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Abstract

Vascular endothelial growth factor (VEGF) is a potent en-
dothelial cell mitogen which mediates its effects by binding
to tyrosine kinase receptors. We have characterized the
VEGF-activated intracellular signal transduction pathway
in bovine aortic endothelial cells and correlated this to its
mitogenic effects. VEGF induced concentration- and time-
dependent increases in protein kinase C (PKC) activation
with a maximum of 2.2-fold above the basal level at 5 X
1071 M within 10 min as measured both by in situ and
translocation assays. Immunoblotting analysis of PKC iso-
forms in cytosolic and membrane fractions indicated that
after VEGF stimulation the content of Ca?*-sensitive PKC
isoforms (« and BII) was increased in the membrane frac-
tions, whereas no changes were observed for PKC isoforms
d and e. The stimulation of PKC activity by VEGF was pre-
ceded by the activation of phospholipase Cy (PLCvy). This
was demonstrated by parallel increases in PLCy tyrosine
phosphorylation, [*Hlinositol phosphate production, and
[*H]arachidonic acid-labeled diacylglycerol formation in
bovine aortic endothelial cells. In addition, VEGF increased
phosphatidylinositol 3-kinase activity 2.1-fold which was
inhibited by wortmannin, a phosphatidylinositol 3-kinase
inhibitor, without decreasing the VEGF-induced increase in
PKC activity or endothelial cell growth. Interestingly,
genistein, a tyrosine kinase inhibitor, and GFX or H-7, PKC
inhibitors, abolished both VEGF-induced PKC activation
and endothelial cell proliferation. VEGF’s mitogenic effect
was inhibited by a PKC isoform B—selective inhibitor, LY33-
3531, in a concentration-dependent manner. In contrast,
antisense PKC-a oligonucleotides enhanced VEGF-stimu-
lated cell growth with a simultaneous decrease of 70% in
PKC-a protein content. Thus, VEGF appears to mediate its
mitogenic effects partly through the activation of the PLCy
and PKC pathway, involving predominately PKC-3 iso-
form activation in endothelial cells. (J. Clin. Invest. 1996.
98:2018-2026.) Key words: vascular endothelial growth fac-
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Introduction

Vascular endothelial growth factor (VEGF),! a potent endo-
thelial cell mitogen, is postulated to be the major growth factor
responsible for hypoxia-stimulated angiogenesis (1, 2). VEGF
was independently isolated as both an endothelial cell growth
factor (1) and as a vasopermeability factor (3). The expression
of VEGF is greatly increased by hypoxia both in vivo and in
many types of cultured cells including vascular endothelial
cells (4-6). Physiologically, elevated levels of VEGF have been
associated with tumor angiogenesis (7) and hypoxia-induced
proliferative ocular disorders such as diabetic proliferative ret-
inopathy and retinal vein occlusion (8, 9).

VEGEF exerts its actions by binding to specific plasma
membrane receptors which are transmembrane glycoproteins
with an extracellular ligand-binding domain and an intracellu-
lar tyrosine kinase domain (2). Recent studies have demon-
strated two types of high-affinity receptors for VEGF, fms-like
tyrosine kinase (flt) and fetal liver kinase-1 (flk-1) (10, 11).
These receptors share structural similarities to the a- and
B-forms of PDGEF receptor (10, 11). VEGF has been reported
to increase the tyrosine phosphorylation of phospholipase Cy
(PLCy) and phosphatidylinositol 3-kinase (PI 3-kinase), sug-
gesting that these signal transduction pathways could be in-
volved during VEGF activation (12, 13). However, it has not
been demonstrated whether VEGF can activate these enzy-
matic systems, and their relationship to endothelial cell prolif-
eration has not been evaluated. In these studies, we have char-
acterized the activation of PI 3-kinase, PLCy, and the protein
kinase C (PKC) pathways in vascular endothelial cells re-
sponding to VEGF stimulation. The relationship between the
activation of various PKC isoforms and VEGF’s mitogenic ef-
fects has been investigated.

Methods

Materials. Recombinant human VEGF was kindly provided by Dr.
N. Ferrara (Genentech Inc., South San Francisco, CA). Polyclonal
antisera to PKC-«, -BI, -BII, -3, -€, and -{ were generated in collabo-
ration with Lilly, Inc. (Indianapolis, IN) and their specificities have
been described previously (14). Polyclonal antibody to PKC- was

1. Abbreviations used in this paper: BAEC, bovine aortic endothelial
cell; DAG, diacylglycerol; GFX, GF109203X; IP;, inositol triphos-
phate; PDHS, plasma-derived horse serum; PI 3-kinase, phosphati-
dylinositol 3-kinase; PKC, protein kinase C; PLCy, phospholipase
Cvy; VEGEF, vascular endothelial growth factor.



purchased from Gibco Laboratories (Grand Island, NY). Monoclonal
antiserum to phosphotyrosine (4G10) and polyclonal antiserum to
PLCy were purchased from Upstate Biotechnology, Inc. (Lake Placid,
NY). [y-*P]ATP, [*H]myoinositol, and [*H]arachidonic acid were ob-
tained from Du Pont/New England Nuclear (Boston, MA). ['*T]Pro-
tein-A was purchased from Amersham Corp. (Arlington Heights,
IL). Genistein, H-7, H-8, and GF109203X (GFX) were purchased
from LC Laboratories (Boston, MA). PMA, wortmannin, and other
chemical reagents were purchased from Sigma Chemical Co. (St.
Louis, MO). PKC- inhibitor, L'Y333531 [a macrocyclic bis(indolyl)-
maleimide] was developed in collaboration with Lilly Laboratories
and its structure and specificity have been described previously (15).

Cell culture. The isolation and primary culture of bovine aortic
endothelial cells (BAEC) have been previously described in detail
(16). The cells were cultured in DME supplemented with 10%
plasma-derived horse serum (PDHS) (Lampire, Pipersville, PA).
Cultured BAEC from passages 3-10 were used for all experiments.

Measurement of in situ PKC activity. The measurement of PKC
activity in situ was performed using the method of Heasley and
Johnson (17) with some modifications (18). BAEC were seeded in 24-
well plates and maintained in culture medium until 70-80% conflu-
ent. After the addition of VEGF or other agents, the cells were
washed with DME and placed in 60 pl of a buffered salt solution (137
mM Nacl, 5.4 mM KCI, 0.3 mM Na,HPO,, 0.4 mM KH,PO,, 5.5 mM
glucose, and 20 mM Hepes) supplemented with 50 pg/ml digitonin, 10
mM MgCl,, 25 mM B-glycerophosphate, and 100 pM [y-*?P]ATP
(5,000 cpm/pmol). Further additions for the specific assay of PKC
were 5 mM EGTA, 2.5 mM CaCl,, and 200 pM of PKC-specific pep-
tide substrate (RKRTLRRL). The kinase reaction was terminated af-
ter a 10-min incubation at 30°C with 20 wl of 25% (wt/vol) trichloro-
acetic acid. Aliquots (65 pl) of the acidified reaction mixtures were
spotted on 2 X 2 cm phosphocellulose squares (Whatman P-81) and
washed batchwise with three changes of 75 mM phosphoric acid and
one change of 75 mM sodium phosphate (pH 7.5). The PKC-depen-
dent phosphorylated peptide substrate bound to the filter was quanti-
fied by scintillation counting. Protein was dissolved in 0.2 N NaOH
and assayed by the method of Bradford (19).

Measurement of intracellular distribution of PKC activity and iso-
forms. After VEGF stimulation, BAEC were harvested and homog-
enized in ice-cold buffer containing 20 mM Tris/HCI, pH 7.5, 2 mM
EDTA, 0.5 mM EGTA, 1 mM PMSF, and 0.05% leupeptin, and frac-
tionated into cytosolic and membrane fractions according to the
method described previously (16). PKC activity in both fractions was
determined by measuring phosphatidylserine/diacylglycerol-depen-
dent phosphorylation of exogenous PKC-specific peptide substrate
(RKRTLRRL) in the presence of Ca®*. The kinase reaction was ter-
minated after 5 min at 30°C. Specific PKC activity was calculated by
subtracting the nonspecific kinase activities from those obtained in
the presence of phosphatidylserine/diacylglycerol and Ca?*. For de-
termining the distribution of PKC isoforms in BAEC, aliquots of
equivalent amounts of protein extracted from both cytosolic and
membrane fractions were analyzed by SDS-PAGE as described pre-
viously (20). The immunoblots were probed with monospecific anti-
PKC isoform peptide antibodies purified by affinity column. The an-
tipeptide polyclonal antibodies were made against peptide specific
for PKC-a, -BI, -BII, -8, -€, and -{. A detailed description of these an-
tibodies has been reported previously (14, 21). The enhanced chemi-
luminescent detection system (ECL; Amersham Corp.) was used for
the immunoblot protein detection.

Immunoprecipitation of PLCvy. After treatment with or without
VEGF, BAEC were lysed in ice-cold buffer containing 20 mM Tris/
HCI, pH 7.6, 0.1% SDS, 1% Triton X-100, 0.5% deoxycholate, 150
mM NaCl, 1 mM PMSF, 2 pg/ml aprotinin, 10 pg/ml leupeptin, 5 g/
ml pepstatin, 1 mM NaF, and 0.5 mM Na;VO,. Solubilized cells were
centrifuged at 15,000 g for 10 min at 4°C, and the supernatants (equiv-
alent amounts of protein content) were immunoprecipitated by incu-
bation with anti-PLCy polyclonal antisera bound to protein A-Seph-
arose beads (Pharmacia Biotech Inc., Piscataway, NJ) at 4°C overnight.

After washing three times with lysis buffer, the immunoprecipitates
were dissolved in Laemmli’s sample buffer, separated by 4-12% SDS-
PAGE, transferred to nitrocellulose membranes, and probed succes-
sively with polyclonal antiphosphotyrosine antibodies. Tyrosine-
phosphorylated PLCy was detected and quantitated by PhosphorImager
analysis.

Measurement of diacylglycerol (DAG). BAEC were seeded in
6-well plates and grown to 70-80% confluent. Cells were labeled with
5 wCi/ml of [*H]arachidonic acid and incubated for 16 h, and the label
was removed by washing cells three times with DME. After an equili-
bration period of 20 min in DME containing 0.1% BSA, cells were
stimulated with VEGF. The reaction was terminated by aspiration of
medium and the addition of 1 ml ice-cold methanol. The cells were
scraped and total lipids were extracted with chloroform according to
the methods of Bligh and Dyer (22). [PH]DAG was separated by sil-
ica gel G TLC and quantified by liquid scintillation counter as de-
scribed previously (16). [PHJDAG was normalized by the radioactiv-
ity recovered in CHCl; extracts of total cellular lipids.

Measurement of inositol phospholipids formation. BAEC were
seeded in 6-well plates and maintained in regular culture medium.
When the cells were 70-80% confluent, medium was changed to
DME containing 2% PDHS with 1 wCi/ml of [*H]myo-inositol. After
16-20 h of labeling, the cells were rinsed twice with DME containing
20 mM Hepes (pH 7.3), 20 mM LiCl, and 0.1% BSA, and incubated
in the same solution at 37°C for 20 min. Cells were stimulated with
various concentrations of VEGF for 10 min at 37°C. The reaction was
terminated by rapid aspiration of medium, and the cells were rinsed
twice with ice-cold PBS and treated with 0.6 ml of ice-cold 5% per-
chloric acid for 30 min. Cells were then scraped and pelleted by cen-
trifugation. The supernatants were diluted 1:15 with water and ap-
plied to an AG1-X8 ion exchange column (Bio-Rad, Hercules, CA)
for separation of total inositol phosphates from inositols as described
previously (23). The production of inositol phospholipids was quanti-
fied by scintillation counting.

Separation and activity of PI 3-kinase. After VEGF stimulation,
BAEC were lysed in ice-cold lysis buffer containing 50 mM Hepes,
pH 7.5, 137 mM NaCl, 1 mM MgCl,, 1 mM CaCl,, 2 mM Na;VO,, 10
mM NaF, 2 mM EDTA, 1% Nonidet P-40, 10% glycerol, 1 mM
PMSF, 2 pg/ml aprotinin, 5 pg/ml leupeptin, and 1 pg/ml pepstatin.
Insoluble material was removed by centrifugation at 15,000 g for 10
min at 4°C. PI 3-kinase was immunoprecipitated from aliquots of the
supernatant with antiphosphotyrosine antibodies as described previ-
ously (24). After successive washings, the pellets were resuspended in
50 pl of 10 mM Tris (pH 7.5), 100 mM NaCl, and 1 mM EDTA. To
each pellet was added 10 pl of 100 mM MgCl, and 10 pl of phosphati-
dylinositol (2 wg/pl) sonicated in 10 mM Tris (pH 7.5) with 1 mM
EGTA. The PI 3-kinase reaction was initiated by the addition of 5 pl
of 0.5 mM ATP containing 30 pnCi of [y-*>P]ATP. After 10 min at
room temperature with constant shaking, the reaction was stopped by
the addition of 20 pl of 8 N HCI and 160 wl of chloroform/methanol
(1:1). The samples were centrifuged, and the organic phase was re-
moved and applied to silica gel TLC plates developing in CHCl;:
CH;0H:H,0:NH,OH (60:47:11:2). The radioactivity in spots
which comigrated with a PI-4 standard was measured by Cerenkov
counting.

Antisense oligonucleotide synthesis and use. Phosphorothioate oli-
godeoxynucleotides (oligonucleotides) corresponding to bovine PKC-a
were synthesized by Joslin Diabetes Center’s Molecular Biology
Core (Boston, MA). Sequences of antisense PKC-a nucleotides were
5'-GTCCCTCGCCGCCTCCTG-3’, and sense PKC-a nucleotides
were 5'-GTCCTCCGCCGCTCCCTG-3'. BAEC were cultured in
6-well plates with DME containing 10% PDHS. After 24 h, the medium
was changed to serum-free DME containing 10 pg/ml DOTMA/
DOPE solution (Lipofectin®; Gibco Laboratories). Oligonucleotides
were then added at the required concentration and well-mixed with
media by swirling of the plate. The cells were incubated at 37°C for
6 h, washed once with DME to remove Lipofectin®, and then the cells
were incubated with DME containing 10% PDHS and the same con-
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centration of oligonucleotides to maintain exposure in the presence
or absence of VEGEF for 3 d. Cell growth was measured by assay of
DNA content as described below.

BAEC growth assay. BAEC were seeded in 12-well plates at a
density of 5,000 cells/well and cultivated in DME containing 10% of
PDHS. After 24 h, the medium was changed and VEGF or other
agents were added. At the desired times, the cellular DNA content
was measured using Hoechst-33258 dye and a fluorometer (model
TKO-100; Hoefer Scientific Instruments, San Francisco, CA) as de-
scribed previously (8, and see reference 32).

Statistical analysis. Unpaired Student’s ¢ test was used for com-
parison of two groups with normal distributions. ANOVA and the
Newman-Keul’s tests were used to identify statistical significance of
multiple comparisons.
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Figure 1. VEGF effect on PKC activation. (A) Time course of
VEGF-stimulated PKC activation. After treatment with 0.5 nmol/li-
ter VEGF, cultured BAEC were permeabilized with digitonin and
then PKC activity was measured in situ as described in Methods. (B)
Dose-response of VEGF-stimulated PKC activation. BAEC were
treated with increasing amounts of VEGF for 10 min, and then PKC
activity was measured in situ. PKC activity in situ was expressed as
PKC-dependent peptide phosphorylation, pmol/min/mg protein. The
results are shown as mean+SEM from three independent experi-
ments, each performed in triplicate.
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Results

Characterization of VEGF-induced PKC activation. The effect
of VEGF on the stimulation of PKC activity was studied first
by an in situ assay using digitonin-permeabilized BAEC where
phosphorylation levels of a highly specific peptide substrate
for PKC (PKRTLRRL) were quantitated (25). VEGF induced
increased PKC activation in a time-dependent manner which
was detectable within 1 min after the addition of VEGF (Fig. 1
A). Maximal PKC activation achieved was 2.2-fold greater
than basal levels within 10 min and this activation was sus-
tained for at least 60 min.

VEGTF also induced PKC activation in a concentration-
dependent manner (Fig. 1 B). A significant increase in PKC
activity was detectable at 5 pmol/liter of VEGF, and half-max-
imal stimulation occurred at 50-100 pmol/liter. The maximal
effect of VEGF on PKC activation was observed at 0.5 nmol/
liter.

The effect of VEGF on the translocation of PKC from cy-
tosolic to membrane fractions was studied as another indicator
of PKC activation. The addition of 0.5 nmol/liter VEGF for 10
min increased the specific activity of PKC in the membrane
fraction by twofold with a corresponding 42% decrease in the
cytosolic fraction as shown in Fig. 2.

Since PKC consists of a large family of proteins with multi-
ple isoforms, we characterized the effect of VEGF on the
translocation of the various PKC isoforms in BAEC (25). Six
PKC isoforms (a, By, B, 9, €, and {) were identified by immu-
noblotting with polyclonal antibodies raised against isoform-
specific peptides as reported previously (14, 21). As illustrated
in Fig. 3, A and B, both PKC-a and -3, isoforms were found to
translocate with a three- to sixfold elevation in the membrane
fraction as quantitated by phosphoimaging analysis (Fig. 3 B).
Decrease in the cytosolic fraction was observed with PKC-a
isoform but not with the PKC-3, isoform. No significant changes
in protein content of PKC-3 or -e were noted in either cytosolic
or membrane fractions after 10 min of 1 nM VEGF stimula-
tion (data not shown). Although no significant changes were

1500
= [ ] -VEGF i
2 B +VEGF
B
& 1000 -
Z £
T =
<
Q L
&~ & 500
=
«
-]
= [ *
0

Cytosolic Membrane

Figure 2. VEGF effect on PKC translocation. After stimulation with
or without VEGF (0.5 nmol/liter) for 10 min, total PKC specific activ-
ities were measured in both cytosolic and membrane fraction from
cultured BAEC. PKC activity was expressed as picomoles of Pi trans-
ferred per minute per milligram of protein. The results are shown as
mean*+SEM derived from three independent experiments, each per-
formed in triplicate. *P < 0.05, **P < 0.001.
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Figure 3. VEGEF effect on the redistribution of PKC isoforms. (A)
Immunoblotting analysis of PKC isoforms in cultured BAEC treated
with or without VEGF as described above. Same amounts of protein
partially purified from both cytosolic (lanes 2 and 3) and membrane
(lanes 4 and 5) fractions were analyzed by 10% PAGE and probed
with antibodies against peptides specific for PKC-a and -BII. The ar-
row indicates each PKC isoform recognized by its specific antibody
and comigration with its purified antigen. The figures represent auto-
graphs of the blots using the ECL system. Lane 1, purified PKC iso-
form (o or BII) peptide; lanes 2 and 4, absence of VEGF; lanes 3 and
5, presence of VEGF. (B) Graph depicting the relative amount of in-
dividual PKC isoforms. Data are plotted as percentage of control (ab-
sence of VEGF). Results are representative of three independent ex-
periments.

demonstrated for PKC-B; and PKC-{ isoforms, this finding
may not be conclusive since only very small amounts of these
two isoforms were detected.

Evaluation of VEGF-stimulated tyrosine phosphorylation
of PLC. Since the enzymatic products of PLCy’s activation,
DAG and inositol triphosphate (IP;), activate PKC, we deter-
mined whether VEGF could activate PLCy in BAEC (26). Ty-
rosine phosphorylation level of PLCy was evaluated in cell ly-
sates by immunoprecipitation with anti-PLCy antibodies and
identified by immunoblotting using antiphosphotyrosine anti-
bodies. VEGF (1 nM) induced a several old increase in the ty-
rosine phosphorylation of a 145-kD band, the reported molec-
ular mass of PLCy, and two other proteins (100 and 85 kD)
known to be associated with PLCy (23) (Fig. 4). The addition
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Figure 4. VEGF effect on tyrosine phosphorylation of PLCy. (A)
Cultured BAEC were pretreated with a PKC-specific inhibitor, GFX
(5 pM), or a tyrosine kinase inhibitor, genistein (Gen., 40 uM), or
0.001% DMSO alone for 30 min and then stimulated with or without
0.5 nmol/liter VEGF for 10 min. PLCy in the cell lysates was immu-
noprecipitated with anti-PLCy antibody, separated by 4-12% SDS-
PAGE, and then probed with antiphosphotyrosine antibody as
described in Methods. (B) Graph depicting the relative tyrosine phos-
phorylation of PLCy. Data are plotted as percentage of control
(mean=*SD) derived from three separate experiments with P values
relative to — VEGF control. **P < 0.01.

of genistein (40 wm), a tyrosine kinase inhibitor (27), signifi-
cantly reduced the VEGF-induced tyrosine phosphorylation
of PLCy. In contrast, GFX (5 wm), a PKC inhibitor (28), did
not significantly inhibit the tyrosine phosphorylation of PLCy.

Stimulation of DAG and inositol phosphate formation by
VEGF. The products of PLCy’s enzymatic actions, DAG and
inositol phosphates (26), were also determined. As shown in
Fig. 5, VEGF (0.5 nmol/liter) induced a biphasic rise in the for-
mation of DAG in BAEC prelabeled with [*PH]arachidonic
acid. The initial phase of labeled DAG formation reached a
maximum within 1 min. In the second phase, DAG formation
was increased by six- to sevenfold with the second peak ob-
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Figure 5. Time course of DAG formation induced by VEGF. BAEC
were cultured to 80% confluence and prelabeled with 5 uCi/ml
[*H]arachidonic acid for 16 h before stimulation with 0.5 nmol/liter
VEGTF. At the indicated times, DAG was extracted and measured as
described in Methods. Results are mean=SEM derived from three
separate experiments, each with triplicate determinations.

served at 5 min. Thereafter [*H]arachidonic-labeled DAG
content decreased to approximately half-maximal levels within
15 min but continued to be elevated even after 30 min.

The effect of VEGF on total [PH]inositol phosphates for-
mation was also evaluated. Fig. 6 shows that increasing the
concentration of VEGF from 5 pmol/liter to 5 nmol/liter
caused a concentration-dependent increase in production of
[*H]inositol phosphates within 10 min. A concentration of 0.5
nmol/liter VEGF resulted in a three- to fourfold increase in
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Figure 6. Dose dependence of VEGF-stimulated inositol phosphate
production. Cultured BAEC were prelabeled with [*H]myo-inositol
(1 pCi/ml) for 16-20 h and then exposed to the indicated concentra-
tion of VEGF for 10 min. [*H]Inositol phosphate was separated and
quantified as described in Methods. Error bars indicate the range of
values obtained for duplicate samples. These results are representa-
tive of three independent experiments.
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Figure 7. Dose response of VEGF-stimulated PI 3-kinase activation.
Cultured BAEC were treated with an increasing dose of VEGF for
10 min and cell lysates were immunoprecipitated using antiphospho-
tyrosine antisera. PI 3-kinase activity in the washed immunoprecipi-
tates was assayed as described. Error bars indicate the range of values
obtained for duplicate samples. Results are representative of two sep-
arate experiments.

inositol phosphate production compared with basal levels.
However, increasing VEGF concentration from 0.5 nmol/liter
to 5 nmol/liter resulted in only a modest additional effect on
the stimulation of inositol phosphate formation.

VEGF stimulates PI 3-kinase activity. Since PI 3-kinase has
been shown to be associated with several different tyrosine ki-
nase receptors (29), and VEGF has been reported to increase
PI 3-kinase tyrosine phosphorylation (12, 13), we determined
whether PI 3-kinase activity could also be activated by VEGF.
Fig. 7 showed that VEGF induced increases in PI 3-kinase ac-
tivity in a concentration-dependent manner. A minimal in-
crease in PI 3-kinase activity was detectable when stimulated
by VEGF at 5 pmol/liter. Maximal stimulation of 1.7-2.1-fold
was observed with 0.5 nmol/liter of VEGF. Interestingly, a bi-
phasic response was observed. VEGF became less effective at
concentrations of 2.5 nmol/liter or greater. The addition of
wortmannin (100 ng/ml) inhibited PI-3 kinase activities in
BAEC by 90%.

Effects of PI-3 kinase, PKC, and tyrosine kinase inhibitors
on VEGF-induced PKC activation and cell growth. We evalu-
ated the role of VEGF-induced PLCy and PI 3-kinase activity
on the activation of PKC in cultured BAEC. As shown in Fig. 8
A, VEGF-induced PKC activity was suppressed by the ty-
rosine kinase inhibitor genistein (40 uM) and the PKC inhib-
itors GFX (5 pM) and H-7 (40 uM). Wortmannin, which in-
hibited PI 3-kinase (30, 31) in these studies by 90%, did not
inhibit VEGF-induced PKC activity even at a concentration of
100 nM.

Biologically, VEGF increased DNA content of BAEC in a
concentration-dependent manner with significant increases
observed initially at 0.01 nmol/liter and maximally at 0.25
nmol/liter, consistent with our previous report (5, 32). Due to
these findings, the effect of VEGF was studied using 0.5 nmol/
liter which consistently increased DNA content in BAEC by
twofold after 3 d (Fig. 8 B). The addition of PKC inhibitors
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Figure 8. VEGF’s mitogenic effect is dependent on PKC activity but
independent of PI 3-kinase. (A) Cultured BAEC were treated with or
without 0.5 nmol/liter VEGF after pretreatment with a variety of pro-
tein kinase inhibitors such as a PKC-specific inhibitor, GFX (5 pM); a
nonspecific protein kinase inhibitor, H-7 (40 wM) and its inactive an-
alogue, H-8 (40 pM); a tyrosine kinase inhibitor, genistein (Gen., 40
wM); a PI 3-kinase inhibitor, wortmannin (Wor., 0.1 pM), or 0.001 %
DMSO alone (Con.) for 30 min. PKC activity was measured in situ as
described in the legend to Fig. 1. (B) BAEC were seeded in 12-well
plates at a density of 5,000/well. After 24 h, VEGF and the indicated
agents were added to the cultures. Media with wortmannin were
changed every 24 h. DNA content was measured after 3 d. Results
are expressed as mean*SEM derived from three separate experi-
ments, each with triplicate determinations. **P < 0.01 vs. control
without VEGF stimulation.

GFX (5 uM) or H-7 (40 pM), as well as the tyrosine kinase in-
hibitor genistein (40 pM), blocked VEGF-stimulated cell
growth completely, in parallel with their inhibition of PKC ac-
tivity. In contrast, H-8 (40 uM), a control for H-7, did not
inhibit PKC activity or VEGF-induced BAEC proliferation.
Although wortmannin at 100 nmol/liter abolished VEGF-
induced increases in PI 3-kinase activity (data not shown), it
did not inhibit either VEGF-induced PKC activation or cell
growth. In cells not stimulated by VEGF, the addition of GFX
(5 pM) did not reduce the basal level of DNA synthesis (data
not shown). Therefore, GFX only inhibited VEGF-stimulated
cell growth but did not affect basal growth rates of endothelial
cells stimulated by serum.

Effect of PKC-a and -B isoforms on VEGF’s mitogenic ef-
fect. As described above, we found that VEGF-induced PKC
mainly resulted in increasing PKC-a and -BII isoforms in the
membrane fraction. To evaluate further which isoform(s) of
PKC activation are more specifically involved in VEGF-induced
BAEC proliferation, we characterized the effect of an isoform-
selective inhibitor of PKC-B, LY333531 (15), and antisense
PKC-a oligonucleotides. VEGF-induced BAEC proliferation
was inhibited by the addition of PKC-B (LY333531) inhibitor
in a concentration-dependent manner (Fig. 9 A). This inhibi-
tory effect of LY333531 was significant at a concentration of 10
nmol/liter which we had reported previously to inhibit only
PKC-B isoform but not a isoform (15). Increasing the concen-
tration of LY333531 to 50 nmol/liter completely inhibited
VEGF-stimulated cell growth, while only inhibiting VEGF-
induced total PKC activity by 31% (Fig. 9 B).

The role of PKC-a isoform on VEGF-stimulated cell
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Figure 9. PKC-B isoform-specific inhibition blocks VEGF-induced
mitogenesis. (A) The noted concentration of PKC-B-specific inhibi-
tor LY333531 was added to the cultures of BAEC in DME containing
10% PDHS with or without 0.5 nmol/liter of VEGF, and the media
were changed every 24 h. After 3 d of incubation, DNA content was
measured. (B) Cultured BAEC were treated with or without 0.5
nmol/liter VEGF after pretreatment with L'Y333531 at the desig-
nated concentration for 30 min. PKC activity was measured in situ

as described in the legend to Fig. 1. Results are expressed as
mean*=SEM derived from three separate experiments, each with trip-
licate determinations. *P < 0.01, **P < 0.001, treated with VEGF in
absence of L Y333531 versus presence of LY333531.

VEGF Mediates Cell Growth by Activating PLCyand PKC 2023



PKCC!" N  — — s

PKCp 3 WIS W SR S (D P50 Sy

PKC-o antisense (umol/L): 0 0 0.5 1 2.5 5 10
PKC-o sense (Lmol/L): - 5 - - -

o

140

120

100 ——l——/“‘;_—__———{

80 - -
—8- PKCu
—A— PKCp

60 -

40 -

PKC Protein (% of Control)

20

0 2 4 6 8 10 12
PKC-o antisense concentration (pmol/L)

Figure 10. Antisense PKC-a oligonucleotide inhibition of PKC-o
protein synthesis. (A) BAEC were incubated in absence (control) or
presence of the noted concentration of oligonucleotide (sense or anti-
sense) for 3 d. The cellular proteins were then extracted, and PKC-a
and PKC-B were determined by immunoblotting analysis (see Meth-
ods). PKC-a and PKC-B are indicated by arrows on the left identified
by a positive control (rat brain). (B) Levels of immunoreactive
PKC-a and PKC-f protein from the above gels and others from sepa-
rate experiments were quantified with a PhosphorImager and are ex-
pressed as a percentage of control. Values are mean+SD, n = 3
(these separate experiments).

growth was also characterized. Fig. 10 shows that PKC-« pro-
tein levels were specifically inhibited by > 75% with the addi-
tion of antisense PKC-a oligonucleotides in cultured BAEC.
However, sense PKC-a oligonucleotides did not have any sig-
nificant effect on PKC-a levels. This inhibition by antisense
PKC-a oligonucleotide was dose-dependent and isotype-spe-
cific since PKC-B protein levels were unaffected although the
protein levels of PKC-a isoforms were reduced by > 75%. The
addition of antisense PKC-a oligonucleotides did not inhibit,
but rather enhanced, both basal and VEGF-stimulated mito-
genic effects significantly in BAEC (Fig. 11).

Discussion

VEGTF has been reported to induce multiple biological actions
in endothelial cell such as stimulating cellular proliferation and
increasing vascular permeability (1-3). The initial step for
VEGF to mediate its cellular actions is binding to specific,
high-affinity receptors on endothelial cells. Two of these re-
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Figure 11. Effect of PKC-a antisense on VEGF-induced cell growth.
BAEC were seeded in 12-well plates at a density of 5,000/well. After
24 h, the oligonucleotides were added to the medium in presence of
0.5 nM VEGF. Media with oligonucleotides and VEGF were
changed every 24 h. DNA content was measured after 3 d. Results
are expressed as mean*SEM derived from three separate experi-
ments, each with triplicate determinations. **P < 0.001 vs. control
without antisense.

ceptors, Flk-1/KDR and Flt-1, have been identified and con-
tain tyrosine kinase activities (10, 11), and are phosphorylated
at tyrosine residues. Both micro- and macrovascular endothe-
lial cells contain these receptors although we have reported
that endothelial cells from the retinal capillaries may express
more receptors than aortic endothelial cells (32).

Several recent reports have shown that Flk-1/KDR recep-
tors, when activated, will associate with PLCy, GTPase-acti-
vating protein, Nck, and PI 3-kinase (12, 13). These interac-
tions are probably mediated through SH2 domains, resulting
in the tyrosine phosphorylation of these potential substrates.
Since tyrosine phosphorylation of PLCy and PI 3-kinase are
associated with their activation, it is surprising that Walten-
berger et al. (13) were not able to show an increase in PI 3-kinase
activity after VEGF stimulation. Our results demonstrate that
VEGTF activation of PI 3-kinase involves tyrosine phosphory-
lation since PI 3-kinase activities were measured using an-
tiphosphotyrosine antibody immunoprecipitates. Interestingly,
the dose-response curve showed a biphasic pattern with the
first phase demonstrating maximum stimulation at 1 nM which
coincided with VEGF’s mitogenic effect. However, the lack of
effect on PI 3-kinase activity after 2.5 nM was unlike that of
VEGF’s growth effect which is sustained at 2 nM (32) or
greater levels.

In addition to stimulating PI 3-kinase activity, our findings
have provided the first demonstration that VEGF can activate
PLCy which is consistent with previous reports that VEGF can
increase PLCy tyrosine phosphorylation (13). The time course
of PLCy activation was very rapid and similar to the activation
of PI 3-kinase. In contrast, the dose-response curve for the ac-
tivation of PLCy was quite different from that of PI 3-kinase
since VEGF continued to be effective even at 5 nM, a concen-
tration where VEGF failed to have a stimulating effect on PI
3-kinase. This latter finding suggested that VEGF was activat-
ing PI 3-kinase and PLCy via different pathways.

The activation of PKC by VEGF appears to be the result of
PLCry activation and the production of DAG and IP; which



can directly or indirectly activate PKC by the mobilization of
Ca?* (25, 34). This is the first direct demonstration of the acti-
vation of PKC and its isoform by VEGF. This finding has been
confirmed by both in situ and translocation assays. The time
course of VEGF-induced PKC activation was rapid but ap-
peared to follow the increases of IP; and DAG. In addition,
the dose-response curve was very similar to PLCy activation
without diminution of VEGF’s effect at concentrations of 5
nM or greater, thus indicating that VEGF was sequentially ac-
tivating PLCy and then PKC.

Vascular endothelial cells contain multiple isoforms of
PKC (15). The present studies together with our previous stud-
ies have shown that vascular endothelial cells contain various
amount of PKC isoforms a, B, B, 3, €, and { but not v (15, 35).
It is also possible that other PKC isoforms which were not
studied could be present. However, it is interesting to note that
only a and B, isoforms were found to be consistently translo-
cated, whereas PKC-3 and -e were not. The explanation for the
difference among the various PKC isoforms is not clear but
could be multiple, ranging from differences in time of activa-
tion and degradation to different efficiencies of the various an-
tibodies. It is interesting to speculate that the predominant ac-
tivation of a and B isoforms could be the result of VEGF
inducing increases in both DAG levels and [Ca**] flux which
can in concert stimulate PKC isoforms o and  to translocate
since both of these isoforms contain DAG and Ca?>* binding
sites (24). In contrast, PKC isoforms € and 3, which lack Ca?*
binding sites, are only responsive to DAG and did not translo-
cate adequately for our antibodies to detect (25).

The findings thus far have clearly demonstrated that
VEGTF can induce the activation of at least two signaling path-
ways, possibly in a parallel manner. Both the activation of PI
3-kinase and PLCy-PKC pathways are associated with mitoge-
nic effects of growth factors (26, 29). However, our studies sug-
gest that VEGF’s growth promoting effects can be partially
mediated by the activation of PLCy and the PKC pathway.
Supportive evidence for PKC is derived from studies using
non-isoform-specific PKC inhibitors GFX and H7. The inhibi-
tory effects of GFX and H7 on the mitogenic action of VEGF
were probably not due to nonspecific or toxic effects of these
compounds since endothelial cells continue to grow slowly
when stimulated by serum in the presence of GFX and H7.
When PKC inhibitor GFX was used, PKC activity was inhib-
ited but the activation of PLCy was not affected since PLCy
activation most likely preceded PKC activation. These findings
suggested that PKC activation played a role in the mitogenic
action of VEGF. Further, inhibitors of PKC have been re-
ported by others to inhibit angiogenesis induced by VEGF al-
though PKC activity was not measured (33).

The strongest support for the postulate that PKC activation
is involved in the mitogenic effects of VEGF is derived from
the use of PKC isoform selective inhibitor L. Y333531 which we
have recently reported to inhibit PKC isoform 8 at concentra-
tions 50- and 1,000-fold less than other PKC isoforms and vari-
ous tyrosine or serine-threonine kinases, respectively (15). The
present study showed that 1. Y333531 inhibited VEGF-induced
endothelial cell proliferation even at concentrations below 25
nM which clearly indicated that PKC activation was necessary
for VEGF’s mitogenic effect. In addition, these results sug-
gested that VEGF’s growth effect was mediated predomi-
nately by PKC-B isoform. This possibility was supported by
two sets of results. First, the concentration response curve for

LY333531’s inhibition of VEGF-induced growth in endothe-
lial cells corresponded very closely to its inhibitory profile for
PKC-B isoform, as we have reported previously (15). Indeed,
dose response for inhibition by LY333531 on total VEGF-
induced PKC activity was much less potent than its effect on
cell growth (Fig. 3). This difference was probably due to the
fact that VEGF will stimulate the activation of multiple PKC
isoforms whereas the growth effect was predominately medi-
ated by the PKC-B isoform. Second, the results of experiments
using antisense to PKC-a showed that it did not inhibit
VEGEF’s growth effect despite decreasing PKC-« protein lev-
els by 75-80%. The decrease in PKC-a protein levels actually
enhanced both basal and VEGF stimulated endothelial cell
growth, suggesting that PKC-a has inhibitory effects on endo-
thelial cell growth. These data again suggest that activation of
PKC-B isoform was important for VEGF-mediated growth.

In contrast, wortmannin at concentrations that inhibited PI
3-kinase did not decrease the VEGF-mediated increase of
PKC activity, thus suggesting that the PI 3-kinase pathway was
not involved in VEGF’s activation of PKC. Although wort-
mannin did not inhibit VEGF’s effect on DNA synthesis, it
was not clear from this study whether the PI 3-kinase pathway
could also play a role in VEGF’s mitogenic action since the ef-
fects of wortmannin are relatively short lived. It is interesting
to speculate that the activation of PI 3-kinase may affect other
important cellular actions of VEGF such as the regulation of
vascular permeability. The finding that genistein, a nonspecific
tyrosine-kinase inhibitor, blocked VEGF-induced PLCy and
PKC activity and subsequent cell growth was not surprising
since receptors for VEGF are known to be tyrosine kinases. In
addition, genistein could be inhibiting many other tyrosine ki-
nases to decrease cell growth.

In summary, these results have demonstrated that VEGF
can activate both PI 3-kinase and the PLCy-PKC signal trans-
duction pathways. In addition, the activation of PKC is not
regulated by PI 3-kinase, whereas the PKC-3 isoform is pre-
dominately mediating VEGF’s mitogenic actions. Further
studies will be needed to clarify the molecular mechanism by
which specific PKC isoforms regulate DNA synthesis in endo-
thelial cells. These findings also suggest that isoform-specific
PKC inhibitors might prove useful as antiangiogenic agents in
those pathological disorders such as diabetic proliferative ret-
inopathy where VEGF levels have been reported to be ele-
vated (8).
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