progres-
sion and tumor cell metastasis. One of such 
molecular targets is β-catenin and its signaling 
mechanism [8]. β-Catenin is an important com-
ponent of cell-cell adhesions, where it forms a 
dynamic link between E-cadherin and cytoskel-
eton [9, 10], and also a critical component of 
Wnt signaling. The β-catenin regulates expres-
sion of various target genes that mediate cel-
lular processes including proliferation and 
migration of cells [11]. In the canonical model 
of Wnt signaling, β-catenin is phosphorylated at 
certain key residues by glycogen synthase 
kinase-3β (GSK-3β) and casein kinase 1α 
(CK1α) leading to its ubiquitination and subse-
quent degradation [11, 12]. Like cancers of 
other organs, the regulation of β-catenin is lost 
in melanoma [13-15] that leads to nuclear 
accumulation of β-catenin and subsequent 
activation of downstream target genes, which 
includes the genes of cell proliferation and  
cell invasion [16-18]. Interestingly, COX-2 and 
β-catenin have been linked in colon cancer and 
UV-induced skin cancer [19, 20], however, there 
is little information available about the associa-
tion between inflammatory mediators and 
β-catenin in melanoma metastasis, and there-
fore requires further exploration.

Proanthocyanidins have been shown to have 
anti-carcinogenic activity in some murine tumor 
models and exhibit no apparent toxicity in vivo 
animals [21, 22]. Seeds of grapes are the major 
source of proanthocyanidins. Grape seed pro-
anthocyanidins (GSPs) contain primarily proan-
thocyanidins (89%), which constitute dimers, 
trimers, tetramers, and oligomers of monomer-
ic catechins and/or (-)-epicatechins, as de- 
scribed previously [22]. Proanthocyanidins are 
readily available as an extract of grape seeds 
and have been examined as an anti-carcino-
genic agent against some forms of cancers 
[21]. It is believed that at least some of the con-
stituents present in the proanthocyanidins frac-
tion may act synergistically and thus this prod-
uct may be more effective than any single 
constituent. Our previous report suggests that 
GSPs inhibit melanoma cell migration by inhib-
iting the expression levels of inflammatory 
mediators and epithelial-to-mesenchymal tran-
sition in melanoma cells [23]. However, it is 

unclear how the inflammatory mediators act to 
stimulate the migration capacity of melanoma 
cells? What is the mechanism and whether 
there is any relationship between inflammatory 
mediators and β-catenin signaling which stimu-
lates tumor cell migration and/or metastasis? 
Therefore, in the present study, we determined 
and verified the effect of inflammatory media-
tors on β-catenin signaling molecules and then 
determined the effect of GSPs on the expres-
sion levels of β-catenin in human melanoma 
cells (A375 and Hs294t). To verify whether inhi-
bition of melanoma cell migration by GSPs is 
mediated through β-catenin signaling, we used 
Mel1241, which constitutes activation of Wnt/
β-catenin signaling and Mel1011 cell line which 
is β-catenin-deficient. Finally, the anti-meta-
static potential of GSPs on melanoma cell 
migration was determined in vivo nude mouse 
model using bioluminescence imaging.  

Materials and methods

Source and composition of grape seed proan-
thocyanidins, and dietary administration

Proanthocyanidins fraction of grape seeds  
are commercially available from Kikkoman 
Corporation (Noda, Japan). Quality control of 
GSPs is maintained by the company on lot-to-
lot basis. The chemical composition of GSPs 
has been detailed previously [22, 24]. Briefly, 
GSPs contain approximately 89% proanthocy-
anidins, with dimers (6.6%), trimers (5.0%), tet-
ramers (2.9%) and oligomers (74.8%), and are 
stable for at least two years when refrigerated 
at 4°C. Experimental diets containing GSPs 
(0.5%, w/w) were commercially prepared in pel-
let form in the AIN76A powdered control diet by 
TestDiet (Richmond, IN) using the GSPs that we 
provide for this purpose. 

Cell lines and cell culture medium

The human melanoma cells lines, A375 and 
Hs294t, were purchased from the American 
Type Culture Collection (Manassas, VA), while 
melanoma cells Mel1241 and Mel1011 were 
obtained from Dr. Paul Robbins (Center of 
Cancer Research, National Cancer Institute 
(Bethesda, MD). The cell lines were cultured as 
monolayers in DMEM culture medium supple-
mented with 10% heat-inactivated fetal bovine 
serum (Hyclone, Logan, UT), 100 μg/mL penicil-
lin and 100 μg/mL streptomycin and main-
tained in cell culture incubator. For treatment of 
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the cells, GSPs were dissolved in a small 
amount of dimethylsulfoxide (DMSO, 100 µL) 
which was added to the complete cell culture 
medium and then added to sub-confluent cells 
(60-70% confluent). Cells treated with DMSO 
only served as a vehicle control. DMSO concen-
tration in cell culture media was not more than 
0.1% (v/v).

Chemicals and antibodies

Celecoxib and EP2 agonist (butaprost) were 
purchased from Sigma Chemical Co. (St. Louis, 
MO). EP2 antagonist (AH6809) and EP4 agonist 
(cay10580) were obtained from Cayman 
Chemicals (Ann Arbor, MI). β-catenin inhibitor 
(CCT0364772) was obtained from Enzo life 
Science (Farmingdale, NY). The antibodies were 
obtained as follows: antibodies specific for 
β-catenin were purchased from R&D Bio- 
systems (Minneapolis, MN), while antibodies 
for phospho β-catenin, CK1α, GSK-3β, PI3K 
(110), PI3K (85), p-Akt, and total Akt were pur-
chased from Cell Signaling Technology (Beverly, 
MA). Antibodies against matrix metalloprotein-
ase (MMP)-2 and MMP-9 were obtained from 
Sigma Chemical Co. (St. Louis, MO), while anti-
bodies for Histone H3, EP2, EP4 and the sec-
ondary antibodies conjugated with horseradish 
peroxidase were purchased from Santa Cruz 
Biotechnology, Inc. (Santa Cruz, CA). Boyden 
Chambers and polycarbonate membranes (8 
μm pore size) for cell migration assays were 
obtained from Neuroprobe (Gaithersburg, MD).

Cell migration assay

The migration capacity of melanoma cancer 
cells was determined in vitro using Boyden 
Chambers (Neuroprobe, Inc., Gaithersburg, 
MD) fitted with Millipore membranes (8 μm 
pore size), as detailed previously [23, 25]. 
Migratory cells on the membrane were detect-
ed after staining with crystal violet dye. The 
membranes were examined microscopically 
and cellular migration per treatment group was 
determined by counting the number of stained 
cells under microscopic field in at least three to 
four randomly selected fields using an Olympus 
BX41 microscope. Data are presented as mean 
number of the migrating cells ± SD per micro-
scopic field. Representative photomicrographs 
were obtained using a Qcolor5 digital camera 
system fitted to an Olympus BX41 microscope. 

Western blot analysis

Following treatment of melanoma cells for the 
indicated time periods with or without GSPs or 
any other agent, the cells were harvested, 
washed with cold PBS and lysed with ice-cold 
lysis buffer supplemented with protease inhibi-
tors, as detailed previously [23]. Similar to cell 
lysates, lung tissue lysates were also prepared 
after homogenizing the tissues in lysis buffer 
for western blot analysis. Lung samples were 
pooled from 2 animals and lysates were pre-
pared. Thus, three samples were run for gel 
electrophoresis in each group of animals, n = 
6/group. The proteins of interest were identi-
fied and detected using western blot analysis, 
as detailed previously [23, 25]. The equal pro-
tein loading on the gels were verified after strip-
ping the membrane and re-probed with anti-β 
actin antibody.

PI3K (110)-siRNA transfection of melanoma 
cells

Human-specific PI3K (110) siRNA was trans-
fected into A375 and Hs294t cells using siRNA 
Transfection Reagent Kit (Santa Cruz Bio- 
technology, Inc. (Santa Cruz, CA) according to 
the manufacturer’s protocol. Briefly, 2×105 
cells/well were seeded in a 6-well plate and 
allowed to grow to 70% confluency. The PI3K 
(110) siRNA mix with transfection reagents was 
overlaid on the cells for approximately 6 h at 
37°C and transferred into 2× growth medium 
for about 18-20 h. At 24 h post-transfection, 
fresh medium was added to the cells and the 
cells were incubated for an additional 48 h. 
Thereafter, cells were harvested and lysates 
were subjected to western blotting.

Generation of EGFP/luciferase reporter mela-
noma cells 

To facilitate detection of experimental metasta-
sis in vivo, A375 cells were transduced with a 
vesicular stomatits virus G envelope (VSV-G) 
pseudotyped lentiviral vector for constitutive 
expression of both firefly luciferase and 
enhanced green fluorescence protein (EGFP). 
The vector (designated K2947) comprised the 
mouse CMV promoter, followed by fire fly lucif-
erase, the encephalomyocarditis internal ribo-
somal entry site (IRES), a puromycin resistance 
gene and the enhanced green fluorescence 
protein (EGFP), wherein puromycin and EGFP 
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were fused in-frame at their 3’ and 5’ ends, 
respectively, with the “self-cleaving” T2A pep-
tide-coding sequence (CMV-luciferase-IRES-
puro.T2A.EGFP) [26]. The lentiviral vector, the 
packaging construct, and the VSV-G plasmid 
DNAs were co-transfected into 293T human 
embryo kidney cells to create infectious, repli-

cation defective, lentiviral vector-containing 
particles as described previously [27]. A375 
cells were transduced with the vector using a 
multiplicity of infection of approximately 5. 
Stable, expression-positive A375 cells were 
selected by supplementing the culture medium 
with 5 µg/mL of puromycin for 5 days.

Figure 1. Effect of GSPs on PGE2 receptors and PGE2 receptors agonist-mediated effect on melanoma cell migra-
tion. A. Treatment of A375 and Hs294t cells with GSPs (0, 10, 20 and 40 µg/mL) for 24 h decreases the expression 
levels of PGE2 receptors (EP2 and EP4). Cell lysates were subjected to western blot analysis to determine the levels 
of EP2 and EP4. B. Treatment of GSPs inhibits EP2 agonist (Butaprost, 1.0 µM)-induced migration of A375 mela-
noma cells (left panel) and data of cell migration in each treatment group are summarized as a mean number of 
migratory cells ± SD/microscopic field, n = 3 (right panel). C. Treatment of GSPs inhibits EP4 agonist (Cay10580, 1.0 
µM)-induced migration of A375 melanoma cells. Representative photomicrographs of cell migration are shown (left 
panels). The data on cell migration are summarized as a mean number of migratory cells ± SD/microscopic field, n 
= 3 (right panel). Significant inhibition versus non-GSPs-treated control group, *P<0.001; Significant increase versus 
non-EP2 agonist-treated or non-EP4 agonist-treated controls, †P<0.001. D. GSPs treatment decrease EP2- and EP4- 
agonist induced expression levels of nuclear and cytosolic β-catenin in A375 cells.  
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Detection of metastatic melanoma cells in 
lungs of nude mice using bioluminescence 
imaging

Migration of melanoma cells was determined 
by intravenous injection of A375 cells (2.5×106) 
constitutively expressing both luciferase and 
green fluorescent protein (GFP) into nude mice. 
Four-five weeks old female athymic nude mice 
were purchased from the National Cancer 
Institute (Bethesda, MD) and housed in the ani-
mal resource facility in accordance with the 
Institutional Animal Care and Use Committee 
(IACUC) guidelines. Mice were divided into three 
groups of 6 animals/group. Mice were given 
AIN76A control diet with or without supplement-
ing with GSPs (0.5%, w/w). After seven weeks, 
the mice were sacrificed and lungs were har-
vested. The presence of EGFP/luciferase 
reporter A375 melanoma cells in lungs were 
detected by bioluminescence imaging after 
spraying D-luciferin using Xenogen IVIS200 
imaging system, following an established proto-
col [28, 29].

Statistical analysis 

For cell migration assays, the data from GSPs 
or any other agent treated group were com-
pared with control group separately using one-
way analysis of variance (ANOVA) followed by 
post hoc Dunn’s test using GraphPad Prism ver-
sion 4.00 for Windows, GraphPad Software, 
(San Diego, CA), USA, www.graphpad.com. In 
each case P<0.05 was considered statistically 
significant.

Results

GSPs decrease expression levels of PGE2 
receptors in melanoma cells

We have shown earlier that GSPs treatment 
decreases the levels of PGE2 in melanoma cells 
which has been associated with the melanoma 
cell migration [23]. As PGE2 has been shown to 
manifest its biological activity via four well-
known G-protein-coupled receptors (i.e., EP1-
EP4) [6, 30], we examined the effect of GSPs on 
PGE2 receptors in melanoma cells. A375 and 
Hs294t human melanoma cells were treated 
with various concentrations of GSPs (0, 10, 20 
and 40 µg/mL) for 24 h, and cell lysates were 
subjected to the analysis of EP1, EP2, EP3 and 
EP4 using western blot analysis. Western blot 
analysis revealed that GSPs treatment 

decreased the levels of EP2 and EP4 in mela-
noma cells in a dose-dependent manner 
(Figure 1A). The inhibitory effect of GSPs was 
also observed on EP1 and EP3 but was less 
prominent than the effect on EP2 and EP4 
(data not shown).

GSPs inhibit EP2 and EP4 agonist induced 
migration of melanoma cells

To verify the role of PGE2 receptors (EP2 and 
EP4) in melanoma cell migration, A375 cells 
were treated with EP2 and EP4 agonists sepa-
rately for 24 h and cell migration was deter-
mined. As shown in Figure 1B, treatment of 
butaprost (EP2 agonist) significantly enhanced 
(P<0.001) the migration capacity of A375 mela-
noma cells compared to non-butaprost-treated 
control cells. Similar effect was also found 
when A375 cells were treated with EP4 agonist 
(Cay10580) for 24 h (Figure 1C). Next, we 
determined the effect of GSPs on EP2 agonist 
and EP4 agonist induced melanoma cell migra-
tion in same set of experiment. Treatment of 
A375 melanoma cells with GSPs (20 and 40 
µg/mL) for 24 h decreased butaprost- and 
Cay10580-induced cell migration significantly 
(P<0.001) and by almost 100% compared to 
butaprost alone- or Cay10580 alone-treated 
cells (Figure 1B, 1C). The data on cell migration 
in each set of experiment are summarized in 
right panels (Figure 1B, 1C). These data sug-
gest that GSPs inhibition of the melanoma cell 
migration is mediated, at least in part, by 
decreasing the levels of EP2 and EP4 receptors 
of PGE2.   

GSPs inhibit EP2 and EP4 agonist induced 
expression levels of β-catenin 

If GSPs treatment inhibit EP2 and EP4 agonist 
induced migration of melanoma cell, then in 
further studies we checked whether EP2 and 
EP4 agonists have any effect on the expression 
levels of β-catenin in melanoma cells, and 
whether GSPs decrease agonists-induced 
enhancement of β-catenin expression in these 
cells. A375 melanoma cells were identically 
treated with EP2 and EP4 agonists with and 
without the treatment with GSPs as in previous 
experiments. Cell lysates were subjected to 
western blot analysis. As shown in Figure 1D, 
western blot analysis revealed that treatment 
of A375 melanoma cells with EP2 agonist 
(butaprost) or EP4 agonist (Cay10580) resulted 
in increased accumulation of β-catenin in both 
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the cytosolic and nuclear compartments of 
A375 cells. The increased accumulation of 
cytoplasmic and nuclear β-catenin, however, 
was inhibited when cells were treated with 
GSPs plus butaprost compared with the cells 
treated only with butaprost (Figure 1D, left 
panel). Similar results were obtained when 
cells were treated with GSPs and EP4 agonist 
(Figure 1D, right panel). These results suggest 
that GSPs inhibit β-catenin accumulation in 
A375 cells via reducing the expressions of PGE2 
receptors (EP2 and EP4). 

Effect of EP2 antagonist (AH6809) on mela-
noma cell migration and β-catenin levels

To further verify the role of PGE2 receptors in 
melanoma cell migration and its inhibition by 
GSPs, A375 and Hs294t melanoma cells were 

treated with AH6809 (EP2 antagonist) for 24 h 
and its effect on cell migration was determined. 
Cell migration analysis indicated that treatment 
of AH6809 inhibited the migration capacity of 
melanoma cells as reflected in the photomicro-
graphs in terms of migrating cells density 
(Figure 2A and 2B, left panels). Migrating cell 
numbers were counted on the membranes 
under microscope and the numbers of migrat-
ing cells in each cell line and each group are 
summarized as mean ± SD per field in right 
panels (Figure 2A and 2B). Significant inhibi-
tion (P<0.05 and P<0.001) of cell migration 
was observed in A375 (20% to 67%) and 
Hs294T (24% to 65%) cells after the treatment 
of cells with AH6809. We also determined the 
levels of β-catenin in different treatment groups 
of both melanoma cell lines using western  
blotting. As expected, treatment of AH6809 

Figure 2. Effect of EP2 antagonist (AH6809) on the capacity of melanoma cell migration and expression levels of 
β-catenin in melanoma cells. Treatment of AH6809 for 24 h inhibits the capacity of A375 (A) and Hs294t (B) mela-
noma cell migration in a dose-dependent manner. Representative photomicrographs of cell migration are shown. 
Migrated cells are shown in purple-blue. Numbers of migratory cells/microscopic field are summarized as a mean 
± SD in right panels, n = 3. Significant inhibition versus non-treated control cells, ¶P<0.05, *P<0.001. (C & D) 
Treatment of EP2 antagonist decreases the cytosolic as well nuclear levels of β-catenin in melanoma cells in a 
dose-dependent manner. A375 and Hs294t cells were treated with indicated doses of AH6809 for 24 h, cells were 
harvested, and nuclear and cytosolic protein fractions were subjected to the analysis of β-catenin using western 
blot analysis.
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decreased the accumulation of β-catenin in 
both nuclear and cytosolic compartments of 
both melanoma cell lines (Figure 2C, 2D). 

Celecoxib, an inhibitor of COX-2, reduced the 
levels of β-catenin and its downstream targets 
in melanoma cells  

Earlier, we have shown that GSPs inhibit the 
migration capacity of melanoma cells through 
reduction in the endogenous expression levels 
of COX-2 [23]. Additionally, celecoxib, an inhibi-
tor of COX-2, treatment also inhibits the migra-
tion capacity of melanoma cells [25]. Therefore, 
we were interested in determining whether 
GSPs inhibit β-catenin accumulation in mela-
noma cells via inhibition of COX-2 expression. 
In this context, we checked the effect of cele-
coxib on the expression levels of β-catenin in 
melanoma cell lines. Both A375 and Hs294t 
melanoma cell lines were treated with various 
concentrations of celecoxib (0, 5, 10 and 20 
µM) for 24 h. After treatment, cells were har-
vested, lysates prepared and subjected to 
western blot analysis. We found that treatment 
of celecoxib resulted in decrease in the levels 
of nuclear as well as cytosolic β-catenin in both 
melanoma cell lines, and it was dose-depen-
dent (Figure 3A, 3B). In the same set of experi-
ment, we also checked the effect of celecoxib 
on the expression levels of MMP-2 and MMP-9, 
which are the downstream targets of β-catenin 
and have a role in cancer cell migration. 
Celecoxib treatment reduced the levels of 

cells were treated with GSPs (0, 10, 20 and 40 
µg/mL). After 24 h, cells were harvested and 
nuclear and cytosolic fractions were prepared 
and subjected to western blot analysis. The 
data from western blot analysis revealed that 
treatment of A375 and Hs294t cells with GSPs 
resulted in reduction of β-catenin levels in both 
the cytosol and nucleus of the melanoma cells 
and the effect was dose-dependent (Figure 4A, 
4B). As MMP-2, MMP-9 and MITF are the down-
stream targets of β-catenin [31, 33, 34], we 
also determined the effect of GSPs on the lev-
els of these proteins. There was a reduction in 
expression levels of MMP-2, MMP-9 and MITF 
by GSPs in both A375 and Hs294t cells in a 
dose-dependent manner (Figure 4C, 4D). 

GSPs promote binding of β-catenin with β-TrCP

It has been shown that β-transduction repeat-
containing proteins (β-TrCP) are components of 
the ubiquitin ligase complex targeting β-catenin 
for proteasomal degradation and are thus a 
negative regulator of Wnt/β-catenin signaling 
[35, 36]. Therefore, we checked whether GSPs 
have any effect on the levels of β-TrCP in our 
melanoma cell migration model. A375 melano-
ma cells were treated with GSPs for 24 h, cell 
lysates were prepared, and β-TrCP was immu-
noprecipitated for detection of its binding with 
the phospho forms of β-catenin. Western blot 
analysis showed that treatment of A375 cells 
with GSPs enhanced the binding of β-TrCP with 
phospho forms of β-catenin in a dose-depen-

Figure 3. Effect of celecoxib, a COX-2 inhibitor, on the expression levels of 
β-catenin and downstream targets of β-catenin, MMP-2 and MMP-9, in A375 
and Hs294t melanoma cells. A375 (A) and Hs294t (B) cells were treated 
with celecoxib (0, 5, 10, and 20 µM) for 24 h, then cells were harvested, 
cytoplasmic and nuclear fractions isolated and subjected to western blot 
analysis. Treatment of celecoxib inhibits the expression levels of β-catenin, 
MMP-2 and MMP-9 in both A375 and Hs294t melanoma cell lines in a dose-
dependent manner. 

MMP-2 and MMP-9 in both 
A375 and Hs294t human 
melanoma cell lines in a dose-
dependent manner (Figure 
3A and 3B).        

GSPs reduce the expression 
levels of β-catenin and its 
downstream targets MMPs 
and MITF

The β-catenin has been impli-
cated in migration and metas-
tasis of cancer cells including 
melanoma [31, 32]. Therefore, 
we determined the effect  
of GSPs on the levels of 
β-catenin and its downstream 
signaling molecules in human 
melanoma cells (A375 and 
Hs294t) using western blot 
analysis. For this purpose, 
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dent manner (Figure 4E). Similar observations 
were noted when Hs294t cells were treated 
with GSPs. These data suggest that GSPs may 
have inactivated β-catenin by enhancing the 
proteasomal degradation of the β-catenin after 
its binding with β-TrCP.  

β-catenin is the target of GSPs in melanoma 
cells: use of β-catenin-proficient and β-catenin-
deficient melanoma cell lines 

To further verify that blocking of melanoma cell 
migration by GSPs is mediated through inhibi-
tion of β-catenin, we used two different mela-
noma cell lines Mel1241 and Mel1011. Mel- 
1241 cells possess constitutively active Wnt/β-
catenin signaling, whereas Mel1011 cells lack 
activated β-catenin. We compared therapeutic 
effect of GSPs on the migration capacity of 
Mel1241 and Mel1011 cells. For this purpose, 

lines are summarized in Figure 5B in terms of 
mean number of migrating cells ± SD/micro-
scopic field (n = 3) for different treatment 
groups. 

In another experiment, Mel1241 and Mel1011 
cell lines were treated with various concentra-
tions of CCT036477, a β-catenin inhibitor, (0, 5, 
10 and 20 µM) for 8 h and cell migration was 
determined. CCT036477 has unique ability to 
inhibit Wnt/β-catenin pathway [37]. As shown 
in Figure 5C, treatment of CCT036477 inhibit-
ed the migration capacity of Mel1241 cells in a 
dose-dependent manner (33-86%, P<0.05-
0.001). In contrast, CCT036477 did not signifi-
cantly inhibit the migration capacity of Mel1011 
cells, which possess inactivated β-catenin sta-
tus. Number of migrating cells on the mem-
branes was counted under microscope at 3 dif-

Figure 4. Effect of GSPs on β-catenin and its downstream molecular targets 
in human melanoma cell lines. A & B. Effect of GSPs on the cytosolic and 
nuclear levels of β-catenin in A375 and Hs294t cells. Cells were treated with 
GSPs, and cytosolic and nuclear fractions were subjected to western blot 
analysis to determine the levels of β-catenin. C & D. Effect of GSPs on the 
downstream molecular targets of β-catenin, such as MMP-2, MMP-9 and 
MITF, in melanoma cells. E. Treatment of A375 and Hs294t melanoma cells 
with GSPs enhances binding of β-TrCP with phospho forms of β-catenin. Cell 
lysates were used from the experiment explained under Panels A & B. In 
binding assay, β-TrCP was immunoprecipitated using specific antibody from 
total protein lysates followed by western blot analysis for phospho forms of 
β-catenin, as detailed in Materials and methods. IP, immunoprecipitation; IB, 
immunoblotting.  

both Mel1241 and Mel1011 
cell lines were treated with 
GSPs (0, 10, 20 and 40 µg/
mL concentrations) for 8 h 
and subjected to cell migra-
tion assay. As the migration 
capacity of Mel1241 cells is 
several fold higher than A375 
and Hs294t cells, 8 h time 
point was selected for migra-
tion analysis. Photomicro- 
graphs show the density of 
migrated cells in each treat-
ment group (Figure 5A). We 
observed that: (i) migration 
capacity of Mel1241 cells was 
higher than Mel1011 cells. 
The numbers of migrating 
Mel1241 cells were 550 ± 50 
cells/microscopic filed where- 
as the numbers of migrating 
Mel1011 cells were 26 ± 5 
cells/microscopic field, as 
summarized in Figure 5B, n = 
3. (ii) GSPs exerted their sig-
nificant inhibitory effect on 
migration of Mel1241 cells 
(P<0.05-0.001), while there 
was no significant inhibitory 
effect of GSPs on the migra-
tion capacity of Mel1011 cells 
that are deficient or lack  
of activated β-catenin. The 
effect of GSPs on migration of 
melanoma cells on both cell 
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Figure 5. Inhibition of melanoma cell migration by GSPs is β-catenin dependent. A. Treatment of Mel1241 cells 
(β-catenin-activated) with GSPs inhibits cell migration capacity in a dose-dependent manner, while GSPs were failed 
to inhibit the migration of Mel1011 cells, which are β-catenin-inactivated. B. Migratory cells were counted on the 
membrane under microscope and results are expressed as the mean number of migratory cells ± SD per microscop-
ic field (n = 3). C. Treatment of Mel1241 cells with CCT036477, a β-catenin inhibitor, inhibits cell migration capacity 
in a dose-dependent manner, while CCT036477 was failed to significantly inhibit the migration of Mel1011 cells. 
Representative photomicrographs are shown. D. Migratory cells were counted on the membrane under microscope 
and results are expressed as the mean number of migratory cells ± SD per microscopic field (n = 3). Significant 
inhibition in Mel1241 cells versus non-GSPs-treated or non-CCT036477-treated control cells, ¶P<0.05; *P<0.001.  
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ferent microscopic fields. Resultant data are 
summarized in Figure 5D. These observations 
indicate that GSPs inhibit cell migration by tar-
geting β-catenin in melanoma cells. 

Therapeutic intervention of GSPs on β-catenin 
in melanoma cell migration affects PI3K/Akt 
signaling mechanism

In resting cells, β-catenin is recruited to a 
destruction complex that consists of APC, Axin, 
and GSK-3β. This destruction complex facili-
tates phosphorylation of β-catenin by GSK-3β, 
which leads to its ubiquitinization and ultimate-
ly proteasomal degradation [12]. In cancer 
cells, however, binding of PGE2 to EP2 receptor 
activates G protein coupled to EP2 receptor 
that activates PI3K/Akt signaling, which leads 
to phosphorylation of GSK-3β at Ser9. Phospho- 
rylation of GSK-3β at Ser9 inhibits its kinase 

(110) in A375 and Hs294t cells using PI3K 
siRNA kit (Santa Cruz Biotechnology, Inc.) fol-
lowing the manufacturer’s instructions. As 
shown in Figure 6B, western blot data revealed 
that siRNA knockdown of PI3K resulted in 
marked reduction in the levels of p-Akt and 
p-GSK-3β in both A375 and Hs294t cell lines.  

Dietary administration of GSPs inhibits the 
extravasation capacity of melanoma cells in 
nude mice

To further verify the inhibitory effect of GSPs on 
melanoma cell migration, in vivo experiments 
were conducted using athymic nude mice. 
Melanoma cells were i.v. injected into the tail 
vein of mice that were either not treated or 
were treated with GSPs-supplemented AIN76A 
control diet. Seven weeks after injection of mel-
anoma cells, mice were sacrificed and lungs 

activity, thereby preventing 
GSK-3β from being able to 
phosphorylate β-catenin in 
the phosphorylation/destruc-
tion complex. This leads to accumu- 
lation of β-catenin in cells. 
Therefore to check if GSPs 
inhibit inactivation of GSK-3β, 
we determined the effect of 
GSPs on expression level of 
components of PI3K/Akt sig-
naling pathway. To examine 
this effect, A375 and Hs294t 
cells were treated with GSPs 
(0, 10, 20 and 40 µg/mL) for 
24 h, cell lysates were pre-
pared and subjected to west-
ern blot analysis for determin-
ing the levels of PI3K, 
phosphorylation of Akt at 
Ser473 and phosphorylation of 
GSK-3β. The results revealed 
that treatment of GSPs de- 
creased the levels of both the 
regulatory (p85) and catalytic 
(p110) subunits of PI3K and 
reduced the phosphorylation 
level of Akt at Ser473 in a con-
centration-dependent man-
ner (Figure 6A). A decreased 
phosphorylation level of GSK-
3β at Ser9 was also observed. 
To verify that phosphorylation 
of GSK-3β at Ser9 is regulated 
by PI3K in human melanoma 
cells, we knocked-down PI3K 

Figure 6. Effect of GSPs on PI3K/Akt cell survival signaling molecules in 
melanoma cells during migration. A. Treatment of GSPs for 24 h inhibits the 
levels of PI3K proteins, phospho Akt and p-GSK-3β in A375 and Hs294t cell 
lines in a dose-dependent manner. B. Effect of PI3K knockdown on cell sur-
vival signaling molecules in melanoma cells. PI3K (110) was knocked own 
using siRNA kit following the manufacturer’s protocol, and the levels of differ-
ent proteins were determined using western blot analysis.
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were harvested, and subjected to image analy-
sis, as detailed in Materials and methods. 
Bioluminescence image analysis detected the 
presence of abundant melanoma cells in lungs 

ed control mice (Figure 7C). Similarly, dietary 
GSPs also inhibited the levels of MMP-2 and 
MMP-9 in lung tissues compared to lungs from 
non-GSPs-treated but melanoma cells injected 

Figure 7. Effect of dietary administration of GSPs on melanoma cells inva-
sion in vivo in athymic nude mice and associated proteins of β-catenin sig-
naling molecules in internal body organ, such as lung. A. Mice were injected 
through the tail vein with A375 melanoma cells (2.5×106/mouse) constitu-
tively expressing luciferase and EGFP. GSPs was given to mice in diet after 
supplementation with AIN76A control diet, as detailed in Materials and meth-
ods, n = 6/group. Seven weeks after melanoma cell injection, mice were 
sacrificed, and lungs were harvested as a target organ and subjected to bio-
luminescence imaging for the detection of melanoma cells using Xenogen 
IVIS200 imaging system. Red color indicates higher or intense accumulation 
or density of melanoma cells. B. Administration of dietary GSPs inhibits the 
cytosolic and nuclear levels of β-catenin, and MITF protein in lungs compared 
to the lungs from the non-GSPs-treated group of control mice, whereas the 
levels of p-β-catenin, GSK-3β and CK-1α were elevated or restored. Western 
blot data are shown in triplicate/group. Each sample was prepared from the 
pooled lung tissues from 2 animals. C. Dietary GSPs reduce the levels of 
PGE2 in lungs compared to the lungs from the control mice. PGE2 analysis in 
lung tissue samples was done using the Cayman PGE2 Enzyme Immunoas-
say Kit (Ann Arbor, MI) following the manufacturer’s instructions. D. GSPs de-
crease the levels of MMP-2 and MMP-9 in lungs compared to the lungs from 
the non-GSPs-treated control mice. At the termination of the experiment, 
lungs were harvested and lysates were prepared for the analysis of MMPs 
using western blot analysis, n = 6. Significant elevation of PGE2 (

*P<0.001) 
compared to normal lung samples, while significant inhibition (¶P<0.01)  
versus metastasis-specific control group. 

(Figure 7A). Dietary adminis-
tration of GSPs blocked 
migration capacity of melano-
ma cells in lungs compared to 
the lungs from non-GSPs-
treated control animals. The 
levels of β-catenin and asso-
ciated signaling molecules 
were determined in lung tis-
sues using western blot anal-
ysis. As shown in Figure 7B, 
the levels of nuclear and cyto-
solic β-catenin and MITF were 
increased in lung tissues, 
while the levels of p-β-catenin 
(Ser45), GSK-3β and CK-1α 
were decreased in the mice 
which were injected melano-
ma cells compared to the  
lung tissues from the mice 
which were not injected  
melanoma cells or normal 
control group of mice. 
Western blot analysis further 
suggested that administra-
tion of dietary GSPs inhibited 
the levels of nuclear and  
cytosolic β-catenin and MITF 
in lung tissues, while in- 
creased the levels of p-β-
catenin, GSK-3β and CK-1α 
compared to lung sam- 
ples from non-GSPs-treated  
and melanoma cells injected 
mice. 

In the same set of experiment 
and lung samples, the levels 
of PGE2 and MMPs were also 
analyzed. Analysis of PGE2 
was done using PGE2 immu-
noassay kit (Ann Arbor, MI). 
Analysis indicated that the 
levels of PGE2 were signifi-
cantly higher (P<0.001) in 
metastatic lung tissues com-
pared to lungs of normal mice, 
however, dietary GSPs signifi-
cantly decreased (P<0.01) 
the levels of PGE2 in lungs 
compared to non-GSPs-treat-
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mice as analyzed and detected by western blot-
ting (Figure 7D).    

Discussion

Studies have implicated the role of active Wnt/
β-catenin signaling in tumor progression and 
tumor cell migration, and particularly in mela-
noma [8, 13, 15, 17]. β-catenin is a dual func-
tion protein and is an important component of 
cell-cell adhesion [6, 30]. This cell-to-cell adhe-
sion may prevent the migration of cells. 
However, the breaking of cell-to-cell adhesion 
due to activation of β-catenin and its nuclear 
accumulation may increase the migration 
capacity of cancer cells. Thus nuclear/cytoplas-
mic ratio of β-catenin in the cells determines 
their migration activity. Our results show that 
GSPs inhibit melanoma cell migration by target-
ing β-catenin. Importantly, GSPs target or 
reduce accumulation of β-catenin in melanoma 
cells by decreasing the inflammatory media-
tors, such as COX-2 overexpression and PGE2 
production [23]. In addition to COX-2 and PGE2 
overexpression, the inflammatory mediators 
include PGE2 receptors and more importantly 
EP2 and EP4. Treatment of melanoma cells 
(A375 and Hs294t) with EP2-agonist or EP4-
agonist stimulates the migration ability of cells 
while GSPs inhibit the migration capacity of 
melanoma cells enhanced by either EP2 ago-
nist or EP4 agonist. Celecoxib, an anti-inflam-
matory agent and an inhibitor of COX-2, also 
reduced the cytoplasmic and nuclear levels of 
β-catenin and its downstream targets (MMPs) 
in melanoma cells suggesting that the anti-cell 
migration activity of GSPs is due to its anti-
inflammatory effect. 

Multiple diverse molecular events are integrat-
ed in the metastasis of tumor cells. In tumor 
cells, mechanisms that inhibit GSK-3β-induced 
phosphorylation of β-catenin block its interac-
tion with the E3 ubiquitin ligase receptor, 
β-TrCP, which prevents β-catenin ubiquitination 
and degradation, and ultimately leads to 
β-catenin activation [24, 25]. A major regulator 
of β-catenin stability and activity is the β-TrCP. 
In this study, we sought to determine whether 
the inactivation or degradation of β-catenin in 
melanoma cells by GSPs treatment is affected 
by the expression of its regulator, the β-TrCP. 
We found that GSPs enhanced the binding of 
β-TrCP to phospho forms of β-catenin, which 
suggests β-TrCP-mediated ubiquitination and 
degradation of β-catenin [25, 31]. Thus, our 

finding provides evidence that GSPs inhibit mel-
anoma cell migration by targeting β-catenin 
stability.        

Further, in an attempt to confirm the role of 
GSPs on prevention or inhibition of migratory 
capacity of melanoma cell through inactivation 
of β-catenin signaling, we used two distinct 
melanoma cell lines, namely Mel1241 and 
Mel1011. The two cell lines differ in status of 
constitutive activation of Wnt/β-catenin. Our 
data show that Mel1241 melanoma cells which 
possess constitutively active Wnt/β-catenin 
are highly invasive and the capacity of cell 
migration is multiple-fold higher than Mel1011 
cells. Treatment of Mel1241 cells with GSPs 
resulted in significant inhibition of cell migra-
tion while under identical experimental condi-
tions, these effects of GSPs or β-catenin inhibi-
tor (CCT036477) were not found in the Mel1011 
cell line, which lacks constitutively active 
β-catenin. 

The inhibitory effect of GSPs on melanoma cell 
migration was further verified using an in vivo 
immune-compromised nude mouse model. 
A375 melanoma cells were intravenously 
injected through the tail vein and their migra-
tion and tumor cell accumulation in lungs was 
detected and determined using biolumines-
cence imaging system. Simultaneously, we 
examined the inhibitory effect of dietary GSPs, 
if any, on the migration capacity of melanoma 
cells in vivo. Although this model system does 
not recapitulate the concept of tumor cell 
metastasis, as there was no intravasation 
phase of tumor cell metastasis, this approach 
does help to understand how the melanoma 
cells pass through the extravasation phase and 
reach internal vital organs such as lungs and 
stay there for tumor growth. Bioluminescence 
imaging detected the presence of large num-
bers of melanoma cells in lungs (Figure 7). 
Dietary administration of GSPs inhibited or 
blocked the migration capacity of melanoma 
cells as is evident by the presence of lesser 
numbers or density of melanoma cells in lungs 
compared to non-GSPs-treated control mice. To 
verify whether this inhibitory effect on the 
migration of melanoma cells in vivo is associ-
ated with the inhibitory effect of GSPs on 
β-catenin and its downstream molecular tar-
gets, lungs were harvested and analyzed for 
these biomarkers. Administration of GSPs 
decreased the levels of both cytosolic and 
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nuclear β-catenin, while increased the levels of 
p-β-catenin (Ser45 and Ser33/37/Thr41), GSK-3β 
and CK-1α, which are responsible for inactiva-
tion or degradation of β-catenin. These results 
provide evidence that GSPs induced β-catenin 
degradation or inactivation in melanoma cells 
is associated with the up-regulation of CK1α 
and GSK-3β. Liu et al. [12] have identified CK1α 
as an essential component that controls 
β-catenin phosphorylation degradation in 
Drosophila.  Inhibition of PGE2 levels in lung tis-
sues by GSPs suggest that these effects of 
GSPs are mediated through inhibition of inflam-
matory mediators in melanoma cells. These 
observations explain the possible mechanism 
of inhibitory effects of GSPs against the migra-
tion of melanoma cells in in vivo model.     

Together, the outcome of this study suggests 
that GSPs have the ability to block or inhibit the 
migration capacity of melanoma cells, and this 
anti-tumor cell migration ability of GSPs is 
mediated through inactivation of β-catenin. 
Thus therapeutic intervention strategies target-
ing key molecules of the Wnt/β-catenin path-
way may represent promising approaches to 
inhibit metastasis of melanoma cells. This new 
insight on the anti-melanoma cell migration 
activity of GSPs could serve as the basis for 
therapeutic approach against malignant mela-
noma in high risk individuals.
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