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Endothelin-1 (ET-1) is overexpressed in ovarian carci-
noma and acts as an autocrine factor selectively
through the ETA receptor (ETAR) to promote tumor cell
proliferation, survival, neovascularization, and inva-
siveness. Loss of gap junctional intercellular communi-
cation (GJIC) is critical for tumor progression by allow-
ing the cells to escape growth control. Exposure of HEY
and OVCA 433 ovarian carcinoma cell lines to ET-1 led to
a 50–75% inhibition in intercellular communication and
to a decrease in the connexin 43 (Cx43)-based gap junc-
tion plaques. To investigate the phosphorylation state of
Cx43, ovarian carcinoma cell lysates were immunopre-
cipitated and transient tyrosine phosphorylation of
Cx43 was detected in ET-1-treated cells. BQ 123, a selec-
tive ETAR antagonist, blocked the ET-1-induced Cx43
phosphorylation and cellular uncoupling. Gap junction
closure was prevented by tyrphostin 25 and by the se-
lective c-Src inhibitor, PP2. Furthermore, the increased
Cx43 tyrosine phosphorylation was correlated with ET-
1-induced increase of c-Src activity, and PP2 suppressed
the ET-1-induced Cx43 tyrosine phosphorylation, indi-
cating that inhibition of Cx43-based GJIC is mainly me-
diated by the Src tyrosine kinase pathway. In vivo, the
inhibition of human ovarian tumor growth in nude mice
induced by the potent ETAR antagonist, ABT-627, was
associated with a reduction of Cx43 phosphorylation.
These findings indicate that the signaling mechanisms
involved in GJIC disruption on ovarian carcinoma cells
depend on ETAR activation, which leads to the Cx43
tyrosine phosphorylation mediated by c-Src, suggesting
that ETAR blockade may contribute to the control of
ovarian carcinoma growth and progression also by pre-
venting the loss of GJIC.

The endothelin (ET)1 family is composed of three isopeptides,
ET-1, -2, and -3, that are potent mitogens for several human

tumors, including carcinoma of the prostate (1), ovary (2, 3),
colon (4), cervix (5), breast (6), and endometrium (7) as well as
melanoma (8) and Kaposi’s sarcoma (9). ETs and their recep-
tors have been implicated in tumor progression through auto-
crine and paracrine pathways. ET-1 is produced primarily by
vascular cells and in elevated amounts by different tumor cells
and acts through two distinct subtypes of G protein-coupled
receptors (GPCR), namely ETA receptor (ETAR) and ETBR, that
have different affinities for ETs (10). The ET-1/ETAR autocrine
pathway has a key role in the development and the progression
of prostatic, ovarian, and cervical cancers (11).

We have previously demonstrated that ET-1 and ETAR are
overexpressed in primary and metastatic ovarian carcinomas
compared with normal ovarian tissues (3). In ovarian tumor
cells, ET-1 acts an autocrine factor selectively through ETAR
(2). Ligand binding to this receptor results in activation of a
pertussis toxin-insensitive G protein that stimulates phospho-
lipase C activity and increases intracellular Ca2� levels, acti-
vation of protein kinase C, mitogen-activated protein kinase,
and p125 focal adhesion kinase phosphorylation (11). In this
tumor, engagement of ETAR promotes tumor cell proliferation
(3, 12), apoptosis protection (13), invasiveness (14), and neo-
vascularization (15–17). ETAR blockade by a selective receptor
antagonist, ABT-627, inhibits tumor growth, angiogenesis, and
metastasis-related effectors of ovarian carcinoma in vivo (18).

Recent evidence shows that ET-1 has also been implicated in
the regulation of gap junctions in astrocytes, Rat-1 and cardiac
cells, although the mechanism that regulates this effect has not
been fully established (19–21). Moreover, the role of ET-1 in
the regulation of GJIC in tumor cells has not been studied.

GJs are composed of transmembrane channel proteins,
termed connexins (Cxs), that directly connect the cytoplasm of
two adjacent cells, allowing the cells to review and shape the
functional state of their neighbors by exchanging signaling
molecules, a process called gap junctional intercellular commu-
nication (GJIC) (22).

During the transition to malignant lesions and to metastatic
cancer, stepwise changes in intercellular communications pro-
vide tumor cells with the ability to overcome microenvironmen-
tal controls from the host, to invade surrounding tissues, and to
metastasize (23). Various tumor-promoting agents (24, 25) and
different growth factors (26) decrease GJIC, either by suppress-
ing Cx expression or by inducing post-translational modifica-
tions such as phosphorylation, a process that is closely related
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to cellular processes such as trafficking, assembly/disassembly,
gating of gap junction channels, and altered susceptibility to
degradation (27). Several studies have shown that the turnover
of connexins is exceptionally rapid and that degradation of
Cx43 involves both the lysosome and the proteasome pathways
(28). Phosphorylation, in most cases, is a prerequisite for ubiq-
uitination that marks the protein for proteasomal destruction.
The COOH-terminal tail of Cx43 contains several serine and
tyrosine phosphorylation sites, suggesting that this region of
the molecule contains a complex array of potential regulatory
sites (20).

Human ovarian surface epithelial cells exhibit extensive
GJIC and expression of different types of Cx (e.g. Cx26, Cx32,
and Cx43) (29–31). Defects in intercellular communication,
including reduced or inappropriate expression of Cx43, the
main gap junction protein in normal human ovarian surface
epithelium, has emerged as key factors in ovarian carcinoma
progression (29–33). The aim of this study was to examine
whether the activation of the ETAR by ET-1 leads to a reduc-
tion of Cx43-mediated GJIC in ovarian carcinoma cells and, if
so, to determine the involved signaling pathways targeting
Cx43. Because phosphorylation of Cx43 is believed to be caus-
ally linked with disruption of GJIC, we analyzed whether ET-1
could modulate the phosphorylation of Cx43. Using two ovarian
carcinoma cell lines, HEY and OVCA 433, in which the ET-1/
ETAR autocrine pathway is biologically active, we report here
for the first time in tumor cells that 1) ET-1 significantly
decreases intercellular communication and Cx43 expression at
the cell surface; 2) these activities require ETAR activation; and
3) Cx43 phosphorylation is mainly mediated by the Src tyrosine
kinase pathway. In addition, ABT-627 (atrasentan), a nonpep-
tide orally bioavailable ETAR antagonist with in vivo and in
vitro antitumor activity (18, 34–37), prevents in vivo Cx43-
based GJIC loss of function. Thus, our findings identify the
signaling pathways linking ETAR with cellular uncoupling,
which may contribute to ET-1-mediated ovarian tumor
progression.

EXPERIMENTAL PROCEDURES

Cells—Human ovarian carcinoma cell lines HEY and OVCA 433
were a generous gift from Prof. G. Scambia (Catholic University School
of Medicine, Rome, Italy) and were cultured in Dulbecco’s modified
Eagle’s medium containing 10% fetal calf serum. When the cells
reached 70–80% confluence, the cultures were serum-deprived by in-
cubation for 24 h in Dulbecco’s modified Eagle’s medium in the absolute
absence of serum. All culture reagents were from Invitrogen (Paisley,
Scotland, UK). ET-1 (Peninsula Laboratories, Belmont, CA) was added
in the HEY and OVCA 433 cell medium at the indicated concentration
and for the indicated time. When the effects of the antagonists (BQ 123
and BQ 788; Peninsula Laboratories) were studied, they were added 15
min before agonist. Pretreatment of cells with pervanadate (1 mM), PP2
(50 nM), tyrphostin 25 (100 �M), or staurosporine (100 nM) (Calbiochem)
was performed for 30 min prior to the addition of ET-1.

Scrape Loading/Dye Transfer—Levels of GJIC in control and treated
cultures were determined using the scrape-loading/dye transfer (SL/
DT) technique, applying a mixture of fluorescent dyes; Lucifer Yellow
(LY) (Sigma) and rhodamine-dextran (RhD) (Molecular Probes, Inc.,
Eugene, OR) (38). HEY and OVCA 433 cells, cultured as described
above, were washed thoroughly with PBS in which Ca2� was omitted to
prevent uncoupling of the cells due to high Ca2�. The mixture contain-
ing 0.5% LY and 0.5% RhD in Ca2�-free PBS was added to the cells, and
scrape loading was performed, applying two or three cuts on cell mono-
layers 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%
paraformaldehyde, and cells stained with LY and/or with RhD were
detected by fluorescence emission with an inverted fluorescent micro-
scope equipped with a camera. 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 RhD-stained
cells, were considered communicating. The numbers of communicating
cells in the untreated and treated samples were counted. Gap junction
communicating capacity was expressed as percentage of the control.

Immunostaining of Cx43—HEY cells were grown to 80% confluence
in 8 wells of tissue culture (Labtek). After the addition of 100 nM ET-1
for 30 min, the cells were rapidly washed with ice-cold PBS and fixed on
acetone. The cells were incubated overnight at 4 °C with mouse mono-
clonal anti-Cx43 (Chemicon International, Temecula, CA) diluted 1:10
in PBS and then for 1 h with a fluorescein-labeled goat anti-mouse IgG
(Fab�) fraction (Cappel; ICN Biomedicals GmbH) diluted 1:200 in PBS
at room temperature. Cells stained directly with the secondary anti-
body or with the isotype-matched murine immunoglobulins were used
as a negative control. Indirect immunofluorescence staining was carried
out on acetone-fixed 4-�m frozen tissue sections employing rabbit anti-
Cx43 antiserum and fluorescein-labeled goat anti-rabbit IgG (Fab�)
fraction (Sigma).

Immunoprecipitation and Immunoblotting—Cells were washed with
ice-cold PBS and lysed in lysis buffer (50 mM Tris-HCl (pH 7.4), 250 mM

NaCl, 50 mM sodium fluoride, 5 mM EDTA, 0.15% Triton X-100, 1 mM

orthovanadate, 0.06 units of aprotinin, 1 mM phenylmethylsulfonyl
fluoride, and 10 �g/ml leupeptin). For immunoprecipitation of Cx43,
cells were lysed in lysis buffer. Cell lysates, obtained after centrifuga-
tion at 14,000 � g for 10 min to remove insoluble material, were
incubated overnight at 4 °C with protein A-Sepharose (Amersham Bio-
sciences). Immunoprecipitation was performed by incubation overnight
at 4 °C of the precleared lysates with a polyclonal anti-pan-Cx43 anti-
body (Santa Cruz Biotechnology, Inc., Santa Cruz, CA), which detects
nonphosphorylated and phosphorylated Cx43 species, insolubilized on
protein A-Sepharose. After washing six times with lysis buffer, the
immunoprecipitated material was solubilized in 2� SDS Laemmli
buffer under reducing conditions and analyzed by electrophoresis on
12.5% SDS-PAGE gels and transferred to nitrocellulose for immuno-
blotting. Nonspecific binding of Abs was prevented by incubating the
blotted membrane in 3% bovine serum albumin TBS-T (10 mM Tris, pH
8.0, 150 mM NaCl, 0.05% Tween) for 1 h at room temperature. The blots
were then incubated for 1 h with anti-phosphotyrosine or with anti-
pan-c-Src, a nonphosphospecific antibody or with anti-c-Src (Tyr(P)418)
polyclonal antibody (BIOSOURCE) or anti-Cx43 monoclonal Ab (Trans-
duction Laboratories). Membranes were then washed with TBS-T three
times for 15 min each at room temperature and incubated for 1 h with
peroxidase-conjugated secondary antibody, washed again, and sub-
jected to the ECL (Amersham Biosciences).

For detection of Cx43 or c-Src or activated form of c-Src, an equal
amount of cell lysate proteins from ovarian carcinoma cells or homog-
enized HEY tumor specimens was subjected to 12% SDS-PAGE and
transferred to nitrocellulose. The filters were blocked with 3% bovine
serum albumin in TBS-T and incubated with either Cx43 (Transduction
Laboratories), anti-pan-c-Src (BIOSOURCE), or an activated form of
c-Src (BIOSOURCE) antibodies for 1 h. After washing with TBS-T,
blots were incubated with appropriate peroxidase-conjugated secondary
antibody, washed again, and subjected to the ECL (Amersham Bio-
sciences) procedure. After being stripped, the membranes were rep-
robed with �-actin monoclonal antibody (Oncogene, CN Biosciences,
Inc., Darmastadt, Germany) to ensure equal loading. The relative in-
tensity of signals was quantified using the Scion image analysis pro-
gram. The quantification data was statistically analyzed using Stu-
dent’s t test and represent the average value of three independent
Western blots.

HEY Xenografts in Nude Mice—Female athymic (nu�/nu�) mice,
4–6 weeks old, were purchased from Charles River Laboratories (Mi-
lan, Italy). The treatment protocol followed the guidelines of animal
experimentation adopted by the Regina Elena Cancer Institute under
the control of the Ministry of Public Health. Mice were given injections
subcutaneously into one flank with 1.5 � 106 viable HEY cells, as
determined by trypan blue staining, resuspended in 200 �l of PBS.
After 7 days, when established tumors of �0.2–0.3 cm3 in diameter
were detectable, mice were randomized in groups (n � 10) to receive
different treatments. One group was treated intraperitoneally for 21
days with ABT-627 (atrasentan, provided by Abbott, at daily doses of 2
mg/kg/day) dissolved in 0.25 N NaHCO3. Control mice were injected in
the same way with 200 �l of drug vehicle. On day 40 after tumor
injection, tumors were removed from control and treated mice and snap
frozen in liquid nitrogen for immunohistochemical and Western blot
analysis.

Statistical Analysis—All statistical analyses were assessed using a
two-tailed Student’s t test and were performed by the Instat software
system (GraphPad Software Inc., San Diego, CA).
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RESULTS

ET-1 Inhibits Gap Junctional Intercellular Communication
in Ovarian Carcinoma Cells—Although previous studies dem-
onstrated that ET-1 disrupted GJIC in astrocytes (19) and in
Rat-1 cells (20), its effect on the regulation of GJIC in tumor
cells has not been studied. Therefore, we evaluated the effect of
ET-1 on GJIC of two ovarian carcinoma cell lines, HEY and
OVCA 433, that express functional ETAR and secrete high
levels of ET-1 (3). We used the SL/DT method, applying a low
molecular mass fluorescent tracer, LY, which transfers
through the gap junction channel, to monitor GJIC function
and RhD, which does not pass through the channels, to identify
the incision sites or artificially damaged cells. For the evalua-
tion of GJIC function, cells stained only with LY, excluding the
RhD-stained cells, were counted. As assessed by the SL/DT
technique, serum-starved ovarian carcinoma cells were com-
munication-competent and transferred LY to several cells dis-
tant to the wound edge (Fig. 1). The addition of 100 nM ET-1 to
the cell medium resulted in a transient and time-dependent
reduction in GJIC. Intercellular movement of LY was still
detectable 10 min after ET-1 addition, at this time inhibition of
GJIC was 50%, whereas after 30 min the dye remained con-
fined to the wounded cells, and GJIC were inhibited by 70–80%
with respect to the controls. Ovarian cancer cell GJIC returned
to basal levels within 2 h (Fig. 1B). After exposure to different
concentrations of ET-1 for 30 min, a dose-dependent inhibition
was detected in HEY and OVCA 433 cells. ET-1 at a dosage of
0.1 nM induced a 20% inhibition that reached 70% at a concen-
tration of 100 nM ET-1 (Fig. 1C). In all of these experiments, the
transmembrane permeability was not affected by agonist stim-
ulation, since both stimulated and control cells showed negli-
gible dye loss over a 3-h period. Thus, the observed inhibition of
LY diffusion represented an ET-1-induced decrease in gap
junctional communication.

ET-1 Induces Phosphorylation of Cx43—To determine
whether ET-1 can regulate Cx43 expression in ovarian carci-
noma cells, HEY and OVCA 433 cells were exposed for different
times to ET-1 (100 nM). ET-1 significantly induced dose-de-
pendent increase in the electrophoretic mobility shift of Cx43
(Fig. 2A). As analyzed by SDS-PAGE, Cx43 is normally re-
ported as being represented by a faster migrating, nonphospho-
rylated species (Cx43-P0) and two more slower migrating, phos-
phorylated species (Cx43-P1 and Cx43-P2) (39) that we refer to
collectively as Cx43-P. ET-1 treatment resulted a in time-de-
pendent Cx43 phosphorylation reaching the maximum level
after 30 min and returning to basal level after 1 h of exposure
to ET-1 (Fig. 2A). Treatment with alkaline phosphatase results
in the total disappearance of the slower migrating bands, indi-
cating that these bands correspond to the phosphorylated
forms of Cx43 (Fig. 2B). The differences in Cx43 banding
patterns between the two cell lines may reflect differential
steady-state levels probably related to kinetic variability in
Cx43 turnover. Nonphosphorylated Cx43 (Cx43-P0) was de-
tected in untreated HEY cells, whereas the phosphorylated
Cx43 species (Cx43-P) were much less apparent (Fig. 2, A and
B). Exposure of HEY cells to from 0.1 nM up to 100 nM ET-1
for 30 min resulted in a dose-dependent increase of Cx43
phosphorylation that reached the highest intensity at 100 nM

of ET-1 (Fig. 2C). Densitometric analysis of Fig. 2C shows
that ET-1 increased the Cx43-P at the expense of Cx43-P0

(Fig. 2D, left), and the total cellular Cx43 content only
slightly decreased following treatment with ET-1 (Fig. 2D,
right).

We further examine the other connexin subtypes that par-
ticipate in gap junction formation in HEY and OVCA 433 cells.
Western blotting showed that Cx32 and Cx26 expression was
barely detectable in these cells, and ET-1 did not modify their
levels of expression (data not shown).

FIG. 1. ET-1-induced GJIC inhibi-
tion in HEY and OVCA 433 ovarian
carcinoma cells. Cells were treated with
100 nM ET-1 for up to 120 min, and GJIC
capacity was assayed by the SL/DT
method. HEY and OVCA 433 cells were
incubated at different times with 100 nM

ET-1 (A and B) or with the indicated con-
centrations of ET-1 for 30 min (C), and
GJIC function was evaluated by analyz-
ing net transfer of LY, excluding dextran-
stained cells, as described under “Experi-
mental Procedures.” The data, reported in
B and C as the relative percentage of the
control, show a representative experi-
ment of three different experiments; re-
sults are means of triplicate samples �
S.D.; *, p � 0.05; **, p � 0.001 compared
with control. Bar (A), 100 �m.
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ET-1-induced Cx43 Phosphorylation and GJIC Inhibition
Are Mediated through ETAR—To investigate which receptor
subtype mediates ET-1-induced disruption of GJIC and Cx43
phosphorylation, a selective ETA receptor antagonist, BQ123,
and a selective ETBR antagonist, BQ788, were used in the
presence or absence of 100 nM ET-1. BQ123 was able to com-
pletely block ET-1-induced Cx43 phosphorylation, whereas BQ
788 did not (Fig. 3A). To determine whether ETAR was respon-
sible for the inhibition of GJIC, BQ 123 was used in SL/DT
experiments. ET-1-induced dye transfer inhibition was pre-
vented by the ETAR antagonist (Fig. 3B). Taken together, these
findings indicate that ET-1 acts through ETAR to induce the
phosphorylation of Cx43 and to disrupt the GJIC.

ET-1 Alters the Localization of Cx43 Expression in Ovarian
Carcinoma Cells—To examine the possibility that ET-1-in-
duced Cx43 phosphorylation modified the distribution of mem-
brane gap junction plaques, we investigated HEY cells with
Cx43-specific antibody by indirect immunofluorescence. A fine
punctate Cx43-specific staining characteristic of gap junctional
plaques was observed often outlining cell boundaries of the
untreated cells. After 30 min of ET-1 treatment, the fine punc-
tate staining pattern was significantly reduced, now appearing
as granular and randomly distributed (Fig. 4, A and B). This
change was concomitant with the phosphorylation of Cx43 and
the complete inhibition of dye transfer to adjacent cells.

ET-1-induced GJIC Reduction Is Regulated by Tyrosine Ki-
nase Pathways—A number of kinases and signal transduction
pathways are known to affect GJIC and Cx43 phosphorylation
(26). To identify the kinase responsible for ET-1-induced GJIC
reduction, we examined the effects of tyrosine and serine/thre-
onine kinase and tyrosine-phosphatase inhibitors on GJIC ac-
tivity. Pervanadate (1 mM), a tyrosine-phosphatase inhibitor,
induced a complete inhibition of LY spreading between LY-
loaded HEY cells by the same extent observed in ET-1-treated
cells (Fig. 5). Conversely, ET-1-induced gap junction closure
was fully prevented by tyrosine kinase inhibitor tyrphostin 25
(100 �M). These results suggest that tyrosine kinase pathways
mainly regulate ETAR-mediated gap junction closure in ovar-
ian carcinoma cells. The serine/threonine kinase inhibitor,
staurosporine (100 nM) only partially reversed the effect of
ET-1 on GJIC (Fig. 5), suggesting that ET-1 can also phospho-
rylate Cx43 on serine residues after activation of several ser-
ine/threonine kinases, such as protein kinase C.

ET-1 Induces Tyrosine Phosphorylation of Cx43—To prove
that the observed ET-1-induced phosphorylation of Cx43 occurs
on tyrosine residue, we performed immunoprecipitation and
immunoblot experiments with anti-Cx43. HEY cells were incu-
bated for increasing time periods with 100 nM ET-1, and cell
lysates were immunoprecipitated with anti-Cx43 and immuno-
blotted with anti-phosphotyrosine (Fig. 6A). Immunoblot anal-
ysis indicated that ET-1 treatment resulted in a time-depend-
ent induction of Cx43 tyrosine phosphorylation. Fig. 6B shows
the amount of the ET-1-induced Cx43-P as quantified by the
Scion image analysis program.

Involvement of c-Src on ET-1-induced GJIC Reduction—Sev-
eral lines of evidence demonstrated that c-Src plays a crucial
role in signaling via GPCR to inactivate GJIC in Rat-1 fibro-
blast (20). Moreover tyrosine phosphorylation of Cx43 in car-
diomyocytes was mediated by c-Src (40). Therefore, we inves-
tigated whether ET-1, through ETAR, could induce loss of GJIC
by the c-Src-mediated signaling in ovarian carcinoma cells.
SL/DT experiments demonstrated that the selective Src kinase
inhibitor, PP2 (50 nM), prevented the ET-1-induced reduction of
GJIC in HEY cells (Fig. 7A). Signaling molecules involved in
ETAR-stimulated tyrosine kinase pathways include Src in dif-
ferent cell types (41, 42). Using specific anti-phospho-Src anti-
body (anti-Src (Tyr(P)418)) (43), we found that exposure of HEY
cells to ET-1 induced a time-dependent increase of c-Src kinase
activation reaching a maximum after 30 min of stimulation,
which concurred with kinetics of Cx43 phosphorylation (Fig.
7B). Moreover, pretreatment of ovarian cancer cells with PP2
(50 nM) blocked the ET-1-induced tyrosine phosphorylation of
c-Src (Fig. 7C) and Cx43 tyrosine phosphorylation (Fig. 7D).
Because Cx43 has been reported to interact directly with c-Src
and this interaction is a necessary and sufficient condition to
phosphorylate Cx43 (20), we investigated the effects of ET-1 on
the Cx43 interaction with c-Src (Fig. 7E). ET-1 stimulation of
HEY cells led to an activation of c-Src that coimmunoprecipi-
tated with Cx43 (Fig. 7E), indicating c-Src as a suitable can-
didate for ET-1-induced GJIC inhibition and Cx43
phosphorylation.

Analysis of Cx43 Protein Expression in Ovarian Carcinoma
Xenografts of Animals Treated with ETAR Antagonist—To eval-
uate in vivo the effect of the potent ETAR antagonist, ABT-627,
we examined immunohistochemically Cx43 expression in mu-
rine ovarian carcinoma xenografts. HEY ovarian carcinoma

FIG. 2. Effects of ET-1 on Cx43 ex-
pression in ovarian carcinoma cells.
HEY and OVCA 433 cells were stimulated
for up to 120 min with 100 nM ET-1 (A).
Samples from 30-min ET-1 (100 nM)-stim-
ulated HEY cells were incubated with al-
kaline phosphatases treatment and ana-
lyzed for Cx43 expression by Western
blotting (B). HEY cells were also stimu-
lated with different concentrations of
ET-1 for 30 min (C). Whole cell lysates
were assayed for Cx43 expression by
Western blotting with anti-Cx43. After
being stripped, the membranes were rep-
robed with �-actin-specific antibody to en-
sure equal loading. The relative density of
Cx43-P/Cx43-P0 ratio and total Cx43 con-
tent (D) from HEY cells treated with dif-
ferent concentration of ET-1 (B) were sta-
tistically analyzed and represent the
average value of three independent West-
ern blots � S.D. *, p � 0.001; **, p � 0.05
compared with untreated cells.
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cells were grown as subcutaneous tumors in nude mice. At day
7, when well established HEY xenografts were palpable with a
tumor size of �0.25 cm3, mice were randomized into treated
and vehicle-injected control groups of 10 animals each. The
treated mice were injected intraperitoneally for 21 days with 2
mg/kg/day of ABT-627. A 2 mg/kg/day dose of ABT-627 was

selected because it induced a 65% inhibition of the tumor
growth, was well tolerated, and corresponded to that used in
human clinical trials (18). Immunohistochemical evaluation of
the expression of Cx43, performed on HEY tumors at day 40
after the tumor cell injection, revealed an increase in Cx43-

FIG. 3. Effects of ETAR antagonist
on ET-1-induced Cx43 phosphoryla-
tion. HEY cells were incubated for 30 min
with 100 nM ET-1 in the absence or in
presence of BQ 123 (1 �M) or BQ 788 (1
�M). Lysates were assayed for Cx43 ex-
pression by Western blotting. After being
stripped, the membranes were reprobed
with �-actin-specific antibody to ensure
equal loading (A). ET-1 (100 nM) effects on
GJIC were analyzed in HEY cells in the
absence or presence of BQ123 (1 �M) by
the SL/DT method, and the data were
quantified as described under “Experi-
mental Procedures” and expressed as the
relative percentage of the control (B). The
data show a representative experiment of
three different experiments; results are
means of triplicate samples � S.D. *, p �
0.001 compared with control; **, p � 0.05
compared with ET-1. Bar (B), 100 �m.

FIG. 4. Immunolocalization of Cx43 in HEY ovarian cancer
cells. HEY cells were cultured in serum-free medium for 30 min in the
absence (A) or in the presence (B) of 100 nM ET-1. Cells were immuno-
stained by using monoclonal anti-Cx43. A fine punctate Cx43-staining
characteristic of gap junctional plaques is observed at cell-cell contact
areas in untreated cells. Treatment with ET-1 results in a punctate
staining that appears now randomly distributed. Original magnifica-
tion, �60.

FIG. 5. Effects of tyrosine kinase and phosphatase inhibitors.
Serum-starved HEY cells were treated with the tyrosine phosphatase
inhibitor pervanadate (Per; 1 mM) or with ET-1 (100 nM) or pretreated
for 30 min with the tyrosine kinase inhibitor tyrphostin 25 (Tyr 25; 100
�M) or with the Ser/Thr kinase inhibitor staurosporine (Staur; 100 nM)
and then treated for 30 min with ET-1. GJICs were measured by the
scrape-loading method. The data show a representative experiment of
three different experiments; results are means of triplicate samples �
S.D. *, p � 0.001 compared with control; **, p � 0.05 compared with
ET-1.
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based gap junction plaques in HEY tumors treated with ABT-
627 (Fig. 8A). Western blot analysis of the expression of Cx43
protein, performed on HEY tumor xenografts freshly excised on
day 40 after tumor cell injection, revealed a marked reduction
in the phosphorylated forms of Cx43 in ABT-627-treated mouse
compared with control (Fig. 8B). To prove that the observed
ABT-627-induced reduction of Cx43 phosphorylation occurs on
a tyrosine residue, HEY xenograft lysates were immunopre-
cipitated with anti-Cx43 and immunoblotted with anti-phos-
photyrosine (Fig. 8C). Immunoprecipitation and immunoblot
analysis indicated that ABT-627 treatment resulted in a sig-
nificant reduction of Cx43 tyrosine phosphorylation. These
data indicate that ETAR antagonist prevents in vivo Cx43
tyrosine phosphorylation and subsequent degradation related
to cellular uncoupling.

DISCUSSION

During tumor progression, epithelial cancer cells leave their
local “neighborhood” to move into new microenvironments by
acquiring a local invasive and metastatic phenotype. The ac-
quisition of migratory abilities in epithelial cells is accompa-
nied by the loss of expression of cell-cell junctional molecules.
Several growth factors that bind tyrosine kinase receptors or
GPCR have been shown to induce deregulation or loss of func-
tion of GJIC in several cell types by inducing Cx43 phospho-
rylation (20, 24–26, 40). In the present study, we demonstrated
that in ovarian carcinoma cells, ET-1 via ETAR induces a
transient and a dose-dependent reduction of GJIC. Western
blot and immunolocalization analysis clearly showed that Cx43
become more phosphorylated, and fewer gap junction plaques
were apparent when ovarian cancer cells were treated with
ET-1, suggesting that ET-1 promotes the cellular uncoupling at

FIG. 6. Kinetics of Cx43 tyrosine phosphorylation in HEY cells.
HEY cells were stimulated for up to 120 min with 100 nM ET-1. Cx43
was immunoprecipitated (IP) from cell lysates and immunoblotted (IB)
with anti-phosphotyrosine (anti-PY; upper panel) or with anti-Cx43
(lower panel) in Western blot. Heavy chain of immunoglobulin (IgG)
migrates upper tyrosine-phosphorylated Cx43 as indicated by the ar-
rowheads (A). The relative density of Cx43-P content from A was sta-
tistically analyzed and represents the average value of three independ-
ent Western blots � S.D.; *, p � 0.001 compared with control (B).

FIG. 7. Involvement of protein-tyrosine kinase c-Src on ET-1 effects. A, HEY cells were pretreated for 30 min with the c-Src inhibitor PP2
(50 nM) and then treated with 100 nM ET-1 for 30 min. GJICs were measured by the SL/DT method, and the data were quantified and expressed
as the relative percentage of the control. The data show a representative experiment of three different experiments, and results are means of
triplicate samples � S.D. Statistical comparisons were made in reference to untreated cells. *, p � 0.001 compared with control; **, p � 0.05
compared with ET-1. B, HEY cells were stimulated with 100 nM ET-1 for the indicated time periods. The activated form of c-Src was detected by
using specific anti-c-Src (Tyr(P)418), and total c-Src was detected by using anti-c-Src (lower panel). C, whole cell lysates from HEY cells treated with
ET-1 (100 nM) or PP2 (50 �M) alone or in combination with ET-1 were immunoblotted (IB) with specific anti-c-Src (Tyr(P)418; upper panel) or total
c-Src by using anti-c-Src (lower panel). D, the same lysates as in C were immunoprecipitated (IP) with anti-Cx43 and immunoblotted either with
anti-phosphotyrosine (upper panel) or with anti-Cx43 (lower panel). E, cell lysates from ET-1-treated and untreated HEY cells were immunopre-
cipitated with anti-Cx43 and immunoblotted with anti-c-Src (Tyr(P)418; upper panel), anti-c-Src (middle panel), or anti-Cx43 (lower panel). The
positions of c-Src and c-Src (Tyr(P)418) are indicated by the arrows. In D and E, heavy chain of immunoglobulin (IgG) is indicated by the
arrowheads.
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the level of connexin maturation and subsequent degradation.
Cx43 tyrosine phosphorylation was mainly responsible for ET-
1-induced loss of cell-cell communication in these tumor cells as
demonstrated by experiments performed with specific tyrosine
kinase inhibitor that prevented the ET-1-induced GJIC reduc-
tion and with an inhibitor of tyrosine phosphatase that mim-
icked the ET-1 action on GJIC. These is supported further by
Postma et al. (20), who demonstrated that GPCR agonists, such
as ET-1, transiently disrupt GJIC in Rat-1 cells through a
tyrosine kinase pathway and that GPCR use c-Src kinase to
inhibit Cx43-based cell-cell communication. The present data
demonstrate that ET-1 rapidly activates c-Src and that this
tyrosine kinase could represent a potential mediator of ET-1
effects on ovarian carcinoma cells. Analysis of the ET-1 signal-
ing by the specific inhibitor of c-Src strongly suggests that the
ET-1-induced Cx43 phosphorylation and GJIC reduction is
likely to be mediated by the c-Src tyrosine kinase pathway.
ET-1-induced cellular uncoupling was partially inhibited by
staurosporine, a protein kinase C inhibitor, suggesting that

ET-1-induced breakdown of communication is mediated by one
or more protein kinases that include both tyrosine kinase, such
as c-Src, and serine/threonine kinases, such as protein kinase C
or mitogen-activated protein kinase, which are both activated
by ET-1 in these ovarian carcinoma cells (11). The latter find-
ings parallel those of Polontchouch et al. (21), demonstrating
that ET-1 induces Cx43 phosphorylation in vitro through
mitogen-activated protein kinase signaling pathways in
cardiomyocyte.

Degradation of phosphorylated Cx43 has been reported to be
correlated with the rapid turnover/disassembly of gap junction
plaques, with the consequent decrease in intercellular commu-
nication (27). Data presented in this study cannot exclude the
possibility that ET-1-induced Cx43 phosphorylation could de-
stabilize gap junction plaques by a mechanism involving the
degradation pathway. The intrinsic mechanism whereby Cx43
gets targeted for degradation in response to ET-1-induced
phosphorylation remains to be investigated in future studies.

Interestingly, we found that addition of a specific ETAR
antagonist, BQ 123, blocked the ET-1-induced loss of GJIC and
Cx43 phosphorylation, demonstrating that ETAR activation by
ET-1 contributes to loss of growth control via a Cx43-mediated
disruption of GJIC. In a previous study, we demonstrated that
ETAR blockade by the potent ETAR antagonist, ABT-627, re-
sulted in therapeutic activity against established ovarian car-
cinoma expressing ETAR. This effect was associated with a
significant decrease in microvessel density and in vascular
endothelial growth factor and matrix metalloproteinase-2 ex-
pression and with an increased percentage of apoptotic cells
(18). In this study, we found that ABT-627 treatment, concom-
itantly with a reduction of tumor growth, increases the Cx43-
based gap junction plaques and decreases Cx43 tyrosine phos-
phorylation, indicating that the antitumoral activity of ABT-
627 may also be due to the prevention of post-transcriptional
modification of Cx43. In addition to its well established role as
a channel-forming protein, Cx43 might function as a microtu-
bule-anchoring protein (44). In this model, it has been proposed
that Cx43 is part of a multiprotein complex. For example, the
c-Src can bind directly and phosphorylate the Cx43, a mecha-
nism that seems responsible for the disruption of Cx43 inter-
action with the scaffolding protein zona occludens protein 1
(ZO-1), which associates with tight junction, cytoskeleton, and
signal transduction molecules in several cell types (45–47).
Recent results demonstrated that c-Src acts by affecting traf-
ficking of Cx43 to the plasma membrane or by altering con-
nexin-connexin assembly within the plasma membrane
through regulation of the Cx43-ZO-1 interaction. Thus, the
cytoplasmatic-terminal region of Cx43 is also a multimeric
interaction site for cytoskeleton structures like ZO-1. Cx43 is
also directly stimulated by Wnt-1 signaling (48) and can inter-
act with the adherens junction protein, �-catenin (49). It has
been demonstrated that restoration of cadherin-based cell-cell
adhesion induces the assembly of Cxs into gap junctions (50).
Similarly, in prostate cancer cells, �-catenin expression trig-
gered the trafficking and assembly of Cxs into gap junctions
and recruited ZO-1 to the cell surface (51). The significance of
this finding is not understood. Because the dynamic behavior of
cell interactions and communication is affected in migrating
cells that lack cell-cell contacts, one can envision that a GPCR,
such as ETAR, which mediated inhibition of Cx43-based junc-
tional communication, might alter intercellular interactions
that are responsible for contact-mediated regulatory control.
The molecular mechanisms by which cadherins and their as-
sociated proteins may facilitate the assembly of Cxs into gap
junctions are likely to be complex. The possibility that ET-1
alters cell adhesion and that it consequently alters the assem-

FIG. 8. ABT-627, the ETAR antagonist, blocks ET-1-mediated
effects in vivo. A, expression of Cx43 in HEY tumor xenografts of
control and ABT 627-treated mice. Animals bearing HEY tumor xe-
nografts were treated intraperitoneally for 21 days with ABT-627 (2
mg/kg/day). Tumors were removed from controls and from treated mice
and were snap-frozen in liquid nitrogen on day 40 after tumor injection.
Indirect immunofluorescence on 4-�m acetone-fixed cryostat sections
employing rabbit anti-Cx43 antiserum was performed for expression of
Cx43. Whereas in control the fine punctate staining is randomly dis-
tributed, in tumors of treated animals the staining is frequently ar-
ranged in plaques (arrowheads) (original magnification, �60). B, West-
ern blot analysis of total cell lysates obtained from freshly excised
tumor. An equal amount of protein lysates from untreated mice or
ABT-627-treated mice were subjected to Western blot and analyzed for
Cx43 expression with anti-Cx43. After being stripped, the membranes
were reprobed with �-actin-specific antibody to ensure equal loading. C,
Cx43 was immunoprecipitated (IP) from HEY xenograft lysates and
immunoblotted (IB) with anti-phosphotyrosine (anti-PY) in Western
blot. Heavy chain of immunoglobulin (IgG) migrates upper tyrosine-
phosphorylated Cx43 as indicated by the arrowheads. The relative
density of Cx43-P content from C was statistically analyzed and repre-
sents the average value of three independent Western blots � S.D. *,
p � 0.001 compared with control.
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bly of Cxs into gap junction remains to be explored in the future
in light of the dynamic nature of cell-cell adhesion induced by
ET-1. The capacity of ET-1 to disrupt gap junctions through
phosphorylation of Cx43 via c-Src described here could serve as
a basis to further evaluate the cell-cell metabolic uncoupling
and cell detachment that occurs during tumor progression and
add further information on the overall relevance of ETAR in
regulating the complex assay of cell-cell or cell-matrix interac-
tions promoting ovarian carcinoma growth. Interestingly, the
ovarian cancer cells that expressed ETAR showed multiple
aggressive parameters including the ability to down-regulate
E-cadherin-mediated adhesive interactions.2 Here, we demon-
strated that ABT-627 is able to block Cx43 tyrosine phospho-
rylation and to increase Cx43-based intercellular communica-
tion, which are correlated with tumor growth reduction in
ovarian carcinoma xenografts. New therapeutic strategies us-
ing specific ETAR antagonists with suitable pharmacological
and toxicity profiles for clinical use (36, 37) may provide a novel
approach to the treatment of ovarian carcinoma in which ETAR
blockade could result in tumor growth inhibition also by pre-
venting the disruption of cell-cell communication.
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