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ABSTRACT

Phenotypic and genotypic analyses of cutaneous melanoma have iden-
tified the endothelin B receptor (ETBR) as tumor progression marker,
thus representing a potential therapeutic target. Here, we demonstrate
that activation of ETBR by endothelin-1 (ET-1) and ET-3 leads to loss of
expression of the cell adhesion molecule E-cadherin and associated catenin
proteins and gain of N-cadherin expression. Exposure of melanoma cells
to ET-1 leads to a 60% inhibition in intercellular communication by
inducing phosphorylation of gap junctional protein connexin 43. Addi-
tionally, activation of the ETBR pathway increases �v�3 and �2�1 integrin
expression and matrix metalloproteinase (MMP)-2 and MMP-9, mem-
brane type-1-MMP activation, and tissue inhibitor MMP-2 secretion. The
ETBR pathway results into the downstream activation of focal adhesion
kinase and extracellular signal-regulated kinase 1/2 signaling pathways,
which lead to enhanced cell proliferation, adhesion, migration, and MMP-
dependent invasion. The small molecule A-192621, an orally bioavailable
nonpeptide ETBR antagonist, significantly inhibits melanoma growth in
nude mice. These findings demonstrate that ET-1 and ET-3 through ETBR
activation trigger signaling pathways involved in events associated with
disruption of normal host-tumor interactions and progression of cutane-
ous melanoma. Pharmacological interruption of ETBR signaling may
represent a novel therapeutic strategy in the treatment of this malignancy.

INTRODUCTION

Mouse genetics and molecular profiling of human tissues have
identified pathways relevant to melanocyte migration and differenti-
ation as well as to melanoma progression. The study of melanocyte
development in knock-out mice has provided insight into the func-
tions of endothelins (ETs) and their receptors in this cell lineage
(1–4). The ET family of molecules comprises three isopeptides, ET-1,
ET-2, and ET-3, of 21 amino acids that bind to two highly homolo-
gous G-protein-coupled receptors, ETA receptor (ETAR) and ETB

receptor (ETBR), which mediate a variety of physiological activity in
different cell types (3). In the adult, ET-1 secreted by keratinocytes
stimulates proliferation, chemotaxis, and pigment production in mela-
nocytes (5, 6) and plays a central role in UV-B light-induced pigmen-
tation (7, 8). Increasing evidence points to ETs as relevant mediators
in tumor progression in a variety of malignancies (9). Melanoma cells
express both ETAR and ETBR (10). Gene expression analysis (11) and
immunophenotyping of human cutaneous melanoma (12) have re-
cently identified ETBR as critical in the progression of this malig-
nancy. Through the same receptor, ET-1 acts as antiapoptotic factor
for melanoma cells and melanocytes (13). Thus, ETBR blockade by
the ETBR peptide antagonist BQ788 resulted in growth inhibition and
death of melanoma cells in vivo and in vitro (14). Although these

studies define a relevant role of the ET-1/ETBR pathway in the
biology of melanocytic tumors, the molecular events underlying this
activity have not been investigated. Early melanoma growth is the
result of disrupted intercellular homeostatic regulation (15). Once this
balance is lost and malignant transformation has occurred, microen-
vironmental factors such as cell adherence to extracellular matrix,
host-tumor interactions, degradation of matrix components, migration,
and invasion became essential for the tumor progression to the met-
astatic phenotype (15). Changes in cadherin, connexin (Cx), matrix
metalloproteinase (MMP), and integrin expression have emerged as
key factors in melanoma progression (16–17). Therefore we analyze
the role played by ETs and ETBR in melanoma cell proliferation,
cell-cell adhesion and communication, migration, tumor proteinase
activation, and invasion. Because activation of focal adhesion kinase
(FAK) and of extracellular signal-regulated kinase (Erk) are essential
molecular signaling in melanoma progression (18–20), we analyzed
the effect of ETs on these ETBR-mediated signal transduction path-
ways. In view of the availability of orally active nonpeptide ETBR
antagonists (9, 21), which are more suitable in clinical setting, we use
these compounds to assess their antitumor activity in vivo.

MATERIALS AND METHODS

Cells. The human cutaneous melanoma cell line 1007 established from a
primary lesion was a generous gift of Dr. G. Parmiani (National Cancer
Institute, Milan, Italy). The melanoma cell lines SK-Mel28 (American Type
Culture Collection, Rockville, MD) M10 and Mel120 were derived from a
metastatic melanoma (22). Cells were grown in RPMI 1640 containing 10%
FCS. All culture reagents were from Invitrogen (Paisley, Scotland, United
Kingdom). Melanoma cells were starved for 24 h in serum-free medium and
then incubated for indicated times with ET-1 and ET-3 (Peninsula Laborato-
ries, Belmont, CA). When the effects of the antagonists [BQ123 and BQ788
(Peninsula Laboratories) and A192621 (Abbott Laboratories, Abbott Park, IL)]
were studied, they were added 15 min before agonist. Pretreatment of cells
with PD98059 (10 �M; Calbiochem-Novabiochem Corporation, San Diego,
CA) or Ilomastat (10 �M; Chemicon International, Temecula, CA) was per-
formed for 20 min before the addition of ET-1 or ET-3.

Reverse Transcription-PCR. Total RNA was prepared using the TRIzol
reagent (Invitrogen) as recommended. The reverse transcription-PCR was
performed using a SUPERSCRIPT One-Step RT-PCR System (Invitrogen).
The primer sets used were 5�-TGCTCCTGCTCGTCCCTGATGGATAAA-
GAG-3� and 5�-GGTCACATAACGCTCTCTGGAGGGCTT-3� for ET-1,
5�-4 CACTGGTTGGATGTGTAATC-3� and 5�-GGAGATCAATGACCA-
CATAG-3� for ETAR, 5�-TCAACACGGTGGTGTCCTGC-3� and 5�-ACT-
GAATAGCCACCAATCTT-3 for ETBR, 5�-AACAGGATGGCTGAAG-
GTGA-3� and 5�-AAAATCCAAGCCCTTTGCTG-3� for E-cadherin, and
5�-TTCCAGCAGCCCTACGACCAG-3� and 5�-GCCTTTCCCACTAGTCT-
CATC-3� for Snail. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
was used as an internal control and the primer sets used were 5�-TGAAG-
GTCGGTGTCAACGGA-3� and 5�-GATGGCATGGACTGTGGTCAT-3�.
The cDNA was amplified for 35 cycles of a denaturation step at 94°C for 1
min; a primer annealing step at 64°C (E-cadherin), 55°C (Snail), and 54°C
(ET-1, ETAR, ETBR, and GAPDH) for 30 s; and an extension step at 72°C for
1 min. The PCR products were analyzed by electrophoresis on a 2% agarose
gel containing ethidium bromide.

Northern Blotting. Total RNA from 1007 cells was separated on 2%
denaturing formaldehyde agarose gel (15 �g RNA/lane) and transferred to a
nylon membrane. The membranes were hybridized in the QuickHyb hybrid-
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ization solution (Stratagene, La Jolla, CA). The cDNA probe used for analysis
of the E-cadherin, Snail, and GAPDH mRNA was prepared using reverse
transcription-PCR products. Probes were labeled with [�-32P]dCTP using a
random primer oligolabeling kit (Amersham Biosciences, Little Chalfont
Buckinghamshire, United Kingdom). Densitometric scanning was performed
with a Mustek MFS-6000CX apparatus, and the data were analyzed with
Phoretix 1D software and normalized to those of GAPDH.

Western Blotting. Conditioned medium and protein extracts were sepa-
rated by SDS-PAGE and revealed by Western blot using antibodies (Abs) to
MMP-2 and MMP-9 (NeoMarkers, Fremont, CA), tissue inhibitor metallopro-
teinase (TIMP)-2, membrane type 1 (MT1)-MMP (Chemicon), phospho-
ERK1/2 (Cell Signaling Technology, Inc., Beverly, MA), ERK1/2 (Cell Sig-
naling Technology), �V, �2, �1, �3 (Chemicon), E-cadherin, N-cadherin,
�-catenin, p120-catenin, Cx43 (BD Transduction Laboratories, Heidelberg,
Germany), and �-actin (Oncogene Research Products, Boston, MA). Blots
were developed with an enhanced chemiluminescence detection system kit
(Amersham Biosciences).

Gelatin Zymography. The 1007 and M10 cell supernatants were electro-
phoresed for analysis in 9% SDS-PAGE gels containing 1 mg/ml gelatin. The
gels were washed for 30 min at 22°C in 2.5% Triton X-100 and then incubated
in 50 mM Tris (pH 7.6), 1 mM ZnCl2, and 5 mM CaCl2 for 18 h at 37°C. After
incubation, the gels were stained with 0.2% Coomassie Blue. Enzyme-digested
regions were identified as white bands on a blue background. Molecular sizes
were determined from the mobility, using gelatin zymography standards
(Chemicon).

Immunoprecipitation and SDS-PAGE. Serum-starved 1007 melanoma
cells were treated with ET-1 and ET-3 for different times. Lysates were
immunoprecipitated with anti-FAK (Upstate Biotechnology) or anti-�-catenin
or anti-p120-catenin. The blots were incubated for 1 h with antiphosphoty-
rosine mAb (PY20; BD Transduction Laboratories) or with anti-FAK (Upstate
Biotechnology) and developed with an enhanced chemiluminescence system.

Flow Cytometry Analysis. Serum-starved 1007 melanoma cells were
treated with ET-1 and ET-3 (10 nM) for 24 h and incubated with primary Ab
to �1, �2, �4, �6, �v, �1, �3, �6, or �v�3 and �2�1 (Chemicon) for 40 min at
4°C. FITC-conjugated secondary Ab (Chemicon) was applied to the cell for 30
min at 4°C. Labeled cells were scanned on a FACScan cytometer (Becton
Dickson).

ELISA. MMP-2 and TIMP-2 levels in conditioned medium were measured
using a Biotrak Human MMP-2 Elisa kit (Amersham Biosciences) and a
human TIMP-2 Immunoassay Kit (Chemicon), respectively. TIMP-2 expres-
sion was measured by an ELISA capable of recognizing TIMP-2 complexes
with active MMP-2. The range of detection of the assays was of 1.5–24 ng/ml
for MMP-2 and 20–320 ng/ml for TIMP-2. The experiments were performed
in duplicate and repeated three times.

Scrape Loading/Dye Coupling. Levels of gap junction intercellular com-
munication (GJIC) in control and treated cultures were determined using the
scrape-loading/dye transfer (SL/DT) technique, applying a mixture of fluores-
cent dyes: 0.5% lucifer yellow (LY; Sigma) and 0.5% rhodamine-dextran
(Molecular Probes, Eugene, OR). 1007 and M10 cells, cultured as described
previously, were washed thoroughly with PBS in which Ca2� was omitted to
prevent uncoupling of the cells due to high Ca2�. The mixture was added to the
cells, and scrape loading was performed applying two or three cuts on cell
monolayer with a razor blade. The dye mixture was rinsed away 1 min after the
scrape. Cells were washed three times with PBS and fixed with 4% paraform-
aldehyde, and cells stained with LY alone and or with rhodamine-dextran were
detected by fluorescence emission with an inverted fluorescent microscope
equipped with a camera and counted. Junctional permeability was measured
after the scrape by taking five successive images per trial. Cells that received
the LY from the scrape-loaded cells, excluding the rhodamine-dextran-stained
cells, were considered communicating. GJIC capacity was expressed as per-
centage of the control.

Cell Proliferation Assay. [3H]thymidine incorporation was measured as
described previously (23). Responses to all agents were assayed in sextupli-
cate, and results were expressed as means of three separate experiments.

Adhesion Assay. Serum-starved cells were treated with ET-1 or ET-3 in
the absence or in the presence of antagonists for 24 h and labeled by incubation
with 51Cr-labeled sodium chromate (50 �Ci for 106 cells; DuPont, New
England Nuclear Research Products, Wilmington, DE) for 1 h at 37°C. As
indicated, cells were incubated with Abs to �2�1 and �v�3 subunits (10 �g/ml;

Chemicon) for 2 h at 37°C with gentle shaking. Labeled cells (5 � 104) were
plated in 96-well plates precoated with type I collagen (10 �g/ml; BD Trans-
duction Laboratories) for 120 min at 37°C. The percentage of cell adhesion
was calculated as follows: cpm adherent cells/cpm adherent � cpm nonadher-
ent cells � 100. The assay was performed in sextuplicate, and results were
expressed as means of three separate experiments.

Chemotaxis and Chemoinvasion Assay. Chemotaxis and chemoinvasion
were assessed with a 48-well modified Boyden chamber (NeuroProbe, Pleas-
anton, CA) as described previously (24). After 4 (chemotaxis) or 6 h (chemo-
invasion) of incubation at 37°C, the filters were removed and stained with
Diff-Quick (Merz-Dade, Dudingen, Switzerland), and the migrated cells in 10
high-power fields were counted. Each experimental point was analyzed in
triplicate. Pretreatment of cells with Abs to �v�3 and �2�1 (Chemicon) was
performed for 60 min at 37°C before the chemotaxis assay.

M10 Melanoma Xenografts. Female athymic (nu�/nu�) mice, 4–6 weeks
of age (Charles River Laboratories, Milan, Italy), were handled according to
the institutional guidelines under the control of the Italian Ministry of Health.
Mice received s.c. injection on one flank with 1.5 � 106 viable M10 cells
expressing ETBR. The mice were randomized in groups (n � 10) to receive
treatment i.p. for 21 days with two different doses of A-192621 (10 mg/kg/day
and 20 mg/kg/day), and controls received injection of 200 �l of drug vehicle
(0.25 N NaHCO3). The treatments were started 7 days after the xenograft, when
the tumor was palpable (�0.03 cm3). Each experiment was repeated three
times. Tumor size was measured with calipers and was calculated using the
formula �/6 � larger diameter � (smaller diameter)2.

Statistical Analysis. Statistical evaluations of data were made by the
two-sided Student’s test and by two-way ANOVA as appropriate.

RESULTS

ET-1 and ET-3 Alter Cell Adhesion Molecule Expression
through ETBR. ET-mediated activities were assessed on the primary
melanoma 1007 cells and in the metastatic cell lines M10, SK Mel 28,
and Mel 120, which express ETAR and ETBR mRNA but no ET-1
mRNA (Fig. 1A). The tumor suppressor E-cadherin, which is often
down-regulated in most melanoma (25), has recently been shown to
be modulated by ET-1 (26). In 1007 and M10 cells, ETs induced
E-cadherin down-regulation upon 24 h of treatment (Fig. 1B). Be-
cause the catenins are cytoplasmic proteins that bind E-cadherin and
are critical for cellular adhesion, we investigated the effects of ETs on
�-catenin and p120-catenin. In both melanoma cell lines, ET-1 and
ET-3 stimulation for 24 h decreased the protein levels of �- and
p120-catenin paralleling those of E-cadherin down-regulation (Fig.
1B). The shift in cadherin profile from E- to N-isoform during
melanoma progression has been described both in vitro and in vivo, as
a mechanism that not only frees melanoma cells from control by
keratinocytes but also provides new adhesion properties enhancing the
malignant phenotype (16). In 1007 and M10 melanoma cells, we
observed that ET-1- and ET-3-induced progressive loss of E-cadherin
was concomitant with gain of N-cadherin expression (Fig. 1B), which
may enable melanoma cells to interact with N-cadherin-positive
neighboring melanoma cells, fibroblasts, and endothelial cells.
BQ788, a specific ETBR antagonist, reversed these effects, indicating
that ETBR activation is required for these responses (Fig. 1B). The
transcription factor Snail, a master regulator of epithelial to mesen-
chymal transition, has recently been found to repress E-cadherin
expression. Screening of a panel of melanoma cells from different
progression stages revealed that the expression of Snail negatively
correlates with expression of E-cadherin (15, 27). By Northern blot
analysis, we demonstrated that ET-treatment of 1007 cells induced a
significant increase in the expression of Snail mRNA that closely
correlated with down-regulation of E-cadherin at mRNA and protein
levels, suggesting that down-regulation of E-cadherin protein in-
volved transcriptional mechanisms (Fig. 1C). Tyrosine phosphoryla-
tion of catenin proteins may result in a reduced interaction with both
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E-cadherin and actin-cytoskeleton (28). In this context, we observed
that in serum-starved 1007 cells, both isopeptide ET-1 and ET-3 (10
nM) induced an increase in the tyrosine phosphorylation of �-catenin
and p120-catenin that contributes to loss of functional cell adhesions
(Fig. 1D).

Intercellular Communication Is Impaired by ET-1 and ET-3
through ETBR Binding. Loss of GJIC has been shown to occur
during melanoma progression. We studied the effects of ETs on GJIC
using SL/DT methods in 1007 and M10 cells. For the evaluation of
GJIC function, only cells stained with LY, excluding the artificially
damaged rhodamine-dextran-stained cells, were counted. Addition of
10 nM ET-1 resulted in a transient and time-dependent reduction in
GJIC. Intercellular transfer of LY was still detectable 5 min after ET-1
addition, whereas after 30 min, the dye remained confined to the
wounded cells and GJIC were inhibited by 60–70% with respect to
the control. GJIC of melanoma cells returned to basal level within 1 h
(Fig. 2A). To determine whether ETBR was responsible for ET-
induced disruption of GJIC, the ETBR antagonist was used in SL/DT
experiments. ET-1- and ET-3-induced dye transfer inhibition was
completely prevented by BQ788 (Fig. 2B). Gap junction formation
requires Cx molecules aligning in hemi-channels. Both melanocytes
and keratinocytes express Cx43 in coculture (25). The phosphoryla-
tion of Cx43 is believed to be casually linked with disruption of GJIC
(29). Recent evidence shows that ET-1 decreases GJIC in ovarian
carcinoma cells by inducing Cx43 phosphorylation (30). Therefore to
evaluate the effect of ETs on Cx43 expression in melanoma cells,
1007 and M10 cells were exposed to ET-1 and ET-3 (10 nM). Non-
phosphorylated Cx43 was detected in untreated 1007 and M10 cells.
ETs significantly induced increase in electrophoretic mobility shift of

Cx43 (Fig. 2C). Exposure of melanoma cells to 10 nM ET-1 and ET-3
resulted in a rapid induction of two phosphorylated species that we
refer to collectively as Cx43-P (Fig. 2C). BQ788 blocked this effect,
indicating that ETBR activation results into phosphorylation of Cx43
and disruption of GJIC.

ET-1 and ET-3 Induce Secretion and Activation of MMPs
through ETBR. A critical step during tumor invasion is the degra-
dation of the extracellular matrix (ECM) by MMPs. To identify the
role of ETs on the activation status of MMP-2 and MMP-9, condi-
tioned media of 1007 and M10 cells were analyzed by gelatin zymog-
raphy. When 10 nM ET-1 and ET-3 was added, zymography showed
that both melanoma cell lines secreted high levels of gelatinolytic
proteases corresponding to the active forms of MMP-2 and MMP-9
(Fig. 3A). These results were confirmed by Western blotting, demon-
strating that treatment with ET-1 and ET-3 induced an increased
secretion of both latent and active forms of MMP-2 and MMP-9 in the
conditioned medium of 1007 cells as compared with untreated cells
(Fig. 3B). MT1-MMP is a transmembrane MMP known to bind and
active MMP-2 at the cell surface (31). ET-1 and ET-3 enhanced
expression of both the latent MT1-MMP and to an even greater extent,
the activated form of MT1-MMP. Recent studies have demonstrated
that activation of pro-MMP-2 by MT1-MMP depends upon the pres-
ence of critical amounts of TIMP-2, which is required for the forma-
tion of the ternary complex that leads to the activation of MMP-2 (32).
Both ET-1 and ET-3 induced a significant increase of TIMP-2 ex-
pression as demonstrated by Western blotting (Fig. 3B). By ELISA,
we confirmed that both isopeptides were capable of eliciting MMP-2
and TIMP-2 secretion in the conditioned medium of 1007 cells.
Addition of BQ788 completely blocked the ET-induced conversion of

Fig. 1. A, ETAR and ETBR mRNAs detected by reverse transcription-
PCR in melanoma cell lines. PCR products of 367 bp for ETAR, 529 bp
for ETBR, and 533 bp for GAPDH are shown as visualized by ethidium
bromide. All of the melanoma cell lines tested, 1007, M10, SKMel 28,
and Mel120, expressed mRNA for ETAR and ETBR but no ET-1 mRNA.
B, down-regulation of E-cadherin and catenin proteins and up-regulation
of N-cadherin by ET-1 and ET-3 in melanoma cells. Serum-starved 1007
and M10 cells were stimulated with 10 nM ET-1 or ET-3 for 24 h in the
absence or presence of 100 nM BQ788. Lysates were immunoblotted
with Abs to E-cadherin, N-cadherin, �-catenin, or p120-catenin and for
internal control Ab to �-actin. C, Snail mRNA levels expression in-
versely correlate with E-cadherin after ET-treatment. Snail and E-
cadherin mRNA were analyzed by Northern blotting in 1007 cells treated
with ET-1 or ET-3 (10 nM) for 6 h. GAPDH mRNA expression levels
were used as a loading control. The relative density of mRNA content
from C was statistically analyzed and represents the average value of
three independent Northern blots � SD; �, P � 0.001 compared with
control. D, ET-1 and ET-3 induce the tyrosine phosphorylation of catenin
proteins. Serum-starved 1007 cells were incubated for 5 min with 10 nM

ET-1 or ET-3. Cell lysates were immunoprecipitated with anti-�-catenin
and anti-p120-catenin and then immunoblotted with antiphosphoty-
rosine. The membranes were reprobed with the specific anti-�- and
p120-catenin to ensure equal amounts of proteins.
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latent MMP-2, MMP-9, and MT1-MMP to their active form and
TIMP-2 expression (Fig. 3C), as analyzed by Western blot and ELISA
(Fig. 3, B and C). These data indicate that the activation of MMP,
involved in a complex proteolytic cascade, is mediated by ETBR
activation.

ET-1 and ET-3 Increase �2�1 and �v�3 Integrin Expression.
Because tumor cell invasiveness and metastasis formation depend on
cell adhesive properties to the ECM (33–35), we investigated whether
ETs were capable of modulating integrin expression on 1007 mela-
noma cells. Among the integrin subunits evaluated by flow cytometry,
the levels of �1, �4, �6, �5, and �6 integrin subunit expression in cells

stimulated with ET-1 and ET-3 (10 nM) for 24 h remained unaltered,
whereas the levels of �v, �3, �2, and �1 expression were up-regulated
(data not shown). Thus, in 1007 melanoma cells, ET-1 and ET-3 were
able to significantly increase the heterodimeric �2�1 and �v�3 inte-
grin expression (Fig. 4A), which play a major role in melanoma
progression (33–35). These results were confirmed by Western blot-
ting (Fig. 4B), demonstrating that both peptides significantly in-
creased �v, �3, �2, and �1 expression that was blocked by BQ788.
These results suggested that ETs through ETBR activated �2�1 and
�v�3 integrins that could promote rapid adherence and increased
motility of melanoma cells.

Fig. 2. ETs induce GJIC inhibition in melanoma
cells. A, serum-starved 1007 and M10 cells were
treated with 10 nM ET-1 for up to 60 min, and GJIC
capacity was assayed by SL/DT method. Gap junc-
tion function was evaluated by analyzing net trans-
fer of LY, excluding dextran-stained cells, as de-
scribed in “Materials and Methods.” The data,
reported as the relative percentage of the control,
represent the average value of three different assays
each performed in triplicate samples � SD; �,
P � 0.005 compared with control. B, serum-starved
1007 and M10 cells were incubated for 30 min with
ET-1 or ET-3 (10 nM) in the absence or in presence
of BQ 788 (100 nM). Photographs show a repre-
sentative experiment of SL/DT assay performed on
1007 cells; bar � 100 �m. The data, reported as
the relative percentage of the control, represent the
average value of three different assays each per-
formed in triplicate � SD; �, P � 0.005 compared
with control; ��, P � 0.0001 compared with ET-1
or ET-3. C, ET-1 and ET-3 induce the phosphoryl-
ation of Cx43. Serum-starved 1007 and M10 cells
were incubated for 5 min with 10 nM ET-1 or ET-3
in the absence or in the presence of BQ788 (100
nM). Cell lysates were immunoblotted with anti-
Cx43 and with anti-�-actin for internal control.

Fig. 3. ET-1 and ET-3 increase the secretion and
activation of MMP-9, MMP-2, and MT1-MMP and
the secretion of TIMP-2. A, serum-starved 1007
and M10 melanoma cell lines were stimulated for
24 h with 10 nM ET-1 or ET-3. Enzymatic activity
of MMP-2 and MMP-9 was studied in conditioned
media of melanoma cells by SDS-PAGE gelatin
zymography, and gelatin lysis bands show migra-
tion positions of pro-MMPs and active MMPs. B,
serum-starved 1007 cells were stimulated with 10
nM ET-1 or ET-3 for 24 h in the absence or pres-
ence of 100 nM BQ788. Conditioned media
(MMP-2 , MMP-9, and TIMP-2) or cell lysates
(MT1-MMP) from melanoma cells were tested for
the expression of MMP-9 (the Mr 92,000 proform
and the Mr 76,000 active form), MMP-2 (the Mr

72,000 proform and Mr 64,000 active form), and
MT1-MMP (the Mr 65,000 proform and the Mr

63,000 active form) and for TIMP-2 (Mr 21,000) by
Western blotting. C, MMP-2 and TIMP-2 were also
measured in conditioned medium from 1007 cells
treated with 10 nM ET-1 or ET-3 in the absence or
presence of BQ788 (100 nM) for 24 h using ELISA
kit. Data are represented as means of results from
three experiments each performed in duplicate.
Bars indicate �SD. �, P � 0.001 compared with
control; ��, P � 0.0001 compared with ET-1 and
ET-3.
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ET-1 and ET-3 Induce FAK and MAPK Activation through
ETBR. Several lines of evidence have implicated that Erk and FAK
pathways play a critical role in the oncogenic behavior of malignant
melanoma (18–20). Because Erk and FAK activation represents a key
event in ET-1-induced mitogenic signaling pathway (36), we inves-
tigated the effect of ETs on these ETBR-mediated pathways in mel-
anoma cells. ET-1 and ET-3 (10 nM) treatment resulted in a time-
dependent induction of Erk1/2 and FAK phosphorylation, which
reached a peak after 5 min and returned to baseline levels by 60 min
(Fig. 5A). In presence of the constitutive activation of FAK and
Erk1/2 in metastatic melanoma cell lines (18, 19), ET-1 and ET-3
were capable of increasing FAK and Erk1/2 activation in all four cell
lines deriving from either primary (1007) or metastatic (M10, SKMel

28, and Mel120) tumors (Fig. 5B). The phosphorylation of Erk1/2
induced by ETs was inhibited by PD98059 (10 �M), a specific MAPK
kinase inhibitor (Fig. 5B). To investigate which receptor subtype
mediates FAK and Erk1/2 phosphorylation, BQ123 (100 nM), a spe-
cific ETAR antagonist, and BQ788 (100 nM) were used in the presence
or in absence of ET-1 and ET-3 (10 nM). BQ788, but not BQ123, was
able to completely block ET-1- and ET-3-induced FAK and Erk1/2
activation (Fig. 5C), indicating that these signaling pathways are
mediated through ETBR. Furthermore, by treating 1007 adherent cells
with cytochalasin-D to disrupt actin filaments, a reduced level of FAK
phosphorylation after ET-1 and ET-3 (10 nM) stimulation was ob-
served (Fig. 5D), indicating that the integrity of the cytoskeleton is
required for ET-1- and ET-3-induced FAK activation in melanoma cells.

Fig. 4. ET-1 and ET-3 enhance �v�3 and �2�1

integrin expression. A, fluorescence-activated cell
sorter analysis of �2�1 and �V�3 integrin expres-
sion by serum-starved 1007 melanoma cells treated
with 10 nM ET-1 (black) or ET-3 (gray) for 24 h. B,
serum-starved 1007 cells were treated with ET-1 or
ET-3 (10 nM) in the absence or presence of BQ788
(100 nM). Cell lysates were analyzed by Western
blot for the expression of �2, �1, �v, and �3 integrin
subunits and for internal control with anti-�-actin.
The relative density of integrin content was statis-
tically analyzed and represents the average value
of three independent Western blots � SD; �,
P � 0.001 compared with control; ��, P � 0.001
compared with ET-1.

Fig. 5. A, kinetics of ET-1- and ET-3-induced
FAK and Erk phosphorylation. Serum-starved 1007
cells were incubated for the indicated times with
ET-1 or ET-3 (10 nM). Analysis of FAK phospho-
rylation was performed by immunoprecipitation
with anti-FAK and subsequent immunoblotting by
an antiphosphotyrosine. Analysis of the phospho-
rylated form of Erk1/2 was performed by immuno-
blotting with anti-phospho-Erk1/2. The membranes
were reprobed with the specific anti-Erk1/2 and
anti-FAK to ensure equal amounts of proteins. B,
serum-starved primary (1007) and metastatic (M10,
SKMel 28, and Mel120) cell lines were incubated
for 5 min with ET-1 or ET-3 (10 nM) and analyzed
for FAK and Erk phosphorylation as described
previously. Analysis of phosphorylated forms of
Erk1/2 was performed also on melanoma cells pre-
incubated with 10 �M PD98059 for 20 min after
incubation with ET-1 (10 nM). C, ETBR antagonist
blocks ET-induced FAK and Erk phosphorylation.
Serum-starved 1007 cells were pretreated for 15
min with BQ123 (100 nM) or BQ788 (100 nM) in
the absence or presence of 10 nM ET-1 or ET-3 for
5 min and then analyzed for FAK and Erk1/2
phosphorylation. The membranes were reprobed
with the specific anti-Erk1/2 and anti-FAK to en-
sure equal amounts of proteins. D, ET-induced
FAK phosphorylation is regulated by the cytoskel-
eton. Adherent 1007 cells, untreated or treated with
0.5 mg/ml cytochalasin-D (Cyto D), were stimu-
lated with ET-1 or ET-3 (10 nM) for 5 min and then
analyzed for FAK phosphorylation. The mem-
branes were reprobed with the specific anti-FAK to
ensure equal amounts of proteins.
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ET-1 and ET-3 Induce Melanoma Cell Proliferation, Adhesion,
Migration, and Invasion through ETBR. To examine the effects of
ETs on cell proliferation, primary (1007) and metastatic (M10, SK-
Mel28, and Mel120) cell lines were treated with different concentra-
tions of ET-1 and ET-3. As shown in Fig. 6A, a significant and
dose-dependent increase in [3H]thymidine incorporation was ob-
served in all melanoma cell lines tested.

To assess the effect of ET-1 and ET-3 on cell adhesion, 1007 cells
were cultured with ET-1 and ET-3 for 24 h, and adhesion to type I
collagen-coated surfaces was measured. A significant increase in cell
adhesion was observed in ET-1- and ET-3-treated cells relative to
control (Fig. 6B). We therefore examined the effect of ET-1 and ET-3
on the functional consequences of enhanced integrin expression and
MMP activity on cellular events associated with metastatic spreading.
Addition of 1 up to 100 nM ET-1 and ET-3 to melanoma cells induced
a marked and dose-dependent increase in cell motility (Fig. 6C) and
invasiveness (Fig. 6D). We investigated the ability of anti-�2�1 and
anti-�v�3 Abs to interfere with adhesion and migration of 1007
melanoma cells. Abs to the �2�1 and �v�3 integrins strongly reduced
adhesion to type I collagen, as well as cell migration induced by ETs.
Moreover, ET-1-stimulated-invasion was reduced to the control level
in the presence of a potent chemical broad-spectrum MMP inhibitor,
such as Ilomastat (10 �M), and in the presence of MEK inhibitor, such
as PD98059 (10 �M), demonstrating that ETs are able to induce
MMP-dependent invasion through MAPK signaling pathways. The
stimulatory effect of 10 nM ET-1 and ET-3 on 1007 cell proliferation,
adhesion, migration, and invasion was completely blocked by BQ788,
whereas BQ123 only partially inhibited ET-induced effects, indicating
ETBR as a relevant receptor in these events associated with melanoma
progression.

A-192621, a Selective ETBR Antagonist, Inhibits Cell Prolifer-
ation and Melanoma Growth in Nude Mice. On the basis of the
previous findings, we investigated the effect of the potent A-192621,
an orally active nonpeptide ETBR antagonist (37), on the in vitro and
in vivo growth of M10 cells, which rapidly grow in nude mice. M10
cell line was incubated with ETs and/or with A-192621. The ET-
induced proliferation was significantly inhibited in the presence
A-192621 (100 nM; P � 0.01; Fig. 7A). We translated these results
into a model of nude mice xenografted with M10 melanoma cells.
Treatment with A-192621 produced a 60% inhibition of M10 tumor
growth with either low (10 mg/kg/day) or high (20 mg/kg/day) doses
(Fig. 7B). A-192621 treatment was generally well tolerated with no
signs of acute or delayed toxicity, even at the highest A-192621 dose.
Comparison of time course of tumor growth curves by two-way
ANOVA with group and time as variables showed that the group-by-
time interaction for tumor growth was statistically significant
(P � 0.0001). Furthermore, the tumor growth inhibition obtained with
A-192621 persisted for up 3 weeks after the termination of the
treatment.

DISCUSSION

Progression of cutaneous melanoma requires the accumulation of a
variety of phenotypical alterations that free the transformed melano-
cytes from the control of the surrounding normal microenvironment
and enable them to acquire a stable invasive phenotype (15). Due to
the resistance of melanoma to current therapies, the identification of
molecular mechanisms underlying local and metastatic growth is
mandatory for the development of novel treatments. Here, we have
investigated whether the G-protein-coupled receptor activated by ETs
may represent a relevant therapeutic target in this malignancy.

Loss of interactions between tumor cells and the surrounding nor-
mal microenvironment characterizes the progression of a number of

malignancies (17). Changes in cell surface adhesion molecules that
modulate these interactions are likely to be a prerequisite for invasive
growth. The shift in cadherin molecules from the E- to N-isotype has
been correlated with tumor cell motility, invasiveness, and capability

Fig. 6. Modulation of melanoma cell proliferation, adhesion, migration, and invasion
by ET-1 and ET-3. A, ETs stimulate cell proliferation. Serum-starved 1007, M10, Mel120,
and SKMel28 cells were treated with different concentrations of agonists for 24 h. Cells
were treated with ET-1 or ET-3 (10 nM) in the absence or in the presence of BQ788 (100
nM) or BQ123 (100 nM) as indicated. Bars � mean � SD of data from three independent
experiments each performed in sextuplicate; �, P � 0.0001 compared with control; ��,
P � 0.005 compared with ET-1 or ET-3. B, ET-1 and ET-3 increase cellular adhesion to
type I collagen. Serum-starved 1007 cells were cultured for 24 h with ET-1 or ET-3 (10
nM) in the absence or in the presence of BQ788 (100 nM). Inhibition of ET-1-stimulated
1007 cell adhesion to substrate by Abs �2�1 and �V�3 integrin (10 �g/ml) was analyzed.
Data represent the means and SD from triplicate experiments each performed in sextu-
plicate. �, P � 0.0001 compared with control; ��, P � 0.005 compared with ET-1 or
ET-3. ET-1 and ET-3 induce melanoma cell migration (C) and invasion (D). Serum-
starved 1007 cells (5 � 105 cells/ml) were treated with different doses of ET-1 or ET-3.
Cells were treated with ET-1 or ET-3 (10 nM) in the absence or in the presence of BQ788
(100 nM) or BQ123 (100 nM), anti-�2�1 and anti-�V�3 integrins (10 �g/ml), MMP
inhibitor (Ilomastat; 10 �M), or PD98059 (10 �M), as indicated. Data represent the means
of results from three experiments each performed in triplicate. �, P � 0.001 compared
with control. ��, P � 0.001 compared with ET-1 or ET-3.
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to interact with wider stromal counterparts in breast carcinoma (38).
ET-1-induced down-regulation of E-cadherin, which is responsible for
contact-mediated regulatory control by keratinocytes (16), has been
described previously. Here, we demonstrate that ET-1 and ET-3
through ETBR induce down-regulation of E-cadherin and associated
catenin proteins, such as �-catenin and p120-catenin, with a parallel
up-regulation of N-cadherin. This latter change allows homotypic
adhesive contact as well as heterotypic (i.e., fibroblasts, endothelial
cells) melanoma cell-cell interactions (15).

Our results now document one pathway regulating transcription of
E-cadherin. Consistent with the role of the transcriptional repressor
Snail in melanoma (27), we demonstrate that ETs induce a significant
up-regulation of Snail mRNA that concurs with the E-cadherin
mRNA down-regulation. In addition, ETs can suppress the adherent
junctional function by the tyrosine phosphorylation of �- and p120-
catenins, resulting in increased levels of catenin-free pools that cause
a decreased cell-cell adhesion.

Of interest, ETs appear to impair the gap junction communication
system by inducing a transient and time-dependent reduction of GJIC
and Cx43 phosphorylation, enabling melanoma cells to move into new
cellular and stromal microenvironments (28).

Remodeling of the immediate ECM, which is a necessary step in
tumor local invasion, requires the presence of active MMPs as well as
their subcellular redistribution. With regard to melanoma, ET-1 can
induce MMP secretion and activation as result of increased expression
and activation of MT1-MMP and the concomitant up-regulation of

TIMP-2 (32). Melanoma cell invasiveness relies on a promigratory
subset of cells at the tumor leading edge, which is characterized by a
molecular program capable of silencing neighboring cells via cell-to-
cell signaling and concomitant polarization of �1-integrin expression
(39). Melanoma cells at the leading margin engage and cluster �1-
integrins in anterior protrusions and show an increased expression and
activity of MT1-MMP and MMP-2, leading to polarized ECM deg-
radation and a collective movement of migration and invasion (15).
The present study demonstrates that ETs are also capable of up-
regulating �1 integrin, MT1-MMP, and MMP-2 expression, which is
accompanied by increased rates of adhesion to ECM molecules and by
increased migratory and invasive capacity. Moreover, in all of the
melanoma cell lines tested ET-1 and ET-3 activated, through the
ETBR, FAK, and ERK, which are the signaling pathways claimed to
contribute to the high metastatic potential of this tumor (18–20).
Consistent with the role of ERK in regulating invasive activity,
treatment of melanoma cells with the MEK inhibitor PD98059 re-
duced the MMP-dependent matrigel invasion of 1007 cells.

The present findings and a recent gene array profiling of melanoma
has identified that ETBR is a new marker associated with multiple
aggressive phenotypes including the plasticity of melanoma cells to
engage in vasculogenic mimicry (11). Screening a large series of
benign and malignant pigment cell lesions from different progression
stages using immunohistochemistry and quantitative reverse tran-
scription-PCR analysis reveals ETBR as a tumor progression marker
in malignant melanoma and points to ETBR as clinically relevant
target especially in consideration of the development of small mole-
cules capable of antagonizing ETs. Blockade of ETBR by the peptide
antagonist, BQ788, in fact has been demonstrated to inhibit melanoma
cell growth in vivo and in vitro (14). In view of the potential use in
clinical settings, we showed that the specific nonpeptidic orally active
ETBR antagonist A-192621 displays antitumor activity against estab-
lished melanoma expressing ETBR. In conclusion, we have identified
multiple molecular pathways elicited by ET-1 and ET-3 that regulate
melanoma local and metastatic growth. Because all of the molecular
effectors involved in melanoma progression including cell-cell adhe-
sion and cell-cell communication molecules, tumor proteases, and
integrins are triggered by the ETBR activity, blockade of this receptor
by small molecules results in inhibition of melanoma growth in vitro
and in vivo, thus offering the possibility of exploring targeted therapy
in this malignancy. In view of known resistance of melanoma to
current therapies, this knowledge may be of clinical relevance to
assess the extent to which ETBR blockade can be exploited in inte-
grated treatments.
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