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Endothelin-1 (ET-1) and its receptors are overex-
pressed in human Kaposi’s sarcoma lesions. Here we
show that in human KS IMM cell line ET-1 increased
secretion and activation of matrix-metalloprotein-
ase-2 (MMP-2), -3, -7, -9 and -13, as well as of mem-
brane-type 1-MMP (MT1-MMP). ET-1 and ET-3 also en-
hanced the expression of tissue inhibitor of MMP-2,
essential for MT1-MMP-mediated MMP-2 activation.
Combined addition of both ETy receptor (ET;R) and
ET,R antagonists completely blocked the ET-1-in-
duced MMP activity. By immunohistochemistry, we
observed that ET-1 increased MMP-2 and MT1-MMP
expression and their localization at the cell surface.
Treatment with both antagonists resulted also in the
suppression of ET-1-induced phosphorylation of focal
adhesion proteins, FAK and paxillin, which are es-
sentials for cell motility. ET-1 induced a dose-depen-
dent enhancement in KS IMM cell migration and
MMP-dependent invasiveness that were inhibited by
ET-1 receptor antagonists. The small molecule,
A-182086, an orally bioavailable ET,, ;R antagonist,
completely inhibited cell proliferation and tumor
growth in KS IMM xenografts. These findings demon-
strate that ET-1-driven autocrine loop is crucial for
enhanced invasiveness of KS IMM cells and promote
tumor growth in vivo. Such activities can be blocked
by the ET, ;R antagonists, which may be effective
anti-angiogenic and anti-tumor molecules for the
treatment of Kaposi’s sarcoma. (Am J Pathol 2003,
163:753-762)

Kaposi's sarcoma (KS) is an angioproliferative disease
associated with KSHV/HHV8 herpesvirus infection.” The
spindle-shaped cells, the proliferative component of the
lesion, are considered to be the tumor cells of endothelial

origin. They secrete different chemotactic and angio-
genic factors, including vascular endothelial growth fac-
tor (VEGF), basic fibroblast growth factor (bFGF), inter-
leukins (IL)-6 and IL-8, which are critical for spindle cell
proliferation, endothelial cell migration, invasiveness and
gelatinase production in vitro, and for the KS lesion de-
velopment in vivo.?

We have previously demonstrated that, among other
angiogenic factors, endothelin-1 (ET-1) contributes to the
pathogenesis of KS.® ET-1 is a peptide produced by
endothelial and vascular smooth muscle cells and in
elevated amounts by tumor cells.* ET-1 acts through two
distinct subtypes of G-protein-coupled receptors, namely
ET, and ETg. The ET4 receptor (ET4R) is highly specific
for ET-1 whereas ETgR binds both ET-1 and ET-3.* Ab-
errant ET-1-induced cell proliferation and/or survival are
implicated in the pathogenesis of many malignancies,
including ovarian carcinoma.® In this tumor, engagement
of ET,R by ET-1 triggers activation of signaling pathways
linked to tumor cell proliferation,®” apoptosis protection,®
invasiveness,® and to angiogenesis.'®'"

Previously it has been demonstrated that KS IMM cells,
an immortalized KS-derived cell line that retains most of
the features of KS and is tumorigenic in nude mice,
expresses in vitro and in vivo ET , and ETg receptors, and
secrete the peptide ET-1 that acts as an autocrine growth
factors. By immunohistochemistry in human KS biopsies
we observed a significant expression of ET-1 and its
receptors in KS cells and on vessels adjacent to tumor
cell nests. These findings together with the inhibitory
effect of ET-1 receptor antagonists on cell proliferation,
suggest that ET-1 plays an important role in the KS patho-
genesis. In addition we demonstrated that ET-1 induces
angiogenic responses including proliferation, migration,
invasion, gelatinase production and morphogenesis in
cultured endothelial cells through ETgR, and that it is
capable of stimulating angiogenesis in vivo.'® These re-
sults indicate that ET-1 can promote KS growth by regu-
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lating functions of both KS spindle cells and associated
endothelial cells.

Increasing numbers of reports have documented the
presence of matrix-metalloproteinases (MMPs) in ag-
gressive and invasive tumors'® and that a high ratio of
MMP-2 and tissue inhibitor of MMP-2 (TIMP-2) is associ-
ated with poor clinical outcome in different malignan-
cies." " Previous studies aimed at characterizing MMP
expression and activity in KS cell cultures has demon-
strated the expression of MMP-1, -2, -3, and -9."® In
human KS lesions, MMP-2 mRNA is highly expressed
and high levels of this enzyme are circulating in KS
patients.'2° The putative physiological activators of pro-
MMP-2 are the membrane-type 1 metalloproteinases
(MT1-MMP).2" In this study we investigated whether ET-1
and ET-3 could induce MMP activation and KS cell mi-
gration and invasion. The results indicate that ETs acting
through ETAR and ETgR induce the secretion and activity
of MMP-2 by increasing the level of its activators, MT1-
MMP and TIMP-2. These effects are associated with the
induction of KS cell migration and invasiveness, which
are blocked by a specific MMP inhibitor. The tyrosine
phosphorylation of focal adhesion proteins such as pax-
illin or focal adhesion kinase (FAK) are essential pro-
cesses in ET-1-induced signaling pathways.®?? There-
fore, we analyze the effect of ET-1 receptor antagonists
on the phosphorylation of these proteins. In view of these
findings, the ET-1 receptors have been proposed as
potential targets for anticancer therapy, also in view of the
development of non-peptide compounds, capable of
blocking ligand-induced activation of the ET,R and/or
ETgR.2%2” Among various ET-1 receptor antagonists, we
use ABT-627 (atrasentan), an ET ,-selective receptor an-
tagonist, A-192621, an ETg-selective receptor antago-
nist, and A-182086, an ET,,gR antagonist, to determine
their antitumor activity in vitro and in vivo resulting from the
blockade of autocrine signal transduction pathways im-
plicated in KS tumor growth and progression.

Materials and Methods
Cells

KS IMM cells were derived from a KS lesion of a trans-
plant patient.?® KS IMM were grown in Dulbecco’s mod-
ified Eagle’s medium (DMEM) containing 10% fetal calf
serum (FCS) and 1% penicillin-streptomycin. All culture
reagents were from Invitrogen (Paisley, Scotland).

Preparation of Cell-Conditioned Medium

Subconfluent cultures of KS IMM cells were starved for 24
hours in FCS-free DMEM. After the addition of ET-1 or
ET-3 100 nmol/L (Peninsula Laboratories, Belmont, CA),
the cells were incubated for an additional 24 hours. When
the effects of ET,R and/or ETgR antagonist were tested,
BQ123 and BQ788 were added 15 minutes before the
agonist. In another set of experiments, we treated KS
IMM with ABT-627 (atrasentan), an ET,R antagonist,
A-192621, an ETgR antagonist, and A-182086, an ET, gR

antagonist (Abbott Laboratories, Abbott Park, IL), and
with the addition of ET-1 100 nmol/L. The conditioned
medium was then collected, centrifuged, and stored in
aliquots at —20°C. The conditioned medium were then
processed for zymography and Western blot.

Reverse Transcriptase-Polymerase Chain
Reaction

Total RNA was prepared using the TRIzol reagent (Invitro-
gen) following the manufacturer’s instruction method. The
reverse transcriptase-polymerase chain reaction (RT-PCR)
was performed using a SUPERSCRIPT One-Step RT-PCR
system (Invitrogen) according to the manufacturer’s instruc-
tions. Briefly, 1 ug of RNA was reverse-transcribed. The
primer sets used for MMP-2 were 5'-TTTGGACTGCCCCA-
GACAGG-3’ and 5'-GCTGCGGCCAGTATCAGTGC-3’, for
MT1-MMP was 5’-CCCTATGCCAACATCGGTGA-3" and
5'-TCCATCCATGACTTGGTTTAT-3'. Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was used as an
internal control and the primer sets used were 5'-TGAAG-
GTCGGTGTCAACGGA-3', and 5-GATGGCATGGACT-
GTGGTCAT-3'. Each RT-PCR included a cDNA synthesis
and pre-denaturation cycle at 55°C for 30 minutes and at
94°C for 2 minutes; the cDNA was amplified for 30 cycles
of a denaturation step at 94°C for 1 minute; a primer
annealing step at 54°C for 30 seconds (MMP-2), at 60°C
for 30 seconds (MT1-MMP), at 62°C for 30 seconds
(GAPDH); and an extension step at 72°C for 1 minute.
The PCR products were analyzed by electrophoresis on a
2% agarose gel containing ethidium bromide and visual-
ized and photographed under UV light.

Northern Blotting

Total RNA from KS IMM cells was extracted using TRIzol
(Invitrogen) method according to the manufacturer’s in-
structions, separated by electrophoresis on 2% denatur-
ing formaldehyde agarose gel (15 ng RNA/lane), and
transferred to a nylon membrane. The membranes were
UV cross-linked and hybridized in the QuikHyb Hybrid-
ization Solution (Stratagene, La Jolla, CA) according to
the manufacturer’s instructions. The cDNA probe used
for analysis of the MT1-MMP and GAPDH mRNA was
prepared using reverse transcription-PCR products.
Probes were labeled with [a-*?P] dCTP using a random
primer oligolabeling kit (Amersham Pharmacia Biotech.,
Little Chalfont Buckinghamshire, UK) according to the
manufacturer’s instructions. Densitometric scanning was
performed with a Mustek MFS-6000CX apparatus (Mus-
tek GmbH, Neuss, Germany), and the data were ana-
lyzed with Phoretix 1D software and normalized to those
of GAPDH.

Western Blotting

Twenty ul of concentrated medium diluted with an equal
amount of Laemmli (Bio-Rad Laboratories, Richmond,
CA) buffer were electrophoresed on an 11% SDS-poly-



acrylamide gel. Anti-MMP-2 and anti-MMP-9 antibodies
(NeoMarkers, Fremont, CA) were used at a 1:400 dilution.
Anti-TIMP-2, anti-MMP-3, anti-MMP-7, anti-MMP-13 anti-
bodies (Chemicon International, Temecula, CA) were
used at a 1:1000 dilution. To test the presence of MT1-
MMP, 30 ng of whole protein extracts from cell untreated
or treated with 100 nmol/L ET-1, 1 wmol/L ABT-627, 1
pwmol/L A-192621, and 1 umol/L A-182086, were sepa-
rated by 11% SDS-PAGE and revealed by an anti-MT1-
MMP antibody (Chemicon) used at a 1:1000 dilution.
Peroxidase-labeled secondary antibody (Santa Cruz Bio-
technology, Inc., Santa Cruz, CA) was used according to
manufacturer’s instructions. Blots were developed with
an enhanced chemiluminescence detection system
(ECL) kit (Amersham Pharmacia Biotech) according to
the manufacturer’s instructions.

Gelatin Zymography

The KS IMM cell supernatants were electrophoresed for
analysis in 9% SDS-PAGE gels containing 1 mg/ml gela-
tin. The gels were then washed for 30 minutes at 22°C in
2.5% Triton X-100 and then incubated in 50 mmol/L Tris
(pH 7.6), 1 mmol/L ZnCl,, 5 mmol/L CaCl, for 18 hours at
37°C. After incubation the gels were stained with 0.2%
Coomassie blue. Enzyme-digested regions were identi-
fied as white bands on a blue background and quantified
by computerized image analysis on the band.

Immunoprecipitation and SDS-PAGE

KS IMM cells were grown to ~80% confluence and then
were serum-starved for 24 hours. After the addition of
ET-1 100 nmol/L for a selected period, the cells were
rapidly washed with ice-cold PBS and lysed with 0.8 ml of
ice-cold lysis buffer [50 mmol/L Tris-HCI (pH 7.4), 100
mmol/L NaCl, 50 mmol/L sodium fluoride, 5 mmol/L
EDTA, 1 mmol/L orthovanadate, 0.06 units of aprotinin, 1
mmol/L phenylmethylsulfonyl fluoride, and 10 pwg/ml leu-
peptin]. After centrifugation for 10 minutes at 10,000 rpm,
the lysates were preclared for 30 minutes at 4°C by
incubation with protein A-Sepharose CL-4B (Pharmacia,
Uppsala, Sweden), and immunoprecipitation was per-
formed by incubation for 1.5 hours at 4°C with Abs in-
solubilized on protein A-Sepharose CL-4B. The immuno-
precipitates were washed six times with lysis buffer,
solubilized in 2% SDS Laemmli buffer under reducing
conditions, and 50 ug/lane were loaded on a 7.5% poly-
acrylamide gels (SDS-PAGE). The blots were incubated
for 1 hour with antiphosphotyrosine monoclonal Ab (0.5
rg/ml; clone 4G10; Upstate Biotechnology Incorporated,
Lake Placid, NY). Peroxidase-labeled secondary anti-
body (Santa Cruz Biotechnology, Inc.) was used accord-
ing to manufacturer’s instructions. Blots were developed
with ECL.

ELISA

MMP-2 in conditioned medium was measured by a Bio-
trak Human MMP-2 ELISA kit (Pharmacia), following the
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manufacturer’s instructions. MMP-2 may be measured in
the range 1.5 to 24 ng/ml and the sensitivity of the assay
is the 0.37 ng/ml.

TIMP-2 in the conditioned media were measured using
a human TIMP-2 Immunoassay kit (Chemicon Internation-
al), following the manufacturer’s instructions. TIMP-2 may
be measured in the range 20 to 320 ng/ml and the sen-
sitivity of the assay is 20 ng/ml. The experiments were
performed in duplicate and repeated three times.

Immunocytochemistry of MMP-2 and
MT1-MMP

KS IMM cells were grown to 80% confluence, harvested,
and treated for 24 hours with 100 nmol/L ET-1 or 20
nmol/L phorbol-12-myristate-13-acetate (PHA; Sigma)
used as positive control. Indirect immunofluorescence
was performed on cytospin preparations according stan-
dard procedures using the following primary antibodies:
murine monoclonal antibody to MMP-2 (Oncogene Re-
search Products, Boston, MA), polyclonal goat antiserum
to MT1-MMP (Santa Cruz Biotechnology), polyclonal rab-
bit antiserum to TIMP-2 c-terminal (Sigma). The antisera
were used at concentrations of 10 ug/ml, 20 ng/ml, and
50 ng/ml, respectively, which were selected on appropri-
ate positive controls. FITC-labeled secondary antisera
were obtained from Sigma and used at optimal dilutions
with an F/P ratio of 2.5. Slides were observed with a Leitz
Orthoplan UV microscope equipped with a X54 immer-
sion objective. Photographs were taken with Kodak T-
Max 400 Pro black and white films.

Chemotaxis and Chemoinvasion Assay

Chemotaxis and chemoinvasion were assessed using a
48 well-modified Boyden chamber (NeuroProbe, Pleas-
anton, CA) and 8-um pore PVP-free polycarbonate
Nucleopore filters (Costar, New York, NY) as previously
described.?® For chemotaxis, the filters were coated with
gelatin by overnight immersion in a solution of 100 mg/ml
gelatin in 0.1% acetic acid and then dried. For the che-
moinvasion assay, the filters were coated with an even
layer of 0.5 mg/ml Matrigel (Becton Dickinson, Bedford,
MA). The lower compartment of chamber was filled with
chemoattractants or inhibitor (27 ul/well). Serum-starved
KS IMM cells (2.5 X 10° cells/ml) were harvested in a
trypsin/ethylenediaminetetraacetic (EDTA) acid solution,
collected by centrifugation, resuspended in DMEM and
placed in the upper compartment (55 ul/well). Where
indicated, the cells were preincubated for 15 minutes at
37°C with the ET,R antagonist BQ123 (Peninsula Labo-
ratories) and/or BQ788 (Peninsula Laboratories), an
ETgR antagonist. After 4 hours (chemotaxis) or 6 hours
(chemoinvasion) of incubation at 37°C, the filters were
removed, stained with Diff-Quick (Merz-Dade, Dudingen,
Switzerland), and the migrated cells in 10 high-power
fields were counted. Each experimental point was ana-
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lyzed in triplicate. In selected experiments, invasion was
quantified in the presence of llomastat (GM6001, Chemi-
con International), a broad-spectrum chemical inhibitor of
MMP activity.

Cell Proliferation Assay

KS IMM cells were seeded in 96-well plates at 80%
confluence (1 X 10% cells/well) and incubated in serum-
free DMEM for 24 hours to induce quiescence. Then,
cells were treated with ABT-627 (1 wmol/L), A-192621 (1
umol/L), or A-182086 (1 wmol/L) in the absence or pres-
ence of 100 nmol/L ET-1. After 24 hours 1 uCi of [methyl]-
[®H] thymidine (6.7 Ci/mmol; Dupont, New England Nu-
clear Research Products, Wilmington, DE) was added to
each well. ET receptor antagonists were incubated 15
minutes before the addition of ET-1. Six hours later the
culture media were removed and the cells were washed
three times with PBS, treated with 10% trichloroacetic
acid for 15 minutes, washed twice with 100% ethanol,
and solubilized in 0.4 N sodium hydroxide. The cell-
associated radioactivity was then determined by liquid
scintillation counting. Responses to all agents were as-
sayed in sextuplicate and results were expressed as
means of three separate experiments.

KS IMM Xenografts in Nude Mice

Female athymic (nu™/nu™) mice, 4 to 6 weeks of age,
were purchased from Charles River Laboratories (Milan,
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 injected s.c. on one flank with 3 x 10°
viable KS IMM cells, as determined by trypan blue
staining, resuspended in 200 wl of PBS. The mice were
randomized in groups (n = 10) to receive different
treatments. Animals were treated by i.p. injection with
ABT-627, with A-19262, and with A-182086. The treat-
ment was started 7 days after the xenograft, ending on
day 21, and each experiment was repeated three times.
In each experiment, one group was treated i.p. for 21
days with ABT-627 (2 mg/kg/day), one group was treated
i.p. for 21 days with A-192621 (10 mg/kg/day), and one
group was treated i.p. with A-182086 (2 mg/kg/day).
Control mice were injected in the same way with 200 ul of
drug vehicle. Tumor size was measured with calipers and
was calculated using the formula /6 X larger diameter x
(smaller diameter)?.

Statistical Analysis

Statistical evaluations of data were made by the two-
sided Student’s test and analysis of variance (ANOVA) as
appropriate.
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Figure 1. Effects of ET-1 on the synthesis, secretion and activation of MMP-2
in KS IMM cells. A: ET-1 stimulates MMP-2 secretion from KS IMM cells.
MMP-2 secretion was measured in conditioned media from cells treated with
different concentrations of ET-1 for 24 hours using ELISA kit. Data are
presented as means of results from three experiments each performed in
duplicate. Bars = SD. a, P = 0.0001; b, P = 0.005. B: Left, gelatinolytic
activity of MMP-2 was studied in conditioned media from cells by SDS-PAGE
gelatin zymography. Cells, after starvation, were grown in serum-free me-
dium for 24 hours in the absence (C; control) or presence of 100 nmol/L
ET-1. Right, expression of 518 mRNA transcripts for MMP-2 was detected by
RT-PCR analysis. Primers for the amplification of GAPDH gene were used as
controls. Data shown are PCR products of KS IMM cells grown in serum-free
medium for 8 hours in the absence (C; control) and in presence of 100
nmol/L of ET-1. PCR products for MMP-2 and GAPDH were shown as
visualized by ethidium bromide.

Results

ET-1 Induces Secretion and Activation of
MMP-2 in KS IMM Cells

MMP-2 is highly expressed by KS and is released as a
latent proenzyme (72 kDa) which is proteolytically
cleaved to an active 64-kDa form through a complex
mechanism involving other proteases.?' Using a human
MMP ELISA kit, we measured the effect of different con-
centrations of ET-1 on the secretion of MMP-2 by KS IMM
cell line. As shown in Figure 1A, ET-1 enhanced MMP-2
secretion in a dose-dependent manner in the range be-
tween 0.1 nmol/L to 100 nmol/L. To assess the effect of
ET-1 on KS IMM gelatinase A (MMP-2) secretion and
activation in vitro, the MMP-2 protein released by KS IMM
cells untreated or treated with 100 nmol/L of ET-1 for 24
hours were analyzed by gelatin zymography. Unstimu-
lated cells expressed the characteristic gelatinase activ-
ities corresponding to the 72,000 kDa (pro-MMP-2),
whereas activated forms of this enzyme were not detect-
able in control samples (Figure 2B). ET-1-treated cells
showed a striking increase of the bands corresponding to
the molecular weight of the active (64 kDa) form of
MMP-2.

At the transcriptional level, ET-1 (100 nmol/L) up-reg-
ulated MMP-2 mRNA expression in KS IMM cells (Figure
1B, right), as determined by densitometric analysis and
comparison with the intensity of the PCR products corre-
sponding to GAPDH.
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Figure 2. Effect of ET-1 on the synthesis, secretion, and activation of MT1-
MMP in KS IMM cells. A: Total RNA (20 ug) extracted from untreated cells (C;
control) or treated for 8 hours with 100 nmol/L ET-1 was analyzed by
Northern blotting using MT1-MMP cDNA probe. The filter was also hybrid-
ized with a GAPDH probe, as a control for RNA loading. B: Fold-increase of
MT1-MMP mRNA over control by densitometric analysis of autoradiographic
bands normalized to those of GAPDH. Bars * SD; *, P = 0.001 compared to
control. C: Extracts of untreated KS IMM cells (C; control) or treated with 100
nmol/L ET-1 or ET-3 for 24 hours was tested for MT1-MMP (the 65-kd latent
form and the 63-kd active form) by Western blotting.

ET-1 Induces MT1-MMP Secretion and
Activation in KS IMM Cells

MT1-MMP is a transmembrane MMP known to bind and
activate MMP-2 at the cell surface. To investigate the
effect of ET-1 on MT1-MMP mRNA transcripts, Northern
blot analysis was performed on KS IMM cells untreated or
treated with 100 nmol/L ET-1 (Figure 2A). Densitometric
analysis of the bands revealed a slight up-regulation
(3.8-fold) of the transcripts for MT1-MMP in ET-1-treated
cells (Figure 2B). ET-1 enhanced expression of both the
latent MT1-MMP (65 kDa) and, to an even greater extent,
the activated form of MT1-MMP (63 kDa) as compared
with untreated KS IMM cells (Figure 2C), as determined
by Western blot. Addition of ET-3, a ligand for ETgR with
the same affinity as ET-1, also increased the level of
activated MT1-MMP, indicating that both ET-1 and ET-3
induce the MT1-MMP activation required to mediate cell
surface pro-MMP-2 activation.

ET, and ET 5 Receptor Antagonists Block
MMPs and MT1-MMP Activation in KS
IMM Cells

The effect of ET-1 on the secretion and activation of other
metalloproteinases (MMP-3, MMP-7, MMP-9, and MMP-
13) by KS IMM cells was analyzed by Western blotting.
Conditioned media of untreated cells exhibited both la-
tent and active forms of MMP-3 (59-kDa and 57-kDa
forms), MMP-7 (28-kDa and 18-kDa forms), MMP-9 (92-
kDa and 76-kDa forms) and MMP-13 (60-kDa and 48-kDa
forms) (Figure 3). Treatment with 100 nmol/L ET-1 in-
duced over-expression of both latent and active forms of
MMP-3, -7, -9, and -13 in KS IMM cells as compared to
untreated cells.

To characterize the receptor subtype involved in MMP
activation, we analyzed the effect of BQ 123, a selective
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Figure 3. ET-1-induced MMP expression is mediated by both ET,R and
ETgR. Conditioned media or cell lysates from untreated cells (C; control) or
with addition of 100 nmol/L ET-1 were tested for MMP-2 (the 72-kDa proform
and 64-kDa active form), MMP-3 (the 59-kDa proform and the 57-kDa active
form), MMP-7 (the 28-kDa proform and the 18-kDa active form), MMP-9 (the
92-kDa proform and the 76-kDa active form), the MMP-13 (the 60-kDa
proform and the 48-kDa active form), and the MT1-MMP (the 65-kDa pro-
form and the 63-kDa active form) by Western blotting. KS IMM cells after
starvation were pretreated (15 minutes) with ET,R antagonist, BQ 123 (1
uM) or ETgR antagonist, BQ 788 (1 uM), or with a combination of both
antagonists in the absence or presence of 100 nmol/L ET-1 for 24 hours.

ETAR antagonist, and BQ 788, a selective ETgR antago-
nist, on MMP activity by Western blotting. Addition of 1
uM BQ 123 or 1 uM BQ 788 only partially inhibited the
ET-1-induced release and activation of all MMPs. Inter-
estingly, the addition of both BQ 123 and BQ 788 com-
pletely blocked the conversion of latent MMPs to their
active form on ET-1 treatment (Figure 3). These data
indicate that the MMP activation observed was mediated
by both the ET, R and ETgR subtypes.

Effects of ET-1 and ET-3 on TIMP-2 Expression
in KS IMM Cells

Several studies have demonstrated that activation of pro-
MMP-2 by MT1-MMP depends on the presence of critical
amounts of TIMP-2, which is required for the formation of
the ternary complex that leads to the activation of MMP-
239 Both ET-1 and ET-3 induced a significant increase of
TIMP-2 expression when compared to untreated cells
(Figure 4A), as demonstrated by Western blotting. The
ET-1-induced stimulation of TIMP-2 expression by KS
IMM cells was also measured using an ELISA assay
capable of recognizing TIMP-2 complexed with active
MMP-2. We observed that TIMP-2 levels were increased
by threefold with 100 nmol/L ET-1 compared with un-
treated control cells (Figure 4B). The activation of pro-
MMP-2 by MT1-MMP is accelerated in the presence of
appropriate amounts of TIMP-2, thus the concomitant
association of overexpression of MT1-MMP and TIMP-2
are consistent with the enhanced pro-MMP-2 activation.

ET-1 Enhances MMP-2 and MT1-MMP
Expression in KS IMM Cells

To define the regulatory activity of ET-1 on MT1-MMP,
TIMP-2 and MMP-2, we evaluated the degree and pat-
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Figure 4. Effects of ET-1 and ET-3 on the secretion of TIMP-2 by KS IMM
cells. A: Conditioned media from untreated cells (C; control) or with 100
nmol/L ET-1 or with 100 nmol/L ET-3 were tested for TIMP-2 (21 kDa) by
Western blotting. B: TIMP-2 secretion was measured in conditioned media
from cells treated with 100 nmol/L ET-1 for 24 hours using ELISA kit. Data are
presented as means of results from three experiments each performed in
duplicate. Bars = SD; *, P = 0.001 compared to control.

terns of expression of MMP-2 and MT1-MMP expression
in ET-1-treated cells by immunohistochemistry (Figure 5).
The degree of expression of MMP-2 in control cells (panel
A) was highly heterogeneous in intensity and distribution.
The fluorescence was clustered in discrete areas of the
cytoplasm (arrows) with a fine granular distribution. Fol-
lowing ET-1-treatment, the intensity of staining increased
substantially, it appeared more homogenous in the cell
population, and showed a coarse granular pattern (panel
B). MT1-MMP staining also underwent significant
changes after ET-1 exposure (panel D) when compared
to control cells (panel C) in terms of increased expression
and coarser granular pattern clustered at the periphery of
the cells (arrows) suggesting an ET-1-induced change in
MT1-MMP/MMP-2 trafficking or localization (Figure 5).
Increased expression of TIMP-2 was also observed in KS
cells on incubation with ET-1 (data not shown). KS cells
treated with PMA were used as positive control.

ET-1 Receptor Blockade Suppresses the ET-1-
Induced Tyrosine Phosphorylation of FAK and
Paxillin in KS IMM Cells

FAK tyrosine phosphorylation occurs during formation of
focal adhesions and spreading on extracellular matrix
(ECM)3" and this signaling pathway is activated also by
ET-1.522 To determine whether ET-1 is able to increase

Figure 5. Modulation of MMP-2 and MT1-MMP expression in KS IMM cells following incubation with ET-1. Both MMP-2 (A and B) and MT1-MMP (C and D)
undergo an increase in levels of expression and changes in distribution patterns in the presence of 100 nmol/L ET-1 (B and D, respectively) for 24 hours compared
to control (A and C, respectively). Original magnification, X400; FITC.
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Figure 6. ET-1 induces tyrosine phosphorylation of FAK and paxillin in KS
IMM cells. Cells were serum starved for 24 hours (C), preincubated with BQ
123 and BQ 788 (1 wmol/L), and then stimulated with 100 nmol/L of ET-1 for
5 minutes. Cell lysates were immunoprecipitated with antibodies to FAK and
to paxillin and immunoblotted with anti-phosphotyrosine antibody.

the tyrosine phosphorylation of 125K in KS IMM cells,
we immunoprecipitated KS IMM cell lysate with anti-FAK
antibody, followed by immunoblotting with anti-phospho-
tyrosine antibody. We detected a significant and specific
increase of tyrosine phosphorylated FAK in KS IMM cells
treated with ET-1 100 nmol/L for 5 minutes (Figure 6).
Because the major targets downstream the FAK phos-
phorylation is the paxillin, we also investigated the effect
of ET-1 on the phosphorylation of this protein linking
extracellular matrix to cytoskeleton. Immunoprecipitation
with monoclonal antibody to paxillin demonstrated that
ET-1 induced also the paxillin tyrosine phosphorylation.
The addition of both BQ 123 (1 wmol/L) and BQ 788 (1
wmol/L) suppresses the tyrosine phosphorylation of both
focal adhesion proteins (Figure 6).

Effect of ET-1 on KS IMM Migration and
Invasion

To assess whether ET-1 had the functional effect on the
migratory and invasive activities of KS IMM cells, we
performed Boyden chamber chemotaxis and invasion
assays. Addition of 0.01 to 10 nmol/L ET-1 to the KS IMM
cells induced a marked and dose-dependent increase in
cell migration (Figure 7A). The stimulatory effect of 10
nmol/L ET-1 on KS IMM cell migration was partially inhib-
ited in the presence of 1 uwmol/L BQ 123 or BQ 788;
exposure of the cells to both BQ 788 and BQ 123 com-
pletely blocked the ability of KS IMM cells to respond to
ET-1 (Figure 7A). In Matrigel-coated invasion chambers,
we observed that ET-1 dose-dependently stimulated the
invasive activity of KS IMM cells (Figure 7B). Again, ex-
posure of the cells to BQ 788 in combination with BQ 123
completely abolished the ability of KS IMM cells to re-
spond to ET-1 (10 nmol/L). To assess if the increased
invasion of ET-1-treated KS IMM cells was a functional
consequence of enhanced matrix proteolytic potential, in
the same experiments we used also the potent chemical
broad-spectrum MMP inhibitor llomastat. ET-1-stimulated
invasion was reduced to the control levels in the pres-
ence of 20 umol/L llomastat. Taken together, these re-
sults demonstrate that ET-1 is able to induce tumor cell
migration and MMP-dependent invasion through both the
ETAR and ETgR.
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Figure 7. Effect of ET-1 on KS IMM cell migration and invasion. Columns
indicated by a C are controls. KS IMM cells (2.5 X 10° cells/ml) were treated
with different doses of ET-1. Cells pretreated with 1 wmol/L of the ET, R
antagonist (BQ 123) and/or ETR antagonist (BQ 788) or with MMP inhibitor
(MMPI, 20 pwmol/L) were placed in the upper compartment in Boyden
chamber in the absence or in the presence of ET-1 (10 nmol/L). Cells
migrated through the filter were counted after 4 hours (chemotaxis; A) or
cells migrating through the Matrigel layer were counted after 6 hours (che-
moinvasion; B). Data are expressed as the number of migrated cells in 10
high-power fields and are means of results from three experiments each
performed in triplicate. a, P = 0.001 compared to control. b, P = 0.02
compared to ET-1 10 nmol/L. ¢, P = 0.001 compared to BQ 123+ET-1 and
BQ 788+ET-1.

Effects ET Receptor Blockade on KS IMM Cell
Proliferation and Tumor Growth in Vivo

To evaluate the effect of the potent non-peptide ET-1
receptor antagonists on the proliferation of KS IMM cell,
we co-incubated the cell with ET-1 and/or with different
ET,R and ETgR antagonists. We ascertained that the
strong ET-1-induced proliferation (P = 0.001) was par-
tially inhibited in the presence of ABT-627 (1 umol/L) (P =
0.01), the ETAR antagonist or A-192621 (1 wmol/L) (P =
0.01), the ETgR antagonist, whereas the stimulatory effect
is completely inhibited in the presence of A-182086 (1
umol/L) (P = 0.001), the ET,,gR antagonist (Figure 8A).
Taken together, these data confirm that the mitogenic
signaling by ET-1 is mediated by both receptors and that
these effects can be abolished by the orally biovailable
ET.sR antagonist. We translate the results obtained in
vitro into a model of nude mice xenografted with KS IMM
cells. In all nude mice that were subcutaneously inocu-
lated with 3 X 10° KS IMM cells, a lesion developed at the
site of inoculation within 5 to 7 days. Fifteen days follow-
ing the injection, specimens were taken from the lesional
sites. Histologically, the neoplastic lesion consisted of
round and spindle cells, with vascular structures and
capillaries and some infiltrated inflammatory cells. A
strong cytoplasmic staining for ET-1, ET,R, and ETgR
was observed in the cultured KS IMM cells and in the KS
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Figure 8. Effects of ET receptor antagonists on ET-1-induced proliferation in
vitro and tumor growth in vivo. A: 100 nmol/L of ET-1 was added to
quiescent KS IMM cells. ABT-627, the ET 4R antagonist (1 wmol/L), A-192621,
the ET4R antagonist (1 wmol/L) and A-182086, the ET,, ;R antagonist (1
pmol/L), were incubated 15 minutes before the addition of ET-1. [5H]tllymk
dine incorporation was analyzed 24 hours after the addition of the agonist.
Data are means of results from three experiments each performed in sextu-
plicate. a, P = 0.001 compared to control. b, P =< 0.01 compared to ET-1 100
nmol/L. ¢, P = 0.001 compared to ET-1 100 nmol/L. B: Antitumor activity of
ET receptor antagonist treatment on established KS IMM human xenografts.
Mice were injected s.c. with 3 X 10° KS IMM cells. After 7 days the mice were
treated i.p. for 21 days with vehicle, with ABT-627 (2 mg/kg/day), with
A-192621 (10 mg/kg/day), or with A-182086 (2 mg/kg/day) i.p. on days 1 to
21, 7 days after tumor implant. Three different experiments with a total of 40
mice for each experiment were performed. In each experiment, each group
consisted of 10 mice. Data represent the averages; bars * SD *, P = 0.02; **,
P = 0.001 compared with control.

IMM-derived lesions in nude mice, demonstrating that in
vivo KS-derived cells co-expressed ET,R and ETgR that
could be specifically targeted by ET-1 receptor antago-
nists.® The animals were treated 7 days after tumor im-
plant, with vehicle or with ABT-627 (2 mg/kg/day),
A-192621 (10 mg/kg/day), or A-182086 (2 mg/kg/day) i.p.
on days 1 to 21 (Figure 8B). Comparison of tumor growth
curves by analysis of variance showed that the differ-
ences between ABT-627-treated groups, the A192621-
treated groups and the control were statistically signifi-
cant for all measurements made after day 31 (P = 0.02),
with a partially suppression of tumor growth. More pro-
found tumor growth inhibition (56% of controls) was elic-
ited in A-182086-treated mice with respect to the control
and the differences were statistically significant for all
measurements after day 25 (P = 0.02 up to day 32 and
then P = 0.001 for all other measurements). These data
suggest that also in vivo, the tumor-promoting activity of
ET-1 is mediated by both receptor subtypes that can be
blocked by A-182086.

Discussion

ECM remodeling is one of the most important events in
the pathogenesis of tumors, because cancer cells feed

themselves by recruiting blood vessels into tumor mass
and escape from their original sites by penetrating the
basal lamina and other ECM structures. Among the tumor
proteases, MMP-2 is highly expressed in KS lesions.®?
We have reported that KS-derived spindle-shaped cells
contain and secrete large amounts of ET-1, a multifunc-
tional peptide endowed with growth-stimulatory proper-
ties,® and express the cognate receptors. In these cells,
ET-1 acts as an autocrine growth factor and blocking
ET-1/ET-1 receptor interaction leads to inhibition of the
mitogenic effect.® Here we demonstrated that ET-1 in-
duces MMP-2 synthesis, secretion, and activation. ET-1-
treatment in KS IMM cells results in up-regulation of MT1-
MMP and MMP-2 not only by inducing a de novo
synthesis of latent enzymes, but also by increasing their
activation. The enzyme cascade is confined to the cell
surface at the point of invading pseudopodia. MT1-MMP
contains a transmembrane/cytoplasmic sequence that
confines it to micro-invasion sites on the surface of the
tumor-cell invadopodia.®*2% MT1-MMP and MMP-2 im-
munoreactivity following ET-1 treatment is not only in-
creased but also redistributed with polarization on KS
IMM cells. Therefore, it is interesting to speculate that
ET-1 may function in part to focalize MT1-MMP proteolityc
activity to sites of cell-matrix contact, thus promoting
pericellular proteolysis and subsequent invasion. More-
over, ET-1 significantly enhanced the secretion of TIMP-2
which is required for the formation of a ternary complex
with pro-MMP-2 and MT1-MMP on the cell surface, allow-
ing MMP-2 activation. We further demonstrated that ET-1
enhances the secretion and activation of other MMPs,
such as MMP-3, -7, -9, and -13, leading to the degrada-
tion of all known ECM components, thus enabling KS IMM
cells to invade the ECM.

The angiogenic process shows a dependence on
MMP-2 activity that occurs as an early event to degrade
the vascular basement membranes allowing endothelial
cell migration and invasion. In this context, we have dem-
onstrated that ET-1 induces a proangiogenic phenotype
in human endothelial cells, expressing predominantly
ETgR, by stimulating MMP-2 activation, and conse-
quently selective ET-1 receptor antagonists could inhibit
ET-1-mediated neovascularization.?® In this study, we
demonstrated that the functional consequence of in-
creased synthesis, secretion, and activation of MMP-2 by
ET-1 and ET-3 is the enhanced KS cellular motility and
invasiveness, which are abolished by a combination of
both ET-1 receptor antagonists, identifying ETs and their
receptors as regulators of the activation of MMP-2 in
endothelial’® and in KS cells.

The overexpression and activation of FAK is associ-
ated with invasive and metastatic phenotype in many
tumors.®" The current study aimed at elucidating the
mechanisms of ETs action on KS IMM cells reveals that
ET-1 receptors antagonists inhibited the ET-1-mediated
of FAK and paxillin tyrosine phosphorylation. These ef-
fects on FAK phosphorylation directly correlate with KS
IMM cell migration and invasion, suggesting that block-
ade of ET-1 receptors resulted in inhibition of cell motility
and other FAK-associated processes. Treatment of KS
cells with a selective ET,,gR antagonist resulted in sup-



pression of tumor growth in vitro and in vivo. We previously
demonstrated that ET-1 and its receptors are expressed
by tumor cells as well as by tumor vessels in KS lesions.®
The tumor-promoting activity of ET-1 and ET-3 may occur
through an autocrine pathway that stimulates tumor cell
proliferation and through a paracrine pathway involving
direct angiogenic effects on endothelial cells. Taken to-
gether these data indicate that treatment with ET,gR
antagonist has an antitumor effect in vivo that is attribut-
able to the direct block of pathway-transducing signals
involved in proliferation and invasiveness and, in part, to
inhibition of angiogenic effect. The ETs and their recep-
tors, referred to as the endothelin axis, represent a new
and mostly unexplored target for cancer therapy.?” Pre-
liminary results from clinical trials, such as those with ABT
627 in prostate cancer showing the oral feasibility and
suitable pharmacokinetic and toxicity profiles for clinical
use, are encouraging.®” In this context, new therapeutic
strategies using small molecules such as specific ET-1
receptor antagonists provide an additional approach to
the treatment of KS in which ET-1 receptor blockade
could result in tumor growth inhibition by reducing angio-
genesis, tumor cell proliferation, and invasion.
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