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Endothelin-1 (ET-1) is a potent mitogen for many cells,
especially when its levels are elevated under pathological
conditions, as seen in tumor cell progression and astroglial
activation in neuropathies. While ET-1 is known to cause
astroglial proliferation, in the present study, multiple signaling
pathways involved in ET-1-mediated astrocyte proliferation
were characterized. Treatment with PD98059 and U0126 (MEK
inhibitors) inhibited not only ET-1-induced cell proliferation but
also ET-1-activated phosphorylation of extracellular signal-
regulated protein kinase 1/2 (ERK1/2) in U373MG astrocytoma
cells. Whereas the nonselective protein kinase C (PKC) inhibitor
chelerythrine attenuated ET-1-induced cell proliferation, it was
unable to block ET-1-induced ERK phosphorylation. However,
ET-1 did not activate conventional or novel PKCs and did not
elevate intracellular calcium. In addition, U73122 (a selective
phospholipase C inhibitor), FTI-277 (an H-Ras inhibitor), as well
as protein tyrosine kinase inhibitors also did not abolish ET-1-
induced ERK1/2 phosphorylation. ET-1 treatment increased the
activity of total Ras but not H-Ras. The phosphoinositide 3-
kinase (PI3K) pathway appeared to be involved in signal
transduction induced by ET-1, but it did not appear to participate
in cross talk with the mitogen-activated protein kinase (MAPK)
pathway. Activated ET receptors did not propagate signals
either through protein tyrosine kinases or transactivation of
EGF receptor tyrosine kinases, which typically trigger Ras-Raf-
MAPK pathways. The results indicate that ET-1 stimulates cell
proliferation by the activation of MAPK-, PKC-, and PI3K-
dependent pathways that appear to function in a parallel
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manner. There is no apparent, direct “cross talk” between these
pathways in U373MG cells, but rather, they might act on the
independent but necessary components of the mitogenic effects
of ET-1. Exp Biol Med 232:370-384, 2007
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transduction

Introduction

Astrocyte activation and proliferation has been demon-
strated in several neuropathies, including ocular neuropathy
and brain astrocyte tumor progression(1—6). Astrogliosis is
defined as an abnormal increase in the number of astrocytes
due to the destruction of nearby neurons and is characterized
by exhibiting proliferative and hypertrophic responses (7,
8). Typically, astrogliosis is seen following neurotrauma,
hypoxia/ischemia, and other pathologies and is manifested
by a dramatic change in the expression of extracellular
matrix profile, which in most cases results in a glial scar (9).

Endothelins, a family of vasoactive peptides that
include endothelin-1 (ET-1), are implicated in numerous
physiological and pathological conditions, including hyper-
tension, cardiac failure, brain and myocardial infarctions,
disseminated intravascular coagulation, Alzheimer’s dis-
ease, and glaucoma (1, 10, 11). ET-1, the predominant
isoform of ET, is a potent mitogen in many cells, including
smooth muscle cells, fibroblasts, and astrocytes (7, 12—16).
ET receptors, ET, and ETg, are also expressed in many
types of cells in the central nervous system (CNS), with ETg
as the predominant receptor in the CNS (17). The changes in
ET-1 expression and/or regulation of ET receptors appear to
play an important role in CNS astrogliosis (18, 19).

The mitogen-activated protein kinase (MAPK) signal-
ing pathway is an important pathway in governing cell
proliferation, differentiation, and cell death (20, 21). In
response to diverse stimuli, such as growth factors, stresses,
etc., components of the MAPK become phosphorylated and
activated, consequently triggering signaling cascades, ulti-
mately resulting in gene transcription (21, 22). The p44 and
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p42 MAPK/extracellular signal-regulated protein kinase 1/2
(ERK1/2) is an important member of the MAPK family that
is involved in cell growth, proliferation, and differentiation
(21-23).

ET-1, through its ET4 and ETg receptors, activates the
MAPK pathway by phosphorylation of ERK1/2 in many
types of cells, including smooth muscle cells, fibroblasts,
and astrocytes (1, 19, 21, 24). These studies indicated that
ET4 receptor—mediated mitogenic activity occurred pre-
dominantly through two pathways: protein kinase C (PKC)—
and phosphoinositide 3-kinase (PI3K)-dependent pathways,
both of which stimulate MAPK (25-27), whereas activation
of ETg receptor-mediated mitogenic activity appears to
utilize PKC-independent pathways (21-24). PKC can also
act upstream of the MAPK pathway via activation of Ras
and Raf to influence cell proliferation through the classical
Ras-Raf-MEK-ERK pathways identified through activation
of growth factor receptors (23, 28, 29).

Previously, we have shown that ET-1 induces cell
proliferation in human U373MG astrocytoma cells and in
human optic nerve head astrocytes in culture (7). However,
little is known about the ET-1-induced signaling pathways
responsible for astrocyte cell proliferation, specifically in
U373MG astrocytoma cells, which are extremely invasive
tumorigenic cells in the CNS. Presently the mechanism by
which ET-1 stimulates the proliferation of human U373MG
astrocytoma cells is addressed, and the hypothesis that
MAPK and PKC pathways are both involved was tested.
Our study indicated that PKC, MAPK, and PI3K pathways
are directly involved in astrocyte cell proliferation induced
by ET-1 and that the activation of ERK1/2 does not appear
to involve a cross talk between ¢/nPKC (conventional and
novel PKC) and PI3K pathways.

Materials and Methods

Materials. Dulbecco’s modified Eagle’s medium
(DMEM,; catalog no. 11995-040) and penicillin-streptomy-
cin-glutamine were obtained from Gibco (Rockville, MD).
Fetal bovine serum (FBS) was obtained from Hyclone
Laboratories, Inc. (Logan, UT). PD98059, U0126, cheler-
ythrine, RO-31-8425, genistein, AGS82, herbimycin,
LY294002, and FTI-277 were purchased from Calbiochem
(La Jolla, CA). Rabbit anti-ERK1/2 polyclonal antibody,
rabbit anti-phospho-ERK1/2 (Thr202/Tyr 204) polyclonal
antibody, rabbit anti-phospho-pan-PKC polyclonal anti-
body, and rabbit anti-phospho-Akt (Ser 473) polyclonal
antibody were purchased from Cell Signaling Technology
(Beverly, MA); H-Ras plasmid ¢cDNA and H-RasS17N
dominant negative cDNA were obtained from Guthrie
cDNA Resource Center (Sayre, PA); EZ-Detect-Ras activity
kits were from Pierce Biotechnology, Inc. (Rockford, IL);
Fura-2/AM was purchased from Molecular Probes, Inc.
(Eugene, OR); and phorbol 12-myristate 13-acetate (PMA),
phorbol 12-monomyristate (PMM), and all other chemicals
were purchased from Sigma Chemical Co. (St. Louis, MO).

ET-1, BQ610, and BQ788 were obtained from Peninsula
Laboratories (Belmont, CA).

Cell Cultures. U373MG cells (human astrocytoma
glioblastoma) obtained from the American Type Culture
Collection (ATCC; Manassas, VA) were maintained in
DMEM containing 10% FBS supplemented with 10 U/ml
penicillin, 100 pg/ml streptomycin, and 0.3 pg/ml glutamine
under humidified 5% CO, at 37°C. For plasmid cDNA
transfection, cells were cultured to 80% confluence, and the
media were changed to serum-free DMEM without
penicillin and streptomycin. For the experiment with DNA
transfection, in each 100-mm-—dish cell culture, 10 pg of
plasmid cDNA was used for transfection with lipofectamine
2000 (Invitrogen, Inc., Carlsbad, CA), according to the
instructions of the manufacturer. After 8 hrs, cells were
washed with serum-free DMEM and cultured for 24 hrs
before treatment.

Western Blot. U373MG cells were cultured in 100-
mm dishes to confluence; 24 hrs later the media were changed
to serum-free DMEM, cells were pretreated with different
inhibitors/ET receptor antagonists for 30 mins, and then cells
were stimulated with 100 nM ET-1 for the various time
periods described herein. The reaction was stopped by adding
ice-cold phosphate-buffered saline (PBS). The cells were
scraped and lysed in a lysis buffer (50 mM Tris, pH 8.0; 100
mM NaCl; 1 mM EGTA; 1 mM sodium orthovanadate; 5 pM
ZnCl,; 50 mM NaF; 1 mM phenylmethylsulfonyl fluoride; 10
pg/ml aprotinin, leupeptin, and soybean trypsin inhibitor; 1%
(v/v) NP-40; and 1% (v/v) triton X-100). Total cell lysate was
applied to 10% sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to nitrocellu-
lose membranes (Protran Bioscience, Keene, NH). The
transferred membranes were blocked with 5% nonfat milk
in Tris-buffered saline/Tween (10 mM Tris-HCI, pH 8.0; 150
mM NaCl; and 0.5% Tween 20) for 1 hr and incubated with
primary antibody for 1 hr at room temperature or overnight at
4°C. Horseradish peroxidase—conjugated anti-mouse or anti-
rabbit IgG antibodies (Amersham Pharmacia Biotech, Piscat-
away, NJ) was used as a secondary antibody, and the
enhanced chemiluminescence reagents (Amersham Pharma-
cia Biotech) were used for the blotting detection. X-ray films
(Kodak, Rochester, NY) were exposed and scanned using a
Hewlett-Packard scanner. Density of bands was determined
by the software Scion Image (Scion Corporation, Frederick,
Maryland). The error bars shown in the figures represent the
standard deviation of the mean from the triplicate of a
representative experiment.

Cell Proliferation Assays. Formazan-MTT and
[methyl-*H]thymidine incorporation assays were used in
the present study. Formazan-MTT assay (Promega, Madi-
son, WI) was performed as previously described (2, 7).
U373MG cells were seeded in 96-well plates in DMEM
containing 10% FBS at a concentration of 1000 cells per
well. On the second day, the media was changed to serum-
free DMEM, U373MG cells were pretreated with drugs for
30 mins and then stimulated with or without 100 nM ET-1
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for 24 hrs. The media was aspirated, and 120 pl of a
formazan mixed reagent (100 pl pre-warmed SF-DMEM and
20 pl formazan one solution reagent) was added per well.
Cells were incubated at 37°C in 5% CO,, and we detected
O.D. value at 490-nm wavelength using the plate reader
(SpectraMax 340pc, Molecular Devices, Sunnyvale, CA).

A [PHlthymidine incorporation assay was also per-
formed, as previously described (30). Briefly, cells were
seeded at 1 X 10° cells per well in 24-well plates in
quadruplicate wells. After 8 hrs the cells were placed in
serum-free medium for 24 hrs. ET-1 was then added at a
final concentration of 100 nM for 16 hrs; this step was
followed by addition of [3H]thymidine (1 pCi/well;
Amersham Pharmacia Biotech) for 8 hrs. Cells were
incubated with ice-cold 5% trichloroacetic acid for 30 mins
and were later washed with ice-cold PBS. Cells were then
washed once with PBS followed by incubation with 0.5 ml
of lysis solution (0.5 M NaOH/0.5% SDS). Lysis solution
was transferred into a scintillation vial containing scintilla-
tion cocktail and vials were counted in a beta counter. For
inhibitor studies, cells were pretreated for 30 mins followed
by addition of ET-1 and [PH]thymidine, as described above.

PKC Translocation Assay. To determine the trans-
location of PKC isoforms as a mean to demonstrate PKC
activation, the membrane and the cytosol fractions were
isolated from cell lysates using previously described
procedures (31). U373MG astrocytoma cells treated with
different drugs were harvested and sonicated 15 times with
1-sec sonication and 1-sec intervals in ice-cold Buffer A
containing 10 mM HEPES (pH 7.4), 1| mM EDTA, 1 mM
EGTA, 0.34 M sucrose, 10% glycerol, 10 pg/ml leupeptin,
10 pg/ml aprotinin, 1 mM benzamidine, and 1 mM
phenylmethylsulfonyl fluoride. Cell lysates were centri-
fuged at 16,000 g for 5 mins and then the supernatant was
centrifuged at 100,000 g at 4°C for 45 mins to separate
membrane and cytosolic fractions. The supernatant was
considered the cytosolic fraction. The pellet was resus-
pended with Buffer B, which is Buffer A with 1% Triton X-
100, and was then placed on ice for 1 hr; the suspension was
gently mixed several times. The suspension was centrifuged
at 16,000 g at 4°C for 10 mins; the supernatant contained the
solubilized membrane fraction. Proteins in each fraction
were analyzed by Western blot as described above.

PKC Kinase Assay. PKC activity was determined
by measuring **P incorporation from [y-*P]JATP into a
synthetic PKC substrate peptide, a fragment of glycogen
synthase (GS) (Sigma Chemical), according to the proce-
dures previously described (31-33). Cytosolic and mem-
brane fractions of cells were isolated by procedures
described in the “PKC Translocation Assay” section, above.
PKC activity was calculated as the difference between **P
incorporated into the GS substrate peptide in the presence of
CaCl,-phosphatidylserine and EGTA. Results were ex-
pressed as picomoles of **P incorporated per milligram of
protein per minute (pmol-mg "-min ).

Activated Ras Activity Assay. Activated Ras was

detected by an affinity pull-down assay with GST-Raf-1
agrose (EZ-Ras-Detect kit; Pierce Biotechnology), used
according to the manufacturer’s instructions. U373MG cells
transfected with vector H-Ras wild-type active cDNA or H-
Ras dominant negative cDNA were exposed to ET-1 (100
nM) for 5 mins, or serum-starved untransfected U373MG
cells were exposed to ET-1 (100 nM) for 2-30 mins. Cells
were washed with 1 ml ice-cold PBS and lysed in 500 pl
Lysis-Binding-Wash (LBW) buffer. Five hundred micro-
grams of fresh cell lysate was incubated with 30 pg GST-
Raf-1 binding domain (RBD) agarose in a spin column for 1
hr at 4°C with gentle rotation. The agarose beads were
washed four times with LBW buffer, and 50 pl of sample
buffer was added and the solution boiled for 5 mins. After a
brief spin, supernatants were collected and applied to 12%
SDS-PAGE. The proteins were transferred from gels to
nitrocellulose membranes and probed with monoclonal anti-
Ras (1:200, provided with kit). A horseradish peroxidase—
conjugated anti-mouse IgG antibody was used as secondary
antibody, and the ECL reagents were used for immunoblot-
ting detection.

Calcium Imaging. Intracellular Ca®" ([Ca®'];) re-
lease was determined by calcium imaging (by ratiometric
technique using Fura-2 AM), as previously described (34).
U373MG cells were seeded on the cover slip in a 35-mm
dish and grown for 24 hrs. On the following day, cells were
washed with a modified Krebs-Ringer buffer solution
(KRB; 115 mM NaCl, 2.5 mM CaCl,, 1.2 mM MgCl,, 24
mM NaHCO;, 5 mM KCI, 5 mM glucose, and 25 mM
HEPES [pH 7.4]) and incubated with 3 pM Fura-2 AM
(Molecular Probes) for 30 mins at 37°C. Fura-2 fluorescence
from these cells was monitored at 37°C by the ratio
technique (excitation at 340 and 380 nm, emission at 500
nm) under a Nikon Diaphot microscope using Metafluor
software (Universal Imaging, West Chester, PA). [Caz*]i
was calculated according to the formula provided by
Grynkiewicz et al. (35). Calibrations were performed in
vivo, and conditions of high [Ca2+]i were achieved by
adding the Ca®" ionophore 4-Bromo-A23187 (3 pM;
Calbiochem), whereas conditions of low [Ca®']; were
obtained by adding EGTA (5 uM). [Ca®™]; for each
treatment was measured in at least eight different cells and
in two cover slips.

Results

ET-1-Induced Cell Proliferation of U373MG As-
trocytoma Cells and Phosphorylation of ERK1/2. Pre-
vious observations demonstrated that 100-nM ET-1 treatment
for 24 hrs increased U373MG astrocytoma cell proliferation
using both [*H]thymidine incorporation and formazan-MTT
assays (7). In the present series of experiments, the role of
ERK1/2 in ET-1-induced cell proliferation was determined
using a similar ET-1 dosing. The [*H]thymidine incorporation
assay was employed to investigate ET-1-induced cell
proliferation in the absence or presence of inhibitors of several
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signaling pathways (Fig. 1A). ET-1 induced a 25%—30%
increase in cell proliferation (n=3), whereas 10 pM U0126 (an
inhibitor of MEK1/2), 2 uM chelerythrine (an inhibitor of
PKC), and 25 pM L.Y294002 (an inhibitor of PI3K) completely
blocked ET-1-induced cell proliferation; 5 uM genistein (an
inhibitor of protein tyrosine kinases [PTKs]) had no effect.

A formazan-MTT assay was also employed to measure
cell proliferation in the presence of inhibitors of signaling
pathways. U373MG astrocytoma cells were seeded in 96-
well plates and treated with 100 nM UO0126 (inhibitor of
MEK1/2) and 5 pM PD98059 (inhibitor of MEK 1) with and
without 100 nM ET-1. Cell proliferation was significantly
stimulated by ET-1 in U373MG (P < 0.05), by 170%, after
24 hrs of treatment, and this effect was completely blocked
by U0126, even at a low concentration (100 nM), whereas it
was only partially blocked by 5 uM PD98059 (Fig. 1B).
Although the trend of inhibition of cell proliferation by drugs
was similar in both assays, there were some differences
between the assays. The lower basal levels of cell
proliferation in treatments with drugs than those in controls
were seen in the thymidine incorporation assay, whereas the
basal levels in the drug-treated groups were almost the same
as those in the control group of the formazan-MTT assay. In
the thymidine incorporation assay the cells were treated with
drugs for 24 hrs, whereas [3H]thymidine was added 8 hrs
before the cells were harvested. Therefore, the cell
proliferation in the drug-treated group had been inhibited
for 16 hrs before [3H]thymidine was added: thus, the lower
uptake of thymidine into cells treated with drugs compared to
the control. Such an effect can explain the lower basal levels
detected in the thymidine incorporation assay.

ERK1/2, the key element of the MAPK pathway, was
phosphorylated by 100 nM ET-1 in a time-dependent
manner (Fig. 1C). The phosphorylation of ERK1/2 reached
the highest level after a 5-min treatment with ET-1 and
subsequently returned to basal level after 30 mins. PD98059
at 25 uM partially blocked the phosphorylation induced by
ET-1; it also attenuated the basal level of ERK1/2
phosphorylation (Fig. 1D). Both basal and ET-1-induced
phosphorylation of ERK1/2 were completely blocked by 10
uM U0126 (Fig. 1E).

ET-1-Induced Phosphorylation of ERK1/2 Oc-
curs Through ETg Receptors. Although the ETgy
receptor is predominantly expressed in U373MG cells
(36), it was important to determine which receptor was
responsible for ERK1/2 phosphorylation induced by ET-1.
To address this question, selective ET-receptor antagonists
BQ610 (ET, antagonist) and BQ788 (ETg antagonist) were
used. These compounds were used at 2 pM and were
administered to U373MG cells for 30 mins before ET-1
treatment. BQ788 (ICsq = 1.2 nM) completely blocked the
ERK1/2 phosphorylation induced by ET-1, whereas BQ610
(ICs¢p = 20 nM) had no effect (Fig. 2). This result is also
consistent with the binding assay results in which the ETg
receptor antagonist BQ788 completely blocked ['*°T]-ET-1

binding in U373MG astrocytoma cells, whereas the ET,
receptor antagonist BQ610 and FR139317 did not (36).

Involvement of PKC Is Necessary for Prolifer-
ation of U373MG but Is Not Necessary for Phos-
phorylation of ERK1/2 Induced by ET-1. To test the
role of PKCs in ET-1-induced cell proliferation of
U373MG astrocytoma cells, 2 uM chelerythrine and 1 pM
RO-31-8425, general inhibitors of PKCs, were employed.
Blockage of PKC activity by chelerythrine and RO-31-8425
inhibited ET-1-induced proliferation of U373MG cells
(Figs. 1A and 3A). Both MAPK-ERK and PKCs were
found to be involved in the ET-1—induced cell proliferation
of U373MG astrocytoma cells. However, it is well known
that PKC activation can result in MAPK-ERK activation;
therefore, the question was whether these pathways exerted
their effects in a parallel pattern or whether there was a
direct interaction or “cross talk” between them. To address
this question, the effects of PKC inhibitors on ERKI1/2
phosphorylation were determined. PMA, the phorbol ester
known to activate PKCs, was administered (1 pM) in
U373MG cells for 30 mins and it induced a strong
phosphorylation of ERK1/2 (Fig. 3B). However, the
application of either 2 uM chelerythrine or 1 pM RO-31-—
8425 did not abolish the ERK1/2 phosphorylation induced
by ET-1 (Fig. 3B).

ET-1 Did Not Activate Conventional and/or
Novel PKC (c/nPKC) Isoforms. Our results have shown
that PKCs are involved in the ET-1-induced cell prolifer-
ation of U373MG astrocytoma, but not in ET-1-induced
ERK1/2 phosphorylation. To identify the isoforms of PKCs
involved in cell proliferation, we measured the phosphor-
ylation of PKC and the translocation of PKC from cytosol to
membranes both by Western blot and using a PKC kinase
assay. In the PKC kinase assay, ET-1 treatment for 5 mins in
U373MG cells did not activate the ¢/nPKCs, whereas 1-puM
PMA treatment increased the activities of PKCs, which
resulted in PKC phosphorylation and translocation from
cytosol to membrane (Fig. 4A and B). Furthermore, the
results from the kinase assay also showed that blockade of
MEK1/2 by UO0126 did not affect the activation and
translocation of PKCs. Therefore, MEK1/2 and ERK1/2
did not directly activate PKCs in U373MG astrocytoma.
Phosphorylation of PKCs in cytosolic and membrane
fractions was also determined by Western blot using anti—
phospho-pan-PKC antibody, which can recognize phos-
phorylated PKC-a, BI, BII, 6, 1, 6, and ¢ (Fig. 4C). SDS-
PAGE gels stained with Coomassie blue were used as
loading controls. ET treatment of U373MG cells treated
from 1 to 10 mins did not alter the pattern of phosphor-
ylation and translocation of PKC-a, BI, BIL, 8, and ¢ either in
cytosolic or membrane fractions (Fig. 4C). In positive
controls, after a 30-min treatment with 1 uM PMA, these
phosphorylated isoforms of PKC, shown as four bands in
the blot, were translocated to membrane, whereas 1 uM
PMM, which is an inactive analog of PMA, did not activate
PKC. Because this anti-phospho-pan-PKC antibody can
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Figure 1. Cell proliferation of U373MG cells was blocked by inhibition of phosphorylation of ERK1/2 induced by ET-1. (A) Cell proliferation of
U373MG cells was determined using a [*H]thymidine incorporation assay 24 hrs after U373MG cells were pretreated with 10 uM U0126 (a
MEK1/2 inhibitor), 2 pM chelerythrine (CHE, a PKC inhibitor), 25 uM LY294002 (LY, a PI3K inhibitor), and 5 uM genistein (GE, a PTK inhibitor)
30 mins before being treated with 100 nM ET-1. * P < 0.05 vs. ET-1 treatment alone; one-way analysis of variance (ANOVA)/Student-Newman-
Keuls (SNK) test. (B) Cell proliferation of U373MG cells was determined by formazan-MTT assay 24 hrs after U373MG cells were pretreated
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Figure 3. Involvement of PKC is necessary for proliferation of
U373MG cells; however, phosphorylation of ERK1/2 induced by ET-1
is PKC independent. (A) Cell proliferation of U373MG cells was
determined by formazan-MTT assay 24 hrs after U373MG cells were
treated with 2 pM chelerythrine (CHE, a PKC inhibitor). * P < 0.05
versus ET-1; one-way ANOVA/SNK test. (B) U373MG cells were
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8425 (RO) followed by application of ET-1 for 5 mins. Western blot
was employed to detect the phosphorylation of ERK1/2 in total cell
lysate. The data shown are from a representative sample from three
individual experiments. * P < 0.05 ET-1 treatment versus relative
control; one-way ANOVA/SNK test.

—

with 100 nM U0126 (a MEK1/2 inhibitor) and 5 uM PD98059 (a MEK1 inhibitor) 30 mins before being treated with 100 nM ET-1. * P < 0.05 vs.
ET-1 treatment alone; one-way ANOVA/SNK test. (C) Western blot is employed to detect the phosphorylation of ERK1/2 induced by ET-1 over
several time points after U373MG cells were treated with 100 nM ET-1 from 2 mins to 30 mins. (D, E) Western blot indicates phosphorylation of
ERK1/2 induced by ET-1 after cells were pretreated with PD98059 (25 nM) and U0126 (10 pM) for 30 mins followed by application 100 nM ET-1
for 5 mins. The data shown are from a representative sample from three individual experiments. * P < 0.05 ET-1 treatment vs. relative control;
one-way ANOVA/SNK test (for C, D, and E).
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Figure 4. ET-1 did not activate conventional and novel (c/n) PKC isoforms in U373MG cells. (A, B) Activities of c¢/nPKC were determined by
kinase assay that used a PKC substrate phosphorylated by cytosolic and membrane fraction in the presence of Ca?* and DAG. * P < 0.05 PMA
treatment versus relative control; one-way ANOVA/SNK test. (C) Phosphorylation and translocation of ¢c/nPKC isoforms were detected by
Western blot for cytosolic and membrane fractions isolated from U373MG cells that were pretreated with 1 uM PMA (positive control), 1 uM
PMM (negative control), and DMSO (vehicle, labeled as “V”) for 30 mins followed by an application of 100 nM ET-1 for 1 min to 10 mins. The
data shown are from a representative sample from three individual experiments.

phosphorylation induced by ET-1 (Fig. 5B). The results
indicated that ET-1 did not promote the calcium release in
U373MG cells and that there was no cross talk between
PKC and ERK1/2 pathways. These findings were also
consistent with the result that ET-1 did not activate c/nPKCs
in U373MG cells and could activate atypical PKCs, since
chelerythrine, a PKC inhibitor, blocked ET-1-induced cell
proliferation.

Inhibition of H-Ras Does Not Block ERK1/2
Phosphorylation Induced by ET-1. Ras, a member of
the small GTPase family, is considered an upstream element
involved in the activation of ERK1/2 in mammalian cell
types (22, 37, 38), including COS cells (39), Jurkat T cells
(40), and astrocytes (41). To identify the role of Ras in the
signaling pathway induced by ET-1, pharmacologic and
molecular biological approaches were used. First, a GST
pulldown assay was used to detect Ras activities after ET
treatment at different time points. Only the active GTP-
bound Ras is pulled down by the GST-RBD agarose. At 2
and 5 mins post-ET treatment, the active form of Ras

increased and began to decline after 15 mins of ET
treatment (Fig. 6A). U373MG cells were also pretreated
for 30 mins with FTI-277 (10 puM), which is a selective
inhibitor of H-Ras, a member of the Ras family (42, 43),
followed by an application of 100 nM ET-1 for 5 mins.
Surprisingly, ET-1-induced phosphorylation of ERKI1/2
was not blocked by FTI-277 (Fig. 6B).

In another set of experiments, both ERK1/2 phosphor-
ylation and Ras activity were assessed following ET-1
treatment of U373MG cells transfected with wild-type,
active, and dominant negative H-Ras plasmid cDNAs.
U373MG cells were transfected with active H-Ras and
dominant negative H-Ras S17N plasmid cDNA for 36 hrs;
this step was followed by an application of ET-1 for 5 mins.
Phosphorylation of ERK1/2 was greatly amplified by
overexpression of active wild-type H-Ras, with and without
ET-1. Treatment with ET-1 enhanced this phosphorylation
(Fig. 6C). However, introduction of a dominant negative of
H-Ras did not abolish the ET-1-induced phosphorylation of
ERK1/2 as compared with controls, which were transfected
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Figure 5. Intracellular Ca®" was not changed after U373MG cells
were treated with 100 nM ET-1, and blockage of IP3 generation did
not block the phosphorylation of ERK1/2 induced by ET-1. (A)
Concentration of intracellular Ca®* in U373MG cells was monitored
by Fura-2 calcium imaging. U373MG cells cultured on cover slips
were treated with 100 nM ET-1, 100 uM carbachol, AG23187, and
EGTA after preincubation with Fura-2 for 30 mins (n = 8). (B)
U373MG cells were pretreated with 2 pM U-73122, followed by an
application of ET-1 for 5 mins. Western blot was employed to detect
the phosphorylation of ERK1/2 in total cell lysate. * P < 0.05 ET-1
treatment versus relative control; one-way ANOVA/SNK test.

with the pcDNA3 vector. Activity of Ras was also
determined in U373MG cells transfected with H-Ras cDNA
and H-Ras S17N dominant negative cDNA. In U373MG
cells transfected with active wild-type Ras, the activity of
Ras was increased significantly by overexpression of H-Ras
(Fig. 6D). This elevated activity, a reflection of H-Ras
overexpression, was blocked partially by application of FTI-
277 (Fig. 6D). It is therefore likely that a Ras unlike H-Ras

may be involved in ET-1-mediated ERK1/2 phosphoryla-
tion in U373MG astrocytoma cells.

ET-1-Induced Phosphorylation of ERK1/2 Was
Not Blocked by Inhibition of Either PTK or Trans-
activation of Receptor Tyrosine Kinase. Some stud-
ies reported that activation of Ras-Raf-MAPK pathway by
ET-1 occurs through the PTKs such as focal adhesion kinase
(FAK), c-Src, etc. (26, 44, 45). We also considered that
PTKSs might be part of the upstream elements and might play
an important role in activating a similar signaling induced by
ET-1 in U373MG astrocytoma cells. Genistein (5 pM), an
inhibitor of PTKSs, did not block either ET-1-induced cell
proliferation (Fig. 1A) or ET-1-induced phosphorylation of
ERK1/2 (Fig. 7A). To further identify other potential PTKs
involved in the ET-1-induced signaling, the inhibitors of
intracellular tyrosine kinases, such as AG82 and herbimycin
A, were used to attenuate the kinase activity of p125FAK
and p60 c-Src, as well as other PTKs. Neither the co-
administration of AG82 (10 pM) and herbimycin A (1 pM)
nor the administration of AGS82 alone decreased ET-1-
induced phosphorylation of ERK1/2 (Fig. 7B). Although
previous reports in other cell types demonstrated that the ET-
1-triggered Ras-Raf-MAPK pathway occurs through PTKs
such as FAK, c-Src, etc., such a mechanism does not appear
to be involved in ET-1-induced triggering of the Ras-Raf-
MAPK in U373MG astrocytoma cells.

However, it has also been reported that ET-1, through
its ET receptors, can transactivate the EGF receptor by
which ERK1/2 is phosphorylated and activated through the
Ras-Raf-MAPK pathway. This was shown in rat mesangial
cells (46), human vascular smooth muscle cells (47, 48),
human melanocytes (49), and human ovarian carcinoma
cells (50). Therefore, AG1478, an inhibitor of the EGF
receptor tyrosine kinase, was used to examine ET-1 effects
on receptor tyrosine kinases. AG14781 (1 pM) inhibited
EGF-induced phosphorylation of ERK1/2 completely, but
did not block ET-1-induced phosphorylation of ERK1/2
(Fig. 7C). Additionally, EGF (10 ng/ml) was used as a
positive control, and its effects on ERK1/2 were blocked by
AG1478 (1 uM) (Fig. 7C). EGF-induced phosphorylation of
ERK1/2 by activation of the EGF receptor tyrosine kinase
was completely blocked by application AG1478, an
inhibitor of the EGF receptor tyrosine kinase. However,
AG1478 did not inhibit the effects of ET-1 on activation of
MAPK or phosphorylation of ERKI1/2. Therefore, in
U373MG astrocytoma cells, there is no transactivation of
the EGF receptor tyrosine kinase by ET-1 receptors, and,
consequently, ET-1 does not play a role in ERKI1/2
activation.

PI3K Is Involved in ET-1-Induced Cell Prolifer-
ation in U373MG Cells, but ET-1-Induced Phos-
phorylation of ERK1/2 Is Independent of PKC and
PI3K. The PI3K-Akt pathway has been implicated in the
signaling pathways leading to cell proliferation (51, 52). It
was reported that the By subunit of activated G proteins of
GPCRs activates PI3K and subsequently leads to activated
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Figure 7. Inhibition of protein tyrosine kinases did not block the phosphorylation of ERK1/2 induced by ET-1. Also, ET-1 did not transactivate
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AG1478 (an inhibitor of EGF receptor tyrosine kinase) were used to pretreat U373MG cells for 30 mins, followed a 5-min ET-1 or EGF (10 ng/ml)
treatment. The data shown are from a representative sample from three individual experiments. * P < 0.05 ET-1 treatment versus relative

control; one-way ANOVA/SNK test.

PKB/Akt (53-55). The role of the PI3K pathway in ET-1—
induced U373MG astrocytomas cell proliferation is un-
known; therefore, the effect of the PI3K on ET-1-induced
cell proliferation was examined using formazan and [*H]-
thymidine incorporation assays. Inhibition of PI3 kinase by
25 uM LY294002 completely blocked the ET-1 mitogenic
effects in U373MG cells (Figs. 1A and 8A). Based on this
finding, Akt activation was assessed. A 5-min ET-1
treatment significantly promoted the phosphorylation of
Akt as well as phosphorylation of ERK1/2. The ET-1-
induced phosphorylation of Akt was blocked completely by

LY294002, but not by chelerythrine, whereas the phosphor-
ylation of ERK1/2 was not blocked by either of these two
compounds (Fig. 8B). Phosphorylation of ERK1/2 by ET-1
appears to be PKC and PI3K independent; albeit, activation
of PI3K and AKT occurs.

Discussion

In the current study, several findings were made that
were reflective of ET-1’s mitogenic potential in U373MG
astrocytoma cells. It was determined that three signaling
pathways, including ERK1/2, PKC, and PI3K, were
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followed by an application of ET-1 for 5 mins. Western blot was
employed to detect the phosphorylation of ERK1/2 and Akt in total
cell lysate. The data shown are from a representative sample from
three individual experiments. * P < 0.05 ET-1 treatment versus
relative control; one-way ANOVA/SNK test.
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Figure 9. Possible signaling pathways involved in ET-1-induced
U373MG astrocytoma cell proliferation. ERK-MAPK, PKC, and PI3K
pathways are involved in ET-1-induced cell proliferation in U373MG
astrocytoma. Blockade of one of these three pathways will
completely abolish the cell proliferation induced by ET-1. No direct
cross talk among these pathways is found in this cell type. Some of
well-identified protein tyrosine kinases, including c-Src and FAK, are
not involved in this event, and transactivation of EGF receptor by ET-
1 through ET/g receptors is not found in this cell line.

activated by ET-1 within a short period of time (i.e., within
5 mins). The combined consequence of activating these
three pathways resulted in U373MG cell proliferation. It
appeared that ERK1/2 activation was involved but was
independent of PKC and PI3K activation by ET-1. It was
also determined that the ETg receptor was the dominant
receptor involved in ERKI1/2 phosphorylation and in
increased cell proliferation. Although Ras appears to be a
signaling pathway involved in activation of the ERK-
MAPK pathway by ET-1, H-Ras was not, indicating that
some other Ras members may be involved. It was also
shown that some general PTKs, including c-Src, FAK, etc.,
are not involved in ET-1 stimulation in U373MG cells, as
has been reported in other cell types (23, 26, 44, 45, 56). In
addition, ERK1/2 phosphorylation was not transactivated by
the EGF receptor by ET-1.

ET-1 induces cell proliferation in many types of cells
via its ET, and ETg receptors, and although diverse
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signaling pathways coupled to ET-1 receptors have been
identified, the precise mechanisms by which ET-1 stim-
ulates cell proliferation in astrocytes remain unclear. Our
present study has shown that ET-1 is a mitogen for
U373MG astrocytoma cells, a result that is similar to that
seen in earlier studies in human optic nerve head astrocytes
(7); our study has also shown that the cell proliferation of
U373MG cells induced by ET-1 is MAPK-ERK, PKC, and
PI3K dependent. Blockade of one of these three parallel
pathways will inhibit the mitogenic effects of ET-1 in
U373MG astrocytoma cells. This result may arise from
activation of the key components (e.g., common and
discrete transcription factors) in the proliferation response.
These key components could be downstream kinases of
these initial signaling pathways or they could be selective
transcriptional factors in which these signaling pathways
converge. The phosphorylation of ERK1/2 is a key step in
triggering downstream signalings and potential activation of
transcriptional factors, such as c-Myc, Elk-1, c-Fos, etc. (41,
57). PKC and PI3K are also involved in ET-1-mediated
activation of transcription factors (41, 58—60). It has been
suggested that some transcription factors, such Elk-1, c-Fos,
and AP-1, are controlled simultaneously by MAPK-ERK
and PKC (41, 61, 62), whereas p38 and JNK share different
transcription factors. Some other downstream kinases,
including Rsk and p70S6K, are also under control of these
three pathways. We propose that blockage of any one of the
upstream pathways will completely abolish the activation of
downstream kinases or transcription factors dependent on
these signals of activation.

Mitogenic effects have been shown to be a character-
istic of ET’s effects on tumor cells. There are several reports
showing that ET-1 is a survival factor for many different
blastomas, including T98G glioblastoma (4). Naidoo et al.
(3) showed a significant distribution of ET-1 mRNA by in
situ hybridization in human brain autopsy samples and
astrocytic tumors, which is indicative of ET’s role in tumor
progression. In another report, four human glioblastoma cell
lines were found to express all components of ET-1
including endothelin converting enzyme and ET 4/ recep-
tors; it was also determined that Bosentan (an ET,.p
antagonist) induced apoptosis in these cell lines (5).
Furthermore, in one cell line, LNZ308, Bosentan inhibited
FLICE/Caspase-8 inhibitory protein, promoting cell surviv-
al (5). In the same study, it was reported that ET-1 induced
ERK1/2 phosphorylation but did not promote cell prolifer-
ation of LNZ308 glioblastoma cells (5). However, in the
present study involving U373MG cells, ET-1 did activate
ERK1/2, and this activation resulted in increased cell
proliferation as well.

ET-1 has been shown to promote proteolytic activity in
ovarian carcinomas, typically via ET, receptor activation,
causing an increase in both expression and activity of MMP-
2, MMP-9, urokinase-type plasminogen activator, PAI-1,
and PAI-2 (63). This finding indicates that multiple
signaling cascades are necessary to activate various aspects

of tumor progression, including proliferation, migration, and
invasion. Furthermore, ET-1-induced phosphorylation of
ERK1/2 was inhibited by BQ788, a selective antagonist of
the ETg receptor, indicating that ET-1-induced activation of
the MAPK pathway occurred through activation of the ETg
receptor. In T98G glioblastomas, treatment with an ET4
antagonist caused significant cell death, whereas treatment
with an ETg antagonist had no such effect (4). The ETg
receptor is predominant in the CNS (17). In the normal rat
spinal cord, there is ET, immunoreactivity in the vascular
system and afferent nerve fibers, whereas there is broad ETp
immunoreactivity in gray and white matter (19). In response
to spinal cord injury the expression of ETg was increased,
resulting in hypertrophy of astrocytes. In the optic nerve
crush model, there is increased expression of GFAP and
ETg, which is abolished by an application of the ET x5
inhibitor Bosentan (18). We previously reported that the
ETg receptor and GFAP expression are increased and co-
localized at the optic nerve head in rats that had their
intraocular pressure elevated; moreover, the immunoreac-
tivity of ET-1 was also elevated at the same sites (6). The
results from both cell culture and in vivo animal models
indicate that ET-1 and the ETg receptor may contribute an
important role in astrocyte hypertrophy, resulting in
astrogliosis.

One interesting finding in the current study is that there
was no ET-l-induced calcium mobilization identified in
U373MG cells. This observation was further supported by
our finding that inhibition of phospholipase C did not
abolish ET-1-induced phosphorylation of ERK1/2. These
findings indicate that classical Ca®"-linked ET-mediated
signaling is lacking in U373MG cells. It is generally
considered to be the case that the ET 4 receptor is coupled to
Goq, which is associated with activation of phospholipase
CB (PLCP) (64, 65). In this cell line, U373MG astrocytoma,
no ET4 receptor was detectable by ligand binding assay (36)
and by reverse transcription—polymerase chain reaction (66),
indicating that this lack of ET, receptor responsiveness was
consistent with our finding that only the ETg receptor
antagonist BQ788 blocked ET-1-induced phosphorylation
of ERK1/2 (Fig. 2). Therefore, ET-1 may not induce the
activation of PKC and calcium mobilization in this cell line
because of the lack of IP; and DAG. Moreover, the
application of the PLC inhibitor U73122 did not block ET-
1-induced phosphorylation of ERK1/2 (Fig. 5B). We also
did not see any calcium mobilization with ET-1 treatment in
this cell type (Fig. 5A), nor was the activation of the ¢/nPKC
isoforms detected by PKC kinase assay and Western blot.
Our results confirm that there is no ET 4 receptor—mediated
calcium mobilization induced by ET-1 in this cell type.
There are some reports that ET-1 activates Goq coupling
with ETg receptor and mediates the variety of signaling
pathways in different cells, including hepatocyte (67),
vascular smooth muscle cells, C6 glioma cells, and Chinese
hamster ovary cells, with stable expressing ETg receptors
(68-70), and even in astrocyte cell lines, including the
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neuroblastoma cell line B103 (B103 cells) (71). In contrast
to what we found in U373MG astrocytoma cells, inhibition
of PLCPB completely abolished ET-1-induced ERKI1/2
phosphorylation in C6 glioma cells (70), further indicating
that there could be no coupling between Goq and ETg
receptor in U373MG astrocytoma cells. The studies from
other G protein-coupled receptors indicate that there are
differential G protein-coupling patterns observed in different
tissue and cells. For instance, the metabotropic glutamate
receptors (mGluRs) are fully identified GPCRs coupling
with the different G proteins. Group I receptors are coupled
to Goq to activation phospholipase C, whereas Group II and
IIT mGluRs are coupled to Go; to downregulate cAMP
levels (72). 5-HT 5 receptors interacted predominantly with
Goi in the anterior raphe, whereas they were coupled to Goo
proteins in the hippocampus (73). The B3b-adrenoceptor
couples to both Gas and Goi in CHO-K1 cells, whereas the
3a-adrenoceptor couples specifically to Goas (74). This
indicates that the differential coupling between G proteins
and endothelin receptors may contribute to the variety of
actions of ET-1 in different cells and tissues. Although the
lack of Gog-mediated intracellular Ca>" mobilization was
observed in U373MG astrocytoma cells, the rapid activation
of MAPK-ERK by ET-1 was still mediated by other PTKs
in a Ca*"-independent manner.

PKC also plays an important role in ET-1-induced
signaling, and the current study indicated that PKC was also
involved in cell proliferation of U373MG cells. It has been
suggested that PKC can activate upstream of the MAPK
pathway at Ras or/and Raf to influence cell proliferation
through the classical Ras-Raf-MAPK pathway (23, 28, 29).
Although our results showed that activation of PKCs by
PMA could induce phosphorylation of ERK1/2, ET-1 did
not activate ¢/nPKCs in U373MG cells. Moreover, ET-1 did
not elevate intracellular calcium through activation of PLC.
The results confirmed our finding that ¢/nPKCs are not
involved in ET-1 signaling in U373MG cells. In addition,
the detection of phosphorylated ERK1/2 after pretreatment
of PKC inhibitors and activation of PKCs after pretreatment
with MEK1/2 inhibitors indicated that there was no “cross
talk” between these two pathways. Although c¢/nPKCs have
been ruled out in the signaling cascades induced by ET-1,
the involvement of atypical PKC isoforms ({/1) (29, 75, 76)
might still play a role in controlling cell proliferation of
U373MG cells. This needs further investigation.

In U373MG astrocytoma cells, Ras was activated
following ET-1 treatment. These findings are in agreement
with reports of ET-1 effects on other cell types, such as
cardiac myocytes (77) and myometrial cells (23). FTI-277,
an inhibitor of farnesyltransferase, increases the nonfarne-
sylated cytoplasmic H-Ras, which competes with active Ras
and binds to Raf protein to inactivate Ras/Raf complexes
(42, 43, 78, 79). Surprisingly, application of FTI-277 and
introduction of the dominant negative cDNA of H-Ras into
U373MG cells did not inhibit the phosphorylation of ERK1/
2 induced by ET-1, whereas wild-type active H-Ras

significantly stimulated the phosphorylation of ERKI1/2
independent of ET-1. However, in U373MG cells, H-Ras
appears not to be involved in ET-1-induced signaling. Other
forms of Ras, such as K-Ras, N-Ras, or M-Ras, could play
an important role in this cascade (37, 80).

In summary, the current studies indicate that ET-1-
induced cell proliferation in U373MG astrocytoma cells
occurs through an apparent concurrent activation of MAPK-
ERK, PKC, and PI3K pathways (see Fig. 9). ET-1 activates
the Ras-Raf-1-MAPK-ERK pathway without activation of
PTK. In U373MG astrocytoma cells, neither ¢/nPKCs nor
PI3K are involved in ET-l-induced ERK1/2 signaling.
However, MAPK-ERK, PKC, and PI3K pathways appear to
exert their roles in parallel without a direct, apparent cross
talk. They do, however, appear to activate key components
(e.g., common and discrete transcription factors) in the
proliferation response, because inhibition of any one parallel
pathway blocks proliferation. This parallel signaling is not
unlikely, as the proliferation response is dependent on many
cellular processes that may be activated simultaneously in
tumor cell proliferation through complex signaling systems
and important transcriptional events.

We wish to thank Dr. Raghu Krishnamoorthy for helpful comments
on the manuscript.
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