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Abstract

In addition to its well-known homoeostatic actions in the
cardiovascular system, ET-1 has been shown to constitute
a potent growth regulatory peptide in various tissues. We
have studied the expression of ET-1 and its receptors (ET-
Ar and ET-Br) in human meningiomas (n = 35) as well as
their involvement in cellular growth. By PCR of reverse-
transcribed RNA we detected ET-1 mRNA in 91% (32 of
35), ET-Ar mRNA in 82% (29 of 35), and ET-Br mRNA
in 42% (15 of 35) of human meningiomas examined. The
localization of ET-1 mRNA, ET-Ar mRNA, and ET-1 pep-
tide in tumoral cells was observed by in situ hybridization
and immunohistochemistry, whereas ET-Br mRNA was ex-
pressed at low level only in cells belonging to blood vessels.
In addition, we found that ET-1 stimulated [*H]thymidine
incorporation in primary cell cultures of 20 meningiomas
and that this effect could be blocked by BQ-123, a specific
antagonist for ET-Ar. In contrast, RES-701-3, an antagonist
of ET-Br, did not block the proliferative effect of ET-1. In
conclusion, our data provide evidence that ET-1 constitutes
an important growth factor for meningiomas acting via ET-
Ar. We can hypothesize that ET-1, acting in concert with
other growth factors and cytokines, is involved in the menin-
gioma tumorigenesis. (J. Clin. Invest. 1995. 96:2017-2025.)
Key words: brain tumors ¢ endothelin-A receptor ¢ endo-
thelin-B receptor « endothelin antagonists « in situ hybridiza-
tion

Introduction

Originally isolated by Yanagisawa in 1988 from culture media
of vascular endothelial cells (1), endothelin (ET)" is comprised
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of three different peptides: ET-1, ET-2, and ET-3 (2). Two
human ET receptors have been cloned and pharmacologically
characterized: the isopeptide-selective ET-A receptor (ET-Ar)
which preferentially binds ET-1 (3) and which is specifically
antagonized by BQ-123 (4), and the ET-B receptor (ET-Br)
which is known to bind ET-1, ET-2, and ET-3 with the same
affinity (5).

In addition to their well known homoeostatic and compensa-
tory actions in the cardiovascular system (for review see refer-
ence 6), ETs were identified in various areas of human (7) and
rat brain (8), mainly in glial cells (9, 10), acting as modulators
of brain functions (for review see reference 11). Moreover,
ET-1 has been described to exert a role in the promotion of
mitogenesis in normal and tumoral tissues (for review see refer-
ence 12). ET-1 has been shown to stimulate protooncogene
expression and growth of fibroblasts (13), endothelial cells
(14), and vascular smooth muscle cells (15). Furthermore, the
expression and release of ET-1 in human cancer cell lines (16,
17) and in human tumors (18-20) suggest a potential role for
ET-1 in tumoral growth promotion or maintenance.

An abnormal expression of growth factors or their receptors
has been associated with the development of human and animal
tumors (21). There is clear evidence that an intratumoral pro-
duction of growth factors, operating in an autocrine/paracrine
manner, may be involved in neoplastic transformation. A grow-
ing number of reports have already documented the presence
of EGF (22, 23), IGF I and II (24), bFGF (25), TGFa (26),
PDGF (27), and their receptors in different types of primary
intracranial tumors such as differentiated and undifferentiated
gliomas and meningiomas. Receptors for ETs have been found
in human gliomas (28), and our group has shown recently
that ET-1 immunoreactivity is absent in normal human anterior
pituitary but is expressed in 50% of human pituitary adenomas
examined (29).

McCumber (8) described moderate levels of ET-1 expres-
sion and ET-1 binding sites in meninges of 19-d rat fetus. Since
growth factors have been described to play a role in fetal and
neonatal development as well as in neoplastic progression (30),
we have investigated whether ET-1 and its receptors are ex-
pressed in human meningiomas and normal human meninges.
We have also examined whether ET-1 plays a role in the growth
of human meningiomas in culture.

Methods

Tissues. Tumor specimens were obtained from 35 patients (13 males and
22 females, age 2777 yr) operated on for intracranial meningiomas.
According to the World Health Organization histological criteria (31),
tumors were classified as 14 meningotheliomatous, 9 fibroblastic, 4
transitional, 1 psammomatous, 1 angiomatous, and 6 anaplastic meningi-
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Table I. ET-1 and ET-receptor Primers and Oligonucleotides for RT-PCR and ISH

Sequence (5'----3")

cDNA sizes (bp)

Primers
ET-1
5’ GTCAACACTCCCGAGCACGTT 304
3’ CTGGTTTGTCTTAGGTGTTCCTC
ET-Ar
5’ CCTTTTGATCACAATGACTTT 299
3 TTTGATGTGGCATTGAGCATACAG
ET-Br
5' ACTGGCCATTTGGAGCTGAGAT 428
3’ CTGCATGCCACTTTTCTTTCTCAA
Sequence (5'---3") Positions
Oligonucleotides
ET-1
oligo 1 GCTGTTTCTGGAGCTCCTTGGCAAGCCACAAACAGCAGAGAG 24-65
oligo 2 ATGTGCTCGGTTGTGGGTCACATAACGCTCTCTGGAGGGCTTGCC 589-633
ET-Ar
oligo 1 AGTGGGTTGATGAGTGGTAACCAGGAAGCTGAGCTCTGTGCCACG 121-165
oligo 2 GTTCATGCTGTCCTTATGGCTGCTCCGGTCTGTGTTGTGGTT 1240-1281
ET-Br
oligo 1 GAGATGGTGCGTGGCGGAGATCCTGCCGTCCTGTCTCCTTTA 216-257
oligo 2 GGCACCAGCTTACACATCTCAGTCCCAAATGGCCAGTCCTCTGCC 489-533
omas. Tissue fragments were immediately snap frozen and stored at
—80°C for RNA extraction and in situ hybridization (ISH), or immersed
A 12 3 4 & & DNA in 4% phosp!l?te-buffered parafonna'lde'hyde for immn..mohisto?henﬁstry
7 8 ladder bp (IHC). Additionally, 20 of 35 meningiomas (7 meningotheliomatous,
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Figure 1. ET-1, ET-Ar, and ET-Br mRNAs detected by RT-PCR in

human meningiomas. PCR-cDNA gels show PCR products of 304 bp
for ET-1 (A), of 299 bp for ET-Ar (B), and of 428 bp for ET-Br (C)
visualized by ethidium bromide. 123 bp DNA ladders were run in paral-
lel as molecular size markers. Lane /, negative control obtained in the
absence of specific primers; lane 2, meningotheliomatous meningioma;
lane 3, fibroblastic meningioma; lane 4, transitional meningioma; lane
5, psammomatous meningioma; lane 6, angiomatous meningioma; lane
7, anaplastic meningioma; and lane 8, human lung for positive control.
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6 fibroblastic, 2 transitional, 1 psammomatous, 1 angiomatous, and 3
anaplastic) were cultured in vitro. Normal human meninges were ob-
tained during autopsies of five patients, who died accidentally, without
clinical evidence of neurological diseases.

RNA extraction and reverse transcriptase (RT )-PCR. Total cellular
RNA was isolated by guanidinium isothiocyanate-phenol-chloroform

A 1 2 3 4 5 6 7 8

299 bp

. ———428bp

Figure 2. Southern blot of the same agarose gel as in Fig. 1 after
cheminoluminescent detection demonstrates the absence of nonspecific
products. (A) ET-1, 304 bp; (B) ET-Ar, 299 bp; and (C) ET-Br,

428 bp.



extraction (32, 33). 1 ug RNA from meningiomas and human lung
(Clontech, Palo Alto, CA) was subjected to reverse transcription as
described previously (29). 40-cycle PCR for ET-1 and ET-receptors
was performed, with each cycle consisting of denaturation at 94°C for
1 min, annealing of ET-1 primers at 60°C, or of ET-receptor primers
at 45°C for 1 min and chain extension at 72°C for 1 min. Amplified
PCR products were electrophoresed on a 1.8% agarose gel and stained
with ethidium bromide. PCR primers (Table I) were selected from
published ET-1 (34), ET-Ar (3), ET-Br (5) cDNA sequences as de-
scribed previously (29, 35). All 5’-primers covered splice junctions,
thus excluding amplification of genomic DNA. RT-PCR for S-actin was
performed as described (29). Specificity of amplification products was
determined by Southern blotting, liquid hybridization with a digoxigenin
(DIG)-labeled internal oligonucleotide probe (567-596 in exon III of
pre-pro-ET-1 sequence), or DIG-labeled full-length human ET-Ar and
ET-Br cDNAs (a generous gift from Dr. M. Yanagisawa, Howard
Hughes Medical Institute, Southwestern Medical Center, Dallas, TX)
and cheminoluminescent detection (DIG; Boehringer Mannheim, Mann-
heim, Germany).

ISH. ISH was performed according to the method of Wisden (36).
In brief, 10-um sections of 24 meningiomas were fixed in 4% phosphate-
buffered paraformaldehyde and stored in ethanol at 4°C until use. Two
different deoxyoligonucleotides complementary to the mRNAs for hu-
man pre-pro-ET-1, ET-Ar, or ET-Br were synthesized (Table I). The
two oligos for ET-Br recognized both splice variants (37). Deoxyoligo-
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Figure 3. Expression of ET-1, ET-
Ar, and ET-Br mRNAs in human
meningiomas. ISH autoradiographs
counterstained with cresylviolet.
(a) Hybridization signals (silver
grains) for ET-1 mRNA are seen
over cells of a transitional meningi-
oma. (¢) ET-Ar mRNA is intensely
expressed in a large number of cells
of a meningotheliomatous meningi-
oma. (e) Example of a meningothel-
iomatous meningioma blood vessel
in whose side weak hybridization
signals for ET-Br mRNA are detect-
able. (b, d, and f) For negative con-
trol a 100-fold excess of nonlabeled
oligo was added to the radioactive
probe and brought onto sections ad-
jacent to a, ¢, and e to confirm the
specificity of the hybridization sig-
nals. Single silver grains on nega-
tive controls correspond to the back-
ground of the photoemulsion. a—d
X800; e and f X550.

nucleotides were 3’-end labeled with a-*S-dATP (Dupont, Bad Hom-
burg, Germany) (molar ratio 1:30) by terminal transferase (Boehringer
Mannheim). Unincorporated nucleotides were removed by Bio-Spin 6
columns (Bio-Rad, Munich, Germany ) and 2 ul of 1 M DTT was added.
After rehydration in PBS and a passage into 0.25% acetic anhydride in
0.1 M triethanolamine-HCl pH 8.0/0.9% NaCl for 10 min, sections
were dehydrated in ethanol and finally air dried. Each section was
hybridized for 16-20 h at 42°C with a solution containing 50,000—
200,000 cpm of radioactive probe, 50% deionized formamide, 4 X SSC,
10% dextran sulfate, 100 ug/ml polyadenylic acid, 5 X Dehnardt’s, 25
mM sodium phosphate, pH 7.0, 1 mM sodium pyrophosphate, and 200
pg/ml salmon sperm DNA. After consecutive washes in 1 X SSC for
10 min at room temperature (rt), 1 X SSC for 30 min at 55°C, 1 X SSC,
0.1 X SSC for 1 min each at rt and dehydration in ethanol, slides were
dipped in Ilford K5 photoemulsion. After exposure of 6—8 wk, slides
were developed in Kodak D-19 and fixed and counterstained with 0.5%
cresylviolet. To control the specificity of the hybridization signal, a 100-
fold excess of nonlabeled oligonucleotides was added to the radioactive
probe and applied to the adjacent section. The specificity of all six ISH
oligonucleotide probes was controlled by Northern blot analysis on
human lung mRNA.

IHC. Two antibodies (Ab) for ET-1 were used: a rabbit polyclonal
(Peninsula, Heidelberg, Germany) and a mouse mAb (Dianova, Ham-
burg, Germany) (crossreactivity for ET-3: 7 and 2%, respectively).
From Dako (Hamburg, Germany ) were mouse mAb for epithelial mem-
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Figure 4. Expression of ET-1, ET-Ar, and ET-Br mRNAs, and ET-1
protein in normal human meninges. (a—c) ISH autoradiographs counter-
stained with cresylviolet. X800. (a) Only few cells show hybridization
signals for ET-1 mRNA (black arrows), whereas no signals for ET-Ar
(b) and ET-Br (¢) mRNA are detectable in normal human leptomenin-
ges. (d and f) IHC using a mAb for ET-1. (e and g) Negative controls.
All sections are counterstained with cresylviolet. X500. (d) Cells with
ET-1-like immunoreactivity are scattered in human leptomeninges
(black arrows). (f) Flat cells lining the meningeal layer of human
pachymeninges show ET-1-like immunoreactivity (dark brown stain-
ing). (e and g) Omitting the first antibody, no immunoreactivity is
detectable in sections adjacent to d and f.

brane antigen (EMA), a marker for meningioma tumoral cells (38),
rabbit and swine serum, biotinylated swine anti—rabbit and rabbit anti—
mouse IgGs. IHC was performed with minor modifications as described
previously (29). In brief, after deparaffination and blockade of endoge-
nous peroxidase with 0.25% KMnO,, sections (5 xm) were preincubated
in rabbit or swine serum (1:10) followed by application of polyclonal
or monoclonal ET-1 Ab (1:800-1:3,000 and 1:100-1:200) or EMA
Ab (1:50-1:150) overnight at 4°C. After incubation with the respective
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biotinylated IgGs (1:300) and the streptavidin-biotin-horseradish perox-
idase complex (1:100) for 1 h at rt each, the enzymatic reaction was
performed for 5—-10 min at rt using 0.1% diaminobenzidine as chro-
mogen.

Sections chosen for EMA staining were adjacent to sections in which
ISH or IHC were performed. Negative controls were made omitting the
primary antibody. The specificity of the ET-1 Ab was confirmed by
preabsorption with synthetic ET-1 (10~ M). For positive ET-1 controls,
staining of large brain vessels was used. To exclude that the first negative
or positive staining for ET-1 was derived from a particular field chosen,
serial slides of the same pathological tissue have been tested.

Meningioma cell culture. Unless stated, materials and reagents were
from Flow Laboratories (Meckenheim, Germany), Seromed (Berlin,
Germany ), Sigma (Munich, Germany ), Gibco BRL (Eggenstein, Ger-
many), and NUNC (Wiesbaden, Germany). ET-1, Sarafotoxin 6c
(S6¢c), and BQ-123 were from Peninsula and RES-701-3 was from
American Peptide Company (Sunnyvale, CA ). After washing in prepa-
ration buffer (137 mM NaCl, 5 mM KCl, 0.7 mM Na,HPO,, 10 mM
glucose, 15 mM Hepes, pH 7.3, antibiotics), tissues were dissected
into small pieces and both mechanically and enzymatically dispersed
in preparation buffer containing 1,000 U/ml collagenase (Worthington
Biochemical Corp., Freehold, NJ), 10 mg/liter DNase II, 0.1 gram/liter
soybean trypsin inhibitor, 1 gram/liter hyaluronidase, and 4 grams!/liter
BSA. Dispersed cells were centrifuged and resuspended in sterile DME
containing 10% FCS, 2.2 grams/liter NaCO;, 10 mM Hepes, 2 mM
glutamine, 10 ml/liter nonessential medium vitamins, antibiotics, 5 mg/
liter insulin, 20 pg/liter selenium, 5 mg/liter transferrin, and 30 pM
triiodothyronine, pH 7.3. 2-3 X 10° cells, with a viability of at least
85% (acridine orange/ethidium bromide staining), were seeded in 75-
cm’ tissue culture flasks and incubated (37°C, 5% CO,) for 8-10 d.
Confluent meningioma cells were harvested using trypsin (5 mg/liter)-
EDTA (2 mg/liter) solution. At least 85% of viable cells were resus-
pended in fresh culture medium and either seeded in 75-cm? tissue
culture flasks, in 48-well tissue culture plates at 20,000 cells/well, or
in double-slide flasks. All experiments were conducted between the first
and the second passage. The purity of primary cell culture preparations
was examined by EMA immunostaining as described above and by
morphological appearance (39, 40).

Determination of [*H ]thymidine incorporation. [*H]thymidine in-
corporation was determined as described previously with minor modifi-
cations (41). 0.5 uCi/ml [*H]thymidine was added to the cells during
the last 3 h of incubation, then medium was removed, and cells were
precipitated with ice-cold 10% trichloroacetic acid (1 h; 4°C) and
washed with cold PBS. Then DNA was hydrolized overnight with 0.5
M NaOH/0.1% Triton X-100 and counted for radioactivity in a liquid
scintillation counter.

IHC and autoradiography of [’H ] thymidine-incorporating cell. Au-
toradiography was performed as described previously (42, 43). In brief,
1 pCi/ml [*H]thymidine was added to the cells during the last 3 h of
incubation. After washing, cell monolayers were fixed in formaldehyde-
acetone and dried. IHC for EMA Ab was performed as described above
with the exception of blocking endogenous peroxidase by 1% H,0,.
After the final enzymatic reaction, slides were dipped in Ilford K5
photoemulsion and exposed for 10 d. Finally, slides were developed,
fixed, and counterstained.

Bromodeoxyuridine staining. Bromodeoxyuridine (BrdU) staining
was performed according to the instructions of the manufacturer (5-
bromo-2’-deoxy-uridine Labeling and Detection Kit I; Boehringer
Mannheim). In brief, after a 45-min incubation of cells with 10 uM
BrdU, medium was removed and cells were fixed in 70% ethanol for
30 min at —20°C. Mouse mAb anti-BrdU (1:10) was applied and fol-
lowed by anti—mouse-Ig-fluorescein (1:10).

Statistics. Statistics for growth studies on meningiomas were per-
formed by ANOVA in combination with the Scheffe’s test. Data are
shown as mean=SD. In the in vitro studies, each experimental condition
was performed in six replicates.

Results

Detection of ET-1, ET-Ar, and ET-Br mRNAs by RT-PCR. By
RT-PCR, we found that in our series of 35 meningiomas 91%



(32 of 35) were positive for ET-1 mRNA, 82% (29 of 35) for
ET-Ar mRNA, and 42% (15 of 35) for ET-Br mRNA. The
amplified 304-bp ET-1, 299-bp ET-Ar, and 428-bp ET-Br PCR
cDNA fragments were of predicted molecular size, identical to
cDNA fragments amplified from reversely transcribed mRNA
of human lung (Fig. 1, A-C). Tissues in which we were not
able to detect ET-1, ET-Ar, or ET-Br mRNA were screened for
B-actin mRNA expression using the same method. All tissues
assayed in this way showed a positive signal for S-actin mRNA
(data not shown) demonstrating that negative ET results by
RT-PCR were not due to a degradation of mRNA.

The specificity of RT-PCR amplification products for ET-
1, ET-Ar, and ET-Br was confirmed by Southern blot (Fig. 2,

Figure 5. Expression of ET-1 protein
in sections of different histological
types of meningiomas. (a, ¢, e, and
g) Immunohistochemical localization
using a mAb for ET-1. (b, 4, f, and
h) Negative controls. All sections are
counterstained with cresylviolet. An
intense ET-1-like immunoreactivity
(brown staining) is seen in cells
(black arrows) of a transitional (a
and c¢) and an atypical (¢) meningi-
oma as well as in surrounding collag-
enous fibers (a; white open arrow).
(g) Expression of ET-1 protein in a
psammomatous meningioma. Note
the strong immunoreactivity in the
external part of psammoma body for-
mations (black arrows), which are
typical for this histological type. (b,
d, f, and h) Omitting the first anti-
body, no immunoreactivity is detect-
able in sections adjacent to q, ¢, e,
and g. Same symbols (m, O, e, A, A)
represent same areas. a and b X500;
c—f X800; g and A X100.

A-C) revealing the same pattern and intensity of bands and
showing absence of crossreactivity.

Localization of ET-1, ET-Ar, and ET-Br mRNAs in meningi-
omas and normal meninges. The intracellular localization of
ET-1, ET-Ar, and ET-Br mRNAs in tumors, which were posi-
tive for these mRNAs at RT-PCR, was additionally examined
by ISH analysis.

A microscopic visualization of ISH for ET-1 mRNA re-
vealed hybridization signals in most meningiomas examined in
comparison with negative controls (Fig. 3, a and b). The signals
were not identical in all positive meningiomas, varying from
low to medium-strong intensity; however, no correlation was
found between signal intensity and histological type. In normal
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meninges only a few cells showed hybridization signals for ET-
1 mRNA (Fig. 4 a).

In comparison with ET-1 mRNA, the hybridization signals
for ET-Ar mRNA found in the meningiomas tested were more
intense. At the microscopic level, a dense accumulation of silver
grains, identifying ET-Ar mRNA, was seen over the majority
of cells in all areas of the tumors (Fig. 3 ¢ and d). In contrast
to the strong hybridization signal in meningiomas, no signal for
ET-Ar mRNA was found in normal meninges (Fig. 4 b).

Oligonucleotides for ET-Br mRNA showed hybridization
signals only in cells belonging to blood vessels (Fig. 3, e and
f). ET-Br mRNA was not detectable in normal meninges (Fig.
4 ¢).

The two different oligonucleotides used for the detection of
ET-1, ET-Ar, or ET-Br mRNAs showed the same topographical
localization of hybridization signals for each mRNA on adjacent
sections, confirming that the sequences chosen were specific.
Another confirmation of specificity of all six oligonucleotides
for ISH was obtained by Northern blot analysis on human lung
mRNA (data not shown). Hybridization with both oligos for
ET-Ar mRNA showed completely different signal patterns in
comparison with those for ET-Br, proving that there was no
mutual crosshybridization between them.

Expression of ET-1-like immunoreactivity in meningiomas
and normal meninges. In 10 meningiomas, in which ET-1
mRNA was detected by RT-PCR and ISH, we also studied the
expression of ET-1 at the protein level. By IHC, ET-1 protein
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Figure 6. Morphological characterization and immunohistochemical
identification of primary meningioma cells after 5 d in culture. (a)
Polygonal and elongated cells, which are typical for meningioma
cells in culture, are stained (brown color) by using an mAb for EMA
(1:100). (b) Phase-contrast. Omitting EMA antibody, no immunore-
activity is detectable. X60.

expression was observed in all tissues examined. Similar results
were obtained with both antibodies described in Methods. Fig.
5, a, ¢, e, and g show ET-1-like immunoreactivity in different
histological types of meningiomas. Omitting the first Ab in
adjacent sections of the same tumor (Fig. 5, b, d, £, and h) or
preincubating the antisera with an excess of ET-1 peptide, no
staining for ET-1 was observed. ET-1 was found not only in
cells constituting the tumor, but could also be detected in collag-
enous elements and occasionally in some cells lining vessels
which were presumably endothelial cells. Psammoma bodies,
which are frequently seen in transitional and dominating in
psammomatous meningiomas, were also stained for ET-1 (Fig.
5 g). There was no apparent correlation between the different
histological types and the intensity of ET-1 staining. Normal
human leptomeninges showed only a scattered distribution of
cells positive for ET-1-like immunoreactivity (Fig. 4 d). Only
the meningeal layer of normal human pachymeninges exhibited
diffuse immunostaining for ET-1 (Fig. 4 f). No staining for
ET-1 was observed in adjacent sections in absence of the first
antibody (Fig. 4, e and g). Positive staining in large vessels of
the brain confirmed the specificity of the ET-1 Abs (data not
shown).

Immunoreactivity for EMA in meningiomas. All meningio-
mas showed an intense immunoreactivity for EMA (data not
shown). Groups of cells, positive for ET-1 mRNA, ET-Ar
mRNA, or ET-1-like immunoreactivity, were identified as be-
ing positive for EMA staining in adjacent sections.
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Figure 7. Stimulatory effect on anaplastic meningioma DNA synthesis
of ET-1, and its reversal by BQ-123, an antagonist of type-A receptor.
Meningioma cells were cultured at the second passage (2 X 10* viable
cells/0.5 ml) in DME with all ingredients and 10% FCS for 4 d, then
washed and cultured for 24 h in DME only supplemented with antibiot-
ics, glutamine, selenium, and transferrin to induce quiescence. After
replacing with fresh medium containing antibiotics, glutamine, sele-
nium, and transferrin, cells were treated in absence of FCS for 48 h
with ET-1 () or with BQ-123 (10~® M) (bar) or with BQ-123 (10~¢
M) in combination with ET-1 (m). [*H]thymidine incorporation (3-h
pulse) was determined as described in Methods. Results represent the
percentage*+SD (n = 6) of one representative meningioma. The mean
basal control value+SD for [*H]thymidine incorporation was:
3,559+177 cpm. **** P < (0.0001, *** P < 0.001, ** P < 0.01.

ET-1 effect on DNA synthesis on human meningioma cells
in culture. The purity of our primary cultures was verified by
EMA staining (Fig. 6). In all 20 cultivated meningiomas we
found that increasing concentrations (107'2 to 10" M) of ET-
1 induced a marked elevation of thymidine incorporation in a
dose-dependent manner in the absence of FCS. The stimulation
of [*H] thymidine incorporation in meningioma cells in the pres-
ence of 107 M ET-1 ranged from 180 to 300% above the basal
level (a representative experiment is shown in Fig. 7). This
was 25% of that induced by 10% FCS (data not shown). ET-
1 stimulatory activity was similar in all histological types of
meningiomas examined. Autoradiography combined with IHC
staining for EMA in cell culture confirmed that the cells incor-
porating thymidine were tumoral cells (Fig. 8 a). Moreover,
BrdU fluorescence staining clearly demonstrated that the incor-
poration was nuclear (Fig. 8 b). To prove which of the two
ET receptor types mediates the ET-1-stimulated proliferation,
growth studies were performed in the presence of selective ET-
Ar and ET-Br antagonists. BQ-123, a specific ET-Ar antagonist,
was demonstrated to be effective at concentrations of 10™¢ M
(a representative experiment is shown in Fig. 7). In contrast,
RES-701-3, a specific ET-Br antagonist, used at the same con-
centration was completely unable to antagonize the ET-1 effect
(data not shown). Moreover, S6c, an ET agonist acting specifi-
cally via ET-Br, did not affect meningioma proliferation at con-
centrations of 10® M (data not shown).

Discussion

We demonstrate for the first time the expression of ET-1 as
well as the topographical localization of ET receptor mRNA in
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human meningiomas. Moreover we show that ET-1, acting via
ET-Ar, is a mitogen in meningioma cells in vitro, suggesting
an important role of this peptide in the development and mainte-
nance of meningioma tumors in vivo.

Meningiomas are frequent neoplasias of the brain, account-
ing for 13.4-27.3% of all primary intracranial tumors (44).
While arachnoid cells are thought to be the major components
of meningiomas, other cellular components of pia, arachnoid,
or dura such as fibroblasts or endothelial cells may take part in
the tumor formation in varying proportion (38). ET-1 has been
shown to stimulate protooncogene expression and growth of
fibroblasts, cultured endothelial, and vascular smooth muscle
cells (for review see reference 12). Here we demonstrate that
ET-1 promotes DNA synthesis in cultures of purified meningi-
oma cells of different histological classification. Since the pro-
liferation of meningioma cells induced by ET-1 is reversed by
the specific ET-Ar antagonist BQ-123, but affected by neither
the ET-Br antagonist RES-701-3 (45) nor the ET-Br agonist
S6¢c, we can conclude that the mitogenic action of ET-1 is
mediated by type A receptor. These in vitro data are consistent
with intense in vivo hybridization signals for ET-Ar, for which
ET-1 is the most important physiological ligand. In contrast,
low hybridization signals for ET-Br mRNA were localized only
in cells belonging to blood vessels. The findings that the intense
hybridization signals for ET-Ar mRNA correspond to a strong
immunoreactivity for the meningioma cell marker EMA in the
same groups of cells in adjacent sections, as well as the observa-
tion that the majority of cells in each slide contained silver
grains for ET-Ar, strongly suggest that mRNA for this receptor
is expressed in tumoral cells. In contrast to the abundant ET-
Ar mRNA expression in our series of meningiomas, we did not
find any signal for ET-Ar mRNA in normal meninges. We
found no correlation between ET-Ar mRNA expression and
different histological types of the meningiomas. Thus, we hy-
pothesize that the aberrant ET-Ar mRNA expression in menin-
giomas plays a role in a very early stage of the tumoral transfor-
mation and progression.

An abnormal expression of different growth factors and/or
their receptors has been found in meningiomas (23, 24, 27, 46).
Many of these peptides, including cytokines (47), have been
demonstrated to be produced by meningiomas acting as self-
maintaining intratumoral promoters. The mitogenic activity of
ET-1, together with abundant ET-Ar mRNA expression in me-
ningiomas, allows us to include ET-1 in the family of these
growth factors which may contribute to the development of
these tumors.

In the brain, ET-1 expression has been demonstrated in
endothelial cells of medium- and large-diameter cerebral and
arachnoidal blood vessels (7). Since ET-1 is found in vascular
endothelium, this peptide is thought to participate in the angio-
genesis occurring during the establishment of the neoplasia in
vivo in concert with other angiogenic agents (48). Thus, ET-
1 might be involved in the tumorigenesis of well vascularized
brain tumors, such as gliomas (28, 49) and pituitary adenomas
(29). It was not surprising to us to detect ET-1 mRNA and
protein in blood vessels of meningiomas, which are also well
vascularized brain neoplasias. In addition, we have shown that
ET-1 mRNA and protein are also present in neoplastic cells
which constitute the predominant cell type of the tumor. There-
fore, we could conclude that in vivo ET-1 may influence the
growth of the whole mass of the tumor constituted by various

cell types.
Recently it has been shown in mice that ET-1 gene disrup-
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tion causes severe craniofacial deformities in the organs devel-
oped from the pharyngeal arches, whose origin is mainly from
neural crest—derived ectomesenchymal cells (50). ET-1 is also
involved in the human fetal development of neural crest—de-
rived craniofacial tissues (51). Since the neural crest gives rise
to the pia mater and arachnoid (52, 53), an autocrine/paracrine
action of ET-1 via type A receptor seems to be important in
fetal development. ET-1 may alsoplay a role in the development
of tumors deriving from the same embryological origin similar
to what has already been described for other growth fac-
tors (30).

The abnormal expression of various growth factors and/or
their receptors has been shown to be involved in the pathogene-
sis of tumors. Our data prompt us to hypothesize that ET-1 also
plays a role in the mechanism of meningioma tumorigenesis.
Still taking into account the potential role of other growth fac-
tors, we can speculate that ET-A receptors may provide a poten-
tial target for a therapy in meningiomas which are nonresectable
or progress after initial surgical treatment.
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Figure 8. Identification and characterization of cells of differ-
ent types of meningiomas in culture undergoing DNA synthe-
sis after ET-1 stimulation. Meningioma cells were cultured
at the second passage in DME with all ingredients and 10%
FCS for 4 d, then washed and cultured for 24 h in DME only
supplemented with antibiotics, glutamine, selenium, and
.transferrin. Then cells were stimulated with ET-1 (1077 M)
in fresh DME supplemented as above for 48 h. (a) [*H]-
thymidine was added for 3 h; () cells were pulsed for 45
min with BrdU. Autoradiography, immunohistochemistry,
and immunofluorescence were performed as described in
Methods. (a) [*H]thymidine incorporation (black arrow) is
seen in the nucleus of an EMA-positive cell cultivated from
a meningotheliomatous meningioma. Other EMA-positive
cells (brown staining; white arrows) do not incorporate
[*H]thymidine. Counterstaining with cresylviolet. X1,000.
(b) BrdU is incorporated in the nuclei of many cells culti-
vated from a fibroblastic meningioma. X250.
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