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Tumor neovascularization is considered to be a criti-
cal step in the development of a malignant tumor.
Endothelin (ET)-1 is a powerful vasoconstrictor and
mitogenic peptide that is produced by many cancer
cell lines. The cellular distribution of the ET compo-
nents was evaluated in human colon tumors and com-
pared to normal colon. There was more of the ET
components (preproET-1, endothelin-converting en-
zyme-1, and ETA and ETB receptors) in adenomas and
adenocarcinomas than in the normal colon. There was
overproduction of preproET-1 and endothelin-convert-
ing enzyme-1 in carcinoma cells and stromal vessels,
suggesting that they are a local source of ET-1. ETA
receptors were present in stromal myofibroblasts of
neoplastic tissue, and there were large amounts of ETB
receptors in the endothelium and myofibroblasts.
There was also a redistribution of a-smooth muscle
actin-positive cells in the vascular structures of tumors.
An experimental rat model of induced colon cancer
treated for 30 days with bosentan, a mixed antagonist of
both ET receptors , confirmed the morphological
changes observed during the tumor vascularization.
Our data suggest that ET-1 and its receptor play a role in
colon cancer progression, with ET-1 functioning as a
negative modulator of the stromal response. (Am J
Pathol 2000, 157:1863–1874)

Endothelin (ET)-1, the most potent vasoconstrictor pep-
tide known, was identified by Yanagisawa et al.1 It be-
longs to a recently discovered family of 21-amino acid
peptides, the ETs, which regulate vascular tone.2 The
ETs bind to two high-affinity receptor subtypes, ETA3 and
ETB,4 which are seven-transmembrane G-protein-cou-
pled receptors. ET-1 and ET-2 bind to ETA receptors at
physiological concentrations, whereas ET-3 does not. But
all three ETs bind to ETB receptors with similar affinities.
The ETs are synthesized as large precursor polypep-
tides, called preproETs (PPETs), which are cleaved at
two pairs of basic amino acids, generating intermediate

peptides, the bigETs. The bigETs are then cleaved by an
endothelin-converting enzyme (ECE)5 to produce the ma-
ture ETs. ECE is a key enzyme in the biosynthesis of the
ETs because the biological activity of bigETs is negligi-
ble.6 Two ECE genes have been cloned, ECE-17 and
ECE-2.8 Their sequences are 59% identical, but only
ECE-1, the most abundant, has been studied in detail
(see Turner and Tanzawa9 for a recent review).

ET-1 was initially described as a vasoconstrictor pep-
tide but it has a variety of other effects in nonvascular
tissues such as the stimulation of hormone release and
the regulation of central nervous system activity.10 ET-1 is
also a potent mitogen in many cell types, including vas-
cular smooth muscle cells,11 playing a fundamental role
in cardiovascular system development.12 ET-1 has also
been reported to stimulate the proliferation of various
types of neoplastic cells.13 Lastly, various human cancer
cell lines derived from mammary, pancreatic, and colon
carcinomas produce significant amounts of ET.14

The growth of malignant tumors depends on neovas-
cularization. Tumor angiogenesis requires angiogenic
factors, such as vascular endothelial growth factor, pro-
vided by cancer cells and affecting the host tissue.15 It
was recently shown that vasoactive peptides modulate
vascular endothelial growth factor production and endo-
thelial cell proliferation and invasion.16 The mechanisms
involved in maturation of tumor vascularization are not
well defined. Endothelial cells are a critical element re-
sponsible for new vessel formation but other cellular ele-
ments, like smooth muscle cells/pericytes are necessary.
Maturation of the vascular system involves the recruit-
ment of perivascular supporting cells that do not bear
cell-specific markers, but which do contain a-smooth
muscle actin (a-SMA).17

A report suggests that migration of endothelial cells is
promoted by ET-1 via the ETB receptor.18 Raised ET-1
levels have been found in patients with liver metastases
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of colorectal cancer19 and ET binding sites have been
found in human colon cancer tissue.20 In a previous
study, we showed that there is ECE-1 mRNA and ECE-1
protein in the adult human colon.21 And the whole ET-1
system has recently been identified in the human normal
colon; its distribution suggests that it is secreted as a
neuropeptide and a vasopeptide in this tissue.22 How-
ever, the distribution of the ET system in various grades of
colon cancer has not been evaluated.

The present study was therefore done to precisely
determine and compare the distributions of all of the
components of the ET-1 system in endothelial, smooth
muscle cells, and macrophages. We examined mRNAs
and proteins in the human normal colon, adenoma, and
adenocarcinoma colon, to assess their potential role in
tumor vascularization. We used an experimental rat
model of colon cancer, with or without bosentan (a mixed
antagonist of ETA and ETB receptors) treatment to further
evaluate the influence of ET-1 receptors and a-SMA-
positive cells in stromal angiogenic responses.

Materials and Methods

Human Tissues

Human colon tissues were obtained at the Institute of
Pathology (Lausanne, Switzerland) at surgery from pa-
tients (n 5 18) undergoing colectomy for cancer. Sam-
ples from 18 patients (41 to 84 years old, eight women
and 10 men) were examined. Nine samples were from the
cecum and nine from the sigmoid colon, all at the T3 or T4
stage. Tissues were either snap-frozen in liquid nitrogen
and stored at 280°C (eight samples), or fixed in 4%
buffered paraformaldehyde for at least 24 hours, pro-
cessed, and embedded in paraffin (10 samples).

mRNA Analysis

Total RNA was isolated from frozen adenocarcinoma co-
lon sections and control regions, excised at least 1 cm
from the lesion, using the protocol of Chomczinski et al.23

cDNA was prepared with 0.5 mg total RNA, 10 pmol
oligo-dT using murine Moloney leukemia virus reverse
transcriptase (Life Technologies, Inc., Rockville, MD) ac-
cording to the manufacturer’s instructions. Polymerase
chain reaction was performed using 3 ml of cDNA solution
and 1.25 U of Taq polymerase (Roche Diagnostics, Dey-
lan, France) according to the manufacturer’s instructions.
Control reactions for reverse transcriptase-polymerase
chain reaction analysis were performed from nonreverse-
transcribed RNA samples. No amplification was ob-
served for any of the RNA samples tested (not shown).
Specific primers (10 pmol) for ECE-1,5 PPET-1,24 ETA3

and ETB4 receptors, and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH)25 were added as described.22

The primers used were designed to avoid false-positive
reactions from genomic DNA contamination. Thirty cycles
were performed, consisting of denaturation at 94°C (30
seconds), annealing at 58°C (PPET-1, ETA, and ETB) or
55°C (ECE-1 and GAPDH) (30 seconds) and extension at

72°C (30 seconds) with a final extension step of 10 minutes
at 72°C. Amplified products were analyzed on 2% agarose
gel.

Preparation of Radiolabeled Riboprobes

The human PPET-1 partial cDNA, corresponding to the
nucleotide sequence 70 to 630 was subcloned into pBK-
CMV (Stratagene, La Jolla, CA). The recombinant plas-
mid was linearized by digestion with SacI to obtain the
antisense or with KpnI to obtain the sense RNA probe.
Probes for human ECE-15 were prepared as described in
Korth et al.21 Briefly, the ECE-1 partial cDNA correspond-
ing to the nucleotides 304 to 1666 was linearized by
digestion with HindIII to obtain the antisense or with XbaI
to obtain the sense RNA. Probes for human ETA3 and
ETB4 receptors, subcloned into pcDNA3, were prepared
as described by Brand et al.26 ETA and ETB cDNA were
linearized by digestion with XhoI and KpnI, respectively,
to obtain the antisense probes. ETA and ETB cDNA were
linearized by digestion with XbaI to obtain the sense
probe. In vitro transcription and labeling with 35S-UTP
(Amersham, Les Vlis, France) were performed with T7 or
SP6 RNA polymerase (Roche Diagnostics, Meylan,
France). Probes were precipitated with ammonium ace-
tate and ethanol, dried by centrifugation-evaporation
(Speed-Vac) and dissolved in10 mmol/L Tris, 1 mmol/L
ethylenediaminetetraacetic acid, 20 mmol/L dithiothreitol.

In Situ Hybridization

The in situ hybridization protocol used for paraffin sec-
tions involved microwave pretreatment to enhance the
hybridization signal.27 Paraffin-embedded sections (5
mm) were cut and two adjacent sections were mounted
on each silane-coated slide. Deparaffinized sections
were immersed in 0.01 mol/L citric acid, pH 6.0, and
heated in a microwave oven for 12 minutes. The sections
were then incubated with proteinase K (2 mg/ml; Roche
Diagnostics) for 20 minutes and dehydrated. In situ hy-
bridization performed on frozen sections used 7-mm sec-
tions fixed in paraformaldehyde/phosphate-buffered sa-
line and dehydrated without microwaving. The following
protocol was subsequently used for both frozen and par-
affin-embedded sections. Sections were incubated over-
night at 50°C with the respective antisense and sense
riboprobes (3 to 4 3 105 cpm per section). The slides
were washed with increasingly stringent solutions and
treated with RNase A (20 mg/ml; Sigma, Saint-Quentin,
France). The sections were then dehydrated and placed
in contact with Biomax film (Kodak, Rochester, NY) for 1
to 3 days. They were subsequently dipped in NTB2 liquid
emulsion (Kodak) and exposed for 2 weeks (ECE-1 or
PPET-1 probes) or for 4 weeks (ETA and ETB probes).
Sections were counterstained with toluidine blue. Figures
shown are from in situ hybridization performed in paraffin-
embedded tissue sections unless otherwise stated.
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125I ET-1 Binding

Sections (7 mm) were cut using a cryostat, thaw-mounted
on silane-coated slides, and stored overnight under vac-
uum at 4°C. Consecutive sections were fixed for 10 min-
utes in 4% formaldehyde/phosphate-buffered saline, and
then incubated for 15 minutes in 50 mmol/L Tris-HCl
buffer, pH 7.5, containing 120 mmol/L NaCl, 5 mmol/L
MgCl2, and 40 mg/L bacitracin. Sections were then incu-
bated with 100 pmol/L 125I ET-1 (2,125 Ci/mmol) in the
previous buffer containing 1% bovine serum albumin
(fraction V, protease-free; Sigma Chemical Co.) and 1
mmol/L phosphoramidon for 90 minutes at room temper-
ature. Sections were given four 1-minute washes in ice-
cold 50 mmol/L Tris-HCl, pH 7.4, dipped in ice-cold
distilled water, air-dried, and placed in contact with Bi-
omax MR films (Kodak). Nonspecific binding was deter-
mined in consecutive sections incubated as described
above with 1 mmol/L unlabeled ET-1 (Bachem, Buben-
dorf, Switzerland). The receptor subtypes were identified
by incubating consecutive sections as described above
with 1 mmol/L BQ 123 (ETA antagonist), 10 nmol/L ET3
(natural ETB agonist), or 0.2 mmol/L sarafotoxin 6c (S6c)
(selective ETB agonist). The sections were then fixed in
paraformaldehyde at 80°C for 2 hours, dipped in NTB2
photographic emulsion (Kodak), exposed for 4 days, and
counterstained with toluidine blue.

Immunohistochemistry

Paraffin-embedded sections (5 mm) were incubated with
xylene (to remove paraffin), rehydrated in a graded eth-
anol series and their endogenous peroxidase inactivated
with 3% hydrogen peroxide in methanol for 10 minutes.
They were then washed in water and incubated with
monoclonal antibodies to CD31, CD68 (both from DAKO,
Hamburg, Germany), a-SMA (Sigma), and Ki-67 antigen
(MIB-1, Dianova, Hamburg, Germany) according to the
manufacturer’s instructions. The antiserum 473-17-A28

was used to stain ECE-1. The bound anti-CD31 and
anti-a-SMA antibodies were reacted with avidin-biotin
complex (ABC; DAKO) and those for CD68 and ECE-1
were reacted with peroxidase-antiperoxidase (DAKO).
Sections were treated with 0.035% diaminobenzidine
(Fluka, Buch, Switzerland) for 30 minutes, counterstained
with hematoxylin (according to Mayer), and mounted.
Control reactions without first antibody showed no non-
specific staining (not shown).

Quantification

The tumors were scored semiquantitatively for mRNA
expression in epithelial and stroma cells by assessing
both the grade of labeling (low, moderate, high, and
scattered) and the frequency of signal in each cell type
considering 50 cells in the field of a 340 objective. The
distribution of markers (CD31, a-SMA, ETA and ETB
mRNA) in stroma was evaluated in three different typical
regions of normal (open bars), adenoma (gray bars), and
adenocarcinoma (black bars) tissues. The field was cho-

sen in longitudinal sections of crypts and polyps or in
vascularized invasive areas. The paired t-test was used
for statistical analysis.

Animal Experimentation

Bosentan Treatment

Peritoneal carcinomas (solid tumors) were induced in
inbred BDIX rats (300 g males or females) purchased
from IFFA Credo (l’Arbresle, France) by intraperitoneal
injection of 106 syngeneic PROb cells. Animal use and
handling was performed according to the French laws for
animal experimentation. The PROb cells were derived
from a colon adenocarcinoma chemically induced in
BDIX rats. Control rats (n 5 10) were fed normal rat chow
(UAR, Epinay-sur-Oise, France), and an another group
(n 5 10) were fed bosentan (a gift from Dr. M. Clozel,
Actelion, Switzerland) incorporated into the pellets of
chow at 100 mg/kg/day, assuming that each animal ate
15 g chow per day. Bosentan treatment started the day
before the injection of PROb cells. Under these condi-
tions all rats developed peritoneal carcinomatosis and
hemorrhagic ascitis.29 Animals were examined at the
time of their death or sacrifice, which was day 30 after
implantation when tumors were evaluated according to:
class 0, no nodules detected; class I, few 0.1- to 0.2-cm
nodules; class II, numerous 0.1- to 0.5-cm nodules; class
III, 1-cm nodules invaded peritoneal cavity; class IV,
peritoneal cavity has been completely invaded. Nodules
were characterized as viable tumor area. Treatment effi-
cacy was evaluated by morphological analysis of the
tumors in control and bosentan-treated rats.

Tumors Analysis

Sections (10 mm) of tumors were cut using a cryostat,
thaw-mounted, and treated as human samples. 125I ET-1
binding was assessed as described for the human tis-
sues. Immunohistochemistry was performed with anti-
bodies against cytokeratin-18 (ICN, Costa Mesa, CA),
a-SMA (Sigma), and rat von Willebrand factor (vWF) (Ce-
darlane, Hornby, Canada) as for human tissues. Collagen
was visualized with hematoxylin-eosin-safran staining.
The number of nodules (viable tumor areas) and necrotic
areas were assessed in a 3X objective field of keratin
and hematoxylin-eosin-safran staining slides. Quantifica-
tion of markers (vWF and a-SMA) in tumors was evalu-
ated in three different areas of each control (open bars)
and bosentan-treated (black bars) animals considering
all of the positive cells in the field of the 340 objective.
The impaired t-test was used for statistical analysis.

Results

ET System mRNAs in Human Colon
Adenocarcinoma

Reverse transcriptase-polymerase chain reaction analy-
sis was performed on 0.5 mg of total RNA from seven
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samples to detect all of the components of the ET system.
Despite the heterogeneity of the level of the amplified
bands, the ET system was more abundant in adenocar-
cinoma than in normal colon tissue (Figure 1). In partic-
ular, the concentrations of mRNA for PPET-1 and ECE-1
were higher in the cancer than in normal tissue, together
with the expected greater concentration of GAPDH
mRNA in cancer.30

Tissue architecture of samples was analyzed by Ki-67
immunohistochemistry using MIB-1 antibody (Figure 2).
Figure 2a shows the typical immunostaining in the epi-
thelial monolayer at the base of the crypts of normal colon

mucosa whereas adenoma-disrupted crypts (Figure 2b)
and adenocarcinoma (Figure 2c) had an anarchical MIB-1
staining pattern mainly in neoplastic epithelial cells.

We located the cellular distribution of the ET system by
in situ hybridization. Dark-field photographs of the label-
ing obtained with each riboprobe showed greater ex-
pression of the whole ET system in cancer tissue than in
the normal colon (Figure 3). The distribution of labeled
PPET-1, ECE-1, and ETA receptor in neoplastic tissue
and normal tissue were essentially the same. PPET-1
(Figure 3, a–c) and ECE-1 mRNA (Figure 3, d–f) were
found mainly in the epithelium and ETA receptor mRNA
(Figure 3, g–i) was found in the stroma. The distribution of
ETA receptor mRNA was comparable to that of a-SMA
immunoreactive cells along normal crypts and tumor vas-
culature (Figure 3, m–o). ETB receptor mRNA was nearly
undetectable in the normal colonic mucosa, but was
abundant in the cancer stroma (Figure 3, j–l), associated
with the a-SMA stained cells (Figure 3, n and o). ETA and
ETB transcripts were also present in stromal vascular
structures of adenocarcinoma. However, neither a-SMA
signal (Figure 3o), nor ETA or ETB mRNA was detected
(Figure 3, i and l) where nests of tumor cells were invad-
ing the submucosa or the muscularis propria without a
stromal reaction. Receptor mRNAs seemed to be much
less abundant than mRNA for PPET-1 and ECE-1, with
ETB mRNA being the least abundant, considering that
ETA- and ETB-hybridized sections were exposed for
twice as long as PPET-1 and ECE-1 probes. Sense
probes yielded no labeling in any tissue (not shown).

PPET-1 mRNA was homogeneously detected in all
epithelial cells of the adenoma (Figure 4a) and in adeno-
carcinomas at higher magnification (Figure 4b). A PPET-1
signal was detected in the macrophages and myofibro-

Figure 1. Components of the ET system in human colon adenocarcinoma.
PPET-1, ECE-1, ETA, and ETB receptors and GAPDH were detected by
reverse transcriptase-polymerase chain reaction using the specific primers
described previously22 and total RNA from normal (lane 1) or tumor tissue
(lanes 2 and 3). One normal and two tumor samples out of seven of each are
shown here. Thirty cycles of amplification gave each gene at the expected
size, 341 bp (PPET-1), 622 bp (ECE-1), 675 bp (ETA), 400 bp (ETB), and 649
bp (GAPDH). Molecular weight markers (M) are l/HindIII, fX174 DNA/
HaeIII.

Figure 2. Histology of human colon samples. The proliferation state of each colon tissue sample, normal (a), adenoma (b), and adenocarcinoma (c) was
evaluated by immunohistochemistry with MIB-1 antibody. This antibody detects Ki-67 antigen, a marker of cell proliferation. Tumor tissue had anarchic epithelial
proliferation that is reflected in the MIB-1 immunostaining of the cells. Scale bar, 100 mm.
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Figure 3. Components of the ET system in normal, adenoma, and adenocarcinoma human colon. In situ hybridization was performed with the antisense probe
for PPET-1 (a–c), ECE-1 (d–f), ETA (g–i), and ETB (j–l). The photographs of consecutive sections of normal (a, d, g, j, and m), adenoma (b, e, h, k, and n),
and adenocarcinoma (c, f, i, l, and o) human colon tissues are presented in dark-field illumination. Immunohistochemistry was performed to identify smooth
muscle cells with anti-a-SMA (arrow in m–o) and define the regions studied. Scale bar, 100 mm.
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blasts of the tumor stroma and also in endothelial cells in
contrast to the normal tissue. There was ECE-1 mRNA in
the epithelial and endothelial cells and in myofibroblasts of
carcinomas (Figure 4, c and d). ECE-1 immunoreactivity
was found in endothelial cells from stromal vessels of the
adenoma (Figure 4e) and also in cancer cells of the carci-
noma in addition to vascular cells (Figure 4f), showing sim-
ilar distributions of the enzyme and its substrate in cancer.

The cellular distributions of receptor transcripts in ad-
enoma (Figure 5, a–f) and adenocarcinoma (Figure 5,
g–l) confirmed the findings at low magnification, with
receptor mRNA almost exclusively in the stroma. ETA
mRNA was found in the adenomas and adenocarcino-
mas (Figure 5, a and g), associated with a subpopulation
of a-SMA-positive cells, probably subepithelial myofibro-
blasts (Figure 5, b and h) and also with CD31-positive
cells (Figure 5i). The vessels of adenomas were strongly
labeled for ETB (Figure 5, c and f) which were also
immunostained for a-SMA (Figure 5e) and the prolifera-
tion marker MIB-1 (Figure 5d). ETB labeling was present
in adenocarcinomas (Figure 5e) in the endothelial cells
that were immunostained with CD31 antibody (Figure 5, i
and j) and in myofibroblasts that were immunostained
with a-SMA antibody (Figure 5k). Thus, labeling for ETA
and ETB mRNAs was more intense in regions with pro-
nounced vascularization containing abundant a-SMA-
positive cells.

Quantification of these markers in the stroma of normal
and abnormal regions showed slightly but not signifi-
cantly more cells identified as endothelial cells between
normal, adenoma, and adenocarcinoma tissues (Figure
5m). The same was true for cells stained for a-SMA in
adenomas than in the normal colon. Interestingly, two
types of cells were stained by the a-SMA antibody: sub-
epithelial myofibroblasts in normal tissues and smooth
muscle cells strictly associated with vascular structures

in adenocarcinomas, hence showing a progressive re-
distribution of the cells positive for a-SMA from adenoma
to adenocarcinoma (Figure 5, e and h). And counting the
cells containing ETB mRNA confirmed the significantly
increased mRNA in adenomas (P 5 0.0162) and adeno-
carcinomas (P 5 0.0022) over normal tissue observed by
in situ hybridization, whereas there were no significant
differences for ETA receptors.

It is worth noting that comparison of cells positive for
a-SMA and ETB receptors in adjacent sections (Figure
5m) showed that not all a-SMA-positive cells (Figure 6a)
were labeled for ETB mRNA (Figure 6b).

Localization of ET Binding Sites in the Human
Colon by Autoradiography

The distribution of ETA and ETB receptors in human
colon adenocarcinomas were assessed by autoradiogra-
phy of 125I ET-1 binding to frozen samples from eight
patients (Figure 7). Figure 7, a and b, shows total 125I
ET-1 binding and Figure 7, c and d, shows the nonspe-
cific binding that remains after displacement with ET-1, or
BQ123 plus S6c, which was uniformly low. There was
considerable specific binding in the lamina propria of the
mucosa, but there was very little over the epithelium of
the normal colon (Figure 7a). The distribution of binding
in tumor tissue was heterogeneous and was concen-
trated over clusters of fibroblasts adjacent to cancer cells
(Figure 7b). Receptor subtypes were identified in con-
secutive sections by 125I ET-1 binding in the presence of
the specific ETA antagonist BQ123 and the specific ETB
analogue S6c. Binding was displaced with S6c (Figure 7,
e and f) and with BQ123 (Figure 7, g and h) in normal
mucosa and adenocarcinomas indicating the presence
of both receptor subtypes, with a higher proportion of

Figure 4. Cellular distribution of PPET-1 and ECE-1 mRNAs in human colon adenoma and adenocarcinoma. In situ hybridization with the antisense probe for
PPET-1 (a and b) and ECE-1 (c and d), was performed in adenoma (a, c, and e) and carcinoma (b, d, and f). Photographs are presented in bright-field
illumination. Immunohistochemistry was performed with the anti-ECE-1 antibody (e and f). There was a strong labeling in endothelial (arrowhead) and epithelial
cells with both probes. Scale bar, 20 mm.
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Figure 5. Cellular distribution of ETA and ETB receptors mRNAs in human colon adenoma and adeno-
carcinoma. In situ hybridization was performed in consecutive sections of adenoma (a–f) and adenocar-
cinoma (g–l) with the antisense probes for ETA (a and g) and ETB (c, f, and l) receptors. Photographs are
presented in bright-field illumination. Immunohistochemistry was performed with anti-a-SMA (b, e, h, and
k) (smooth muscle cell marker), anti-Ki-67 (d) (proliferation marker), and anti-CD31 (i and j) (endothelial
cell marker) antibodies to identify the cells labeled with ETA and ETB probes. There was intense labeling
in endothelial cells (arrowhead) and myofibroblasts (arrow) with both probes. Distribution of specific
markers in the stroma (m). The cells labeled for CD31, a-SMA, ETA, and ETB mRNAs were counted in the
field of the 340 objective in normal (open bars), adenoma (gray bars), and adenocarcinoma (black
bars). The field corresponded to the entire crypt in the normal colon. The results averaged values of seven
different samples that are representative of all of the specimens analyzed. Significant differences are shown
by * (P 5 0.0162) and ** (P 5 0.0022). Scale bar, 20 mm.
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ETB in the myofibroblasts adjacent to the cancer cell foci.
The same pattern of expression was obtained by in situ
hybridization in adjacent sections (not shown).

In Vivo Effect of Bosentan Blockade in an
Experimental Rat Model

Rats implanted with tumors and treated with 100 mg/kg21

for 30 days of bosentan were killed and the tumors ana-
lyzed. PedutoEberl et al31 have shown that bosentan-
treated animals tend to have lower tumor grades than
controls, but without any statistically significant differ-
ences and without complete control of tumor progres-
sion. Morphological analysis of the tumors (Figure 8) by
hematoxylin-eosin-safran staining showed a decrease in
collagen matrix around the nodules (insert) in bosentan-
treated animals (Figure 8b) than in controls (Figure 8a). In
addition, tumors were less dense in bosentan-treated
animals (Figure 8b) compared to controls (Figure 8a), in
agreement with the observation that the tumors in the
treated rats were less cohesive at the time of sacrifice.
Surprisingly, there was no differences in 125I ET-1 binding
sites for both ET subtype receptors in tumors of treated
and untreated rats despite bosentan treatment for 30
days (not shown).

Analysis of keratin-positive cells showed that the tumor
cells in bosentan-treated animals (Figure 8d) were more
dispersed than in control rats (Figure 8c). Staining for
a-SMA demonstrated a few smooth muscle cells in the
tumors of untreated rats (Figure 8e). In contrast, the
tumors of bosentan-treated animals contained a-SMA-
positive cells (Figure 8f). Endothelial cells identified by
staining for vWF antigen were present in tumors of both

groups (Figure 8, g and h). The histological score on
hematoxylin-eosin-safran-stained sections performed on
seven different samples for each group of rats showed
that the tumors in bosentan-treated rats had significantly
less necrotic areas than the controls (P $ 0.05) (Figure
8i). Quantification of vascular markers showed no signif-
icant difference on vWF-positive cells between the two
groups and a strong but not significant difference on
a-SMA-positive cells (Figure 8j). In untreated animals,
there was a correlation between vWF- and a-SMA-posi-
tive cells suggesting an exclusive vascular presence of
these markers whereas in bosentan-treated rats a-SMA
cells outnumbered vWF cells indicating the presence of
nonvascular myofibroblasts.

Discussion

Tumor development depends on neovascularization with
the recruitment and proliferation of endothelial and mural
cell (pericytes, smooth muscle cells, myofibroblasts) and
tissue remodeling.32,33 ET-1 is produced by human can-
cer cell lines14 and may be a paracrine tumor-derived
growth promoting and survival factor for vascular cells.16

We recently demonstrated the presence of the complete
ET-1 system in the human normal colon22 and ET-1 is an
autocrine survival factor for rat colon cancer cell lines.31

We therefore postulated that ET-1 could be involved in
tumor progression, either through an autocrine effect on
tumor cells or a paracrine effect on cancer-associated
stromal cells. We tested this notion by comparing the
cell-specific distribution of the ET system, including
PPET-1, ECE-1, and ETA and ETB receptors, in human
colon cancers. We also evaluated the role of the ET

Figure 6. Cellular distribution of ETB mRNA in human colon adenoma. Immunohistochemistry for a-SMA (a) and in situ hybridization for ETB receptors (b) were
performed in consecutive sections. Photographs are in bright-field illumination. Not all a-SMA-positive cells were labeled for ETB receptor mRNA (arrow). Scale
bar, 20 mm.
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system in tumor vascularization in vivo using an experi-
mental model of colon cancer in rats treated (or not) with
bosentan, a mixed antagonist of ET receptors.

Reverse transcriptase-polymerase chain reaction re-
vealed more PPET-1 and ECE-1 in human colon adeno-
carcinomas than in normal tissue. In situ hybridization
showed that the stroma surrounding the cancer had
highly vascularized regions with larger concentrations of
PPET-1 and ECE-1 than the stroma in normal tissue.

Figure 7. Autoradiographic 125I ET-1 binding sites in human colon adeno-
carcinoma. 125I ET-1 (100 pmol/L) binding was performed in frozen consec-
utive sections. Dark-field illuminations are shown of transversal sections of
normal colon (a, c, e, g, and i) and adenocarcinoma (b, d, f, h, and j). a and
b: Total binding. c and d: Nonspecific binding incubated as in a and b in the
presence of 1 mmol/L ET-1 or both 1 mmol/L BQ123 and 0.2 mmol/L S6c. e
and f: ETA binding, after incubation as in a and b in the presence of 0.2
mmol/L S6c as competitor. g and h: ETB binding, after incubation as in a and
b in the presence of 1 mmol/L BQ123. i and j: Toluidine blue counterstaining.
Scale bar, 100 mm.

Figure 8. Morphology of the colon tumors in the experimental rat model.
Immunohistochemistry was performed in consecutive sections of tumors
from control (a, c, e, and g) and bosentan-treated rats (b, d, f, and h).
Photographs are presented in bright-field illumination. Eosin-hematoxylin-
safran staining (a and b) was performed for assessing the tumor appearance.
Collagen characterized with the safran staining (orange) was shown at higher
magnification (insert in a and b). Tumor epithelial cells bound anti-keratin
antibody (c and d). Smooth muscle cells were identified with anti-a-SMA (e
and f) and endothelial cells with an anti-vWF antibody (g and h). Histolog-
ical scores (i) were obtained by counting the number of necrotic areas and
nodules in the field of the 34 objective in control (white bars) and bosen-
tan-treated animals (black bars). j: Distribution of specific markers in rat
nodules. The cells stained for vWF and a-SMA were counted in the field of
the 340 objective in control (open bars) and bosentan-treated animals
(black bars). The results averaged values of seven different samples that are
representative of all of the specimens analyzed. Significant differences (P #
0.05) are indicated by an asterisk. Scale bar, 100 mm.
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PPET-1 and ECE-1 mRNAs were mainly found in epithe-
lial and endothelial cells in the adenomas, with labeling
being 4.5-fold to fivefold more frequent in adenoma en-
dothelial cells than in the normal colon (Table 1). Thus,
both the substrate, PPET-1, and its converting enzyme,
ECE-1, have the same distribution, so that active ET-1
can be produced in tumors. ET-1 is also present in the
endothelial cells, tumor cells, and myofibroblasts of colo-
rectal liver metastasis.19 To our knowledge no previous
reports have studied the expression of cellular distribu-
tion of ECE-1 in human tumors.

There were also more of targets for ET-1 and the ETA
and ETB receptors in colorectal cancer than in normal
tissue, both the mRNA and the protein, as defined by
reverse transcriptase-polymerase chain reaction and
in situ hybridization and ET-1 binding, respectively.
ETA receptors were increased in myofibroblasts. ETB
receptors were almost undetectable in normal colon
mucosa, but they were abundant in all vascularized
areas of the cancer stroma. Our results are in agree-
ment with earlier reports describing more ET-1 binding
sites in tumor vessels than in epithelium.20 We found
ETB mRNA in endothelial cells and in vessel-surround-
ing myofibroblasts in the vessels of cancer stromas.
The myofibroblasts contain four times more labeled
cells than in the normal colon (Table 1). Consistent with
these findings, both ETA and ETB receptor mRNA were
detected in human colon fibroblasts.22 Counting of
a-SMA-positive cells demonstrated a redistribution of
a-SMA-stained cells below the epithelium to around the
vasculature in adenocarcinomas. Benjamin et al34 re-
cently showed the importance of a-SMA-positive cells
as an index of vessel maturation in human brain and
prostate tumors. Thus, our data suggest that the ET
system is important as modulator of the colon tumor vascu-
larization causing interaction of myofibroblasts with endo-
thelial cells and ETB receptor induction. Tumor-infiltrating
myofibroblasts are a-SMA-positive fibroblasts that are be-
lieved to be involved in tumor invasiveness35 and the re-
modeling of the extracellular matrix.36 They are different
from the subepithelial a-SMA-positive cells in the human
normal colon.

This raises the question of the role of the ET system
and myofibroblasts in colon cancer. Tumor cells are an

important source of factors that can promote stroma re-
modeling, including neovascularization and myofibro-
blast differentiation. The appearance of a high concen-
tration of ETB receptor in endothelial and myofibroblast
cells in cancer could be a key step in the process of
tumor vascularization, involving these two cell types. The
proliferation and migration of endothelial cells are pro-
moted by ET-1 via the ETB receptor.18 ET-1 may also
exert an anti-apoptotic effect on endothelial cells,37

smooth muscle cells,38 and fibroblasts,39 in addition to
colon adenocarcinoma cells.31

We have attempted to elucidate the phenotypic
changes that occur during the colon tumor vascular-
ization. We looked to see whether the induction of ET
receptors, in particular ETB, and the redistribution of
a-SMA-positive cells were simultaneous or successive
events using an experimental rat model of induced
colon carcinoma. We blocked ET receptors using
bosentan, a mixed antagonist of both ET receptors,
shown to incompletely control tumor progression in vivo
using the same experimental model.31 There were
structural modifications within the tumors in bosentan-
treated animals; the tumors were less dense with less
collagen around the nodules. Bosentan also reduced
deposition of collagen I and III in the extracellular
matrix in a murine model of glomerulonephritis.40 We
found a tendency of an increased ratio of a-SMA-
positive cells in the tumors of bosentan-treated animals
suggesting that ET-1 acts negatively on a-SMA myofi-
broblasts. The treatment modified cell phenotypes and
the cohesion of the tumor nodules, and necrosis was
decreased. Bosentan has been recently shown to also
decrease necrosis in a murine model of myocarditis.41

But we found no apparent difference in the amount of
ETA and ETB receptors in treated and control animals
after 30 days on bosentan, suggesting a dissociation in
time between myofibroblast recruitment and ETB in-
duction or the existence of at least two populations of
a-SMA-positive cells. In accordance with this, we did
not find ETB receptors in all of the a-SMA-stained cells
in human colon tumors.

Thus, our data indicate that ET-1 is one of the factors
released by endothelial and tumor cells, putatively mod-
ulating the recruitment, differentiation, and/or proliferation

Table 1. Cellular Distribution of Endothelin Components in Human Normal, Adenoma, and Adenocarcinoma Colon Tissue

PPET-1 ECE-1 ETA ETB

Normal Adenoma Adenocarcinoma Normal Adenoma Adenocarcinoma Normal Adenoma Adenocarcinoma Normal Adenoma Adenocarcinoma

Whole tissue 1 111 1 111 11 111/11 11 111/11

Epithelial cell 1 111 111 (1.2) 1 11 111 2 s 2 (3) 2 s 1 (2.3)

Endothelial cell 2 11 1 (4.5) 1 111 111 2 1 2 (2.3) 1 111 111 (1.3)

Myofibroblast* 2 1 1 (2.5) 2 2 1 (5) 1 11 11 2 111 111 (4)

Macrophage 1 11 11 (1.4) 1 1 1 (1.4) 1 11 11 (1.5) 2 1 2

Amounts of mRNA were evaluated from reverse transcriptase-polymerase chain reaction studies (whole tissue) and from in situ hybridization studies
(cell type). For each riboprobe, 2 corresponds to no labeling; 1, to low labeling; 11, to moderate labeling; 111, to high labeling in the vast majority
of cells in the designated population; and s corresponds to labeling in only scattered cells. Numbers in brackets indicate the fold increase in the
frequency of labeled cells outnumbered 50 cells in adenoma/adenocarcinoma regions compared to normal tissue. No number indicates no difference
in the frequency of the labeled cells. The average values are representative of at least 10 different specimens examined. No significant differences
were found in the amounts of ET system in the cecum and distal colon. Evaluation was performed by different investigators (GE, LJ, FP), each blind to
the other assessments.

*We did not discriminate between subepithelial and perivascular myofibroblasts.
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of undifferentiated fibroblasts into a-SMA-positive cells in
a negative manner.

Our findings of various components of the ET system in
specific cells of colon cancers, suggest that ET-1 and its
receptors could play a role in colon cancer progression.
Increased ECE-1 and PPET-1 in endothelial and tumor
cells provide a local source of ET-1, which might act in an
autocrine role in tumor cell survival and most likely in a
paracrine role on the proliferation of tumor stroma cells.
ET-1 seems to be functioning as a negative modulator of
the stromal angiogenic response, which may be primarily
directed through the repression of fibroblast differentia-
tion and may in turn or concomitantly induce the appear-
ance of ETB receptors.
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