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ABSTRACT

Basic fibroblast growth factor (bFGF) was found to protect bovine
aortlc endotheial cells against the lethal effects of ionizing radiation by
Inhibiting the programmed cell death (apoptosis) induced in these cells by
radiation exposure The involvement ofthe bFGF receptor tyrosine kinase
In this function was demonstrated by abrogation of the radioprotective
effect of bFGF by a specific Inhibitor of the bFGF receptor tyrosine
ldnase, the tyrphostin AG213. The downstream signaling after stimulation
of the bFGF receptor tyrosine kinase in bovine aortic endothelial cells
involved translocation of the a isotype of cytoplasmic protein kinase C
(PKC) into the membrane and Its activation within 30 s after bFGF
stimulation. The involvementof PKC in the radioprotective effect con
ferred by bFGF was suggested by the demonstration that nonspecific PKC
activation by short-term exposure (30 stain) to the phorbol ester, 12-0-
tetradecaaoylphorbol-13-acetate (TPA; 30 ng/ml) mimicked the radiopro
tective effect of bFGF. Furthermore, treatment of the cells with the PKC
inhibitor 1-(5-isoquinolinesulfonyl)-2-methylplperazine (2O@iM)abrogated
the radioprotective effect of bFGF, as was observed after the depletion of
cellular PKC by overnight preincubation with high-dose TPA (200 nsa).
Agarose gel electrophoresis of DNA extracted from irradiated bovine
aortic endotheial cells showed that both TPA (30 ng/ml; 30 sin) and
bFGF (1 ng/ml) inhibited the apoptotic degradation of DNA induced in
these cells by radiation exposure (500 cGy). Both the bFGF- and the
TPA-mediated inhibition of apoptosis could be reversed by the PKC
inhibitor 1-(5-isoquinollnesulfonyl)-2-methylpiperazine (20 psa). These
data demonstrate the involvement of PKC in the Inhibition of radiation
induced apoptosis by bFGF and the rescue of endothellal cells from this
mode of radiation-induced cell death.

INTRODUCTION

The family of fibroblast growth factors consists of several struc
turally related polypeptides (1) that regulate enzymatic functions,
motility, proliferation, differentiation, and maintenance of survival in
a variety of mesodermal and neuroectodermal lineage cells (2, 3). At
the tissue level, FGF3 was found to participate in the control of growth
and differentiation of endodermal and mesodermal structures during
embryonal development (4), to induce normal and tumor tissue an
giogenesis (5), and to facilitate wound healing (6). Several of the
FGFs were implicated in the development of tumors (3) but the
mechanism of their involvement in malignant transformation or in the
progression of spontaneous tumors remains to be established. We

have recently reported that bFGF protects endothelial cells against the
lethal effects of ionizing radiation (7). bFGF conferred radiation
protection in these cell both in vitro and in vivo via the inhibition of
programmed cell death (apoptosis) triggered in endothelial cells by
radiation exposure (8).

The cellular effects of FGF are mediated via the ligand binding to
high-affinity transmembrane receptors, which belong to the superfam
ily of RTKs (9). Ligand binding activates the receptor by triggering
autophosphorylation of its tyrosine kinase domain (10). The down
stream signaling from the activated receptor involves binding of
phosphorylated receptor tyrosine residues to catalytic SH2 domains of
the â€˜yisoform of PLC, thus activating the latter enzyme (10). Acti
vated PLOy hydrolyzes membrane phosphatidylinositol to generate
inositol 1,4,5-triphosphate and diacylglycerol (10, 11), which in turn
lead to the mobilization of cellular Ca2@stores and activation of PKC
(11). Activation of PKC can also be accomplished via other pathways,
such as activation of G protein-coupled receptors (12) or phospho
lipase D-mediated hydrolysis of phosphatidylcholine (1 1).

The role of PKC in mediating FGF-dependent cell functions is
unclear. Studies using the transfection of FGF receptor genes into
receptor naive cells have demonstrated that point mutations intro
duced at tyrosine residue 766 of the receptor, replacing it with
phenylalanine, eliminated the PLC'y-PKC cascade, although the FGF
mediated mitogenic response remained intact (13, 14). Other studies
have also questioned the role of PKC in mediating the mitogenic
response in a variety of cell systems (15â€”17).Down-regulation of
PKC in FGF-sensitive 3T3 fibroblasts was found to decrease, but not
abolish, FGF-stimulated ornithine decarboxylase, c-fos, c-myc, @3-ac
tin, and phosphorylated ribosomal 56 protein kinase (18â€”22).Thus,
while FGF-induced activation of PKC occurs in many FGF-sensitive
mammalian cell systems, the details of its involvement in mediating
specific FGF-controlled biological functions remain unclear.

In the present study we demonstrate that the inhibition of radiation
induced apoptosis in BAEC by bFGF is mediated via the activation of
PKC. Inhibitors of RTK or PKC abolished the protection conferred by
bFGF against radiation-induced apoptosis, while PKC stimulation
with phorbol ester mimicked the antiapoptotic effect of bFGF. The
data provide evidence for the involvement of PKC in mediating the
antiapoptotic effect controlled in endotheial cells by bFGF.

MATERIALS AND METHODS

Cell CUltUreS.Cloned populationsof BAEC were established from the
intima of bovine aorta as described previously (7). Stock cultures were grown
in 100-mm culture dishes in DMEM supplemented with glucose (1 g/liter),
10% heat-inactivated BCS, penicillin (50 units/ml), and streptomycin (50

@g/ml).Purified human recombinant bFGF (0.75 ng/ml; R&D Systems, Inc.,
Minneapolis, MN) was added every other day during the phase of exponential

growth. After 8â€”10 days in culture, the cells reached confluence and exhibited

features of contact-inhibited monolayers. These plateau phase cells were either
used for experiments, or further subcultured (up to a maximum of 10 subcul
tures) at a split ratio of 1:10 to expand the cell population for other experi
ments. For subculturing, the monolayers were dissociated with SlY for 2â€”3
rain at 22 or 4Â°C,washed twice in 10% BCS-DMEM, and resuspended in
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DMEM with supplements as described above. These mild conditions of
trypsinization were sufficient to detach the cells but did not injure, stimulate,
or affect cell functions in a detectable way. BAEC cell cultures were main
tamed at 37Â°Cin 10% CO2 humidified incubators. Cultures of the PF-HR9
mouse endodermal carcinoma cell line were carried out as described previ
ously (7) in DMEM supplemented with glucose (4.5 g/liter), 10% fetal calf
serum, and antibiotic supplements as described above. After reaching conflu
ence, the cells were subcultured weekly at a split ratio of 1:10 (after dissoci
ation with STV). These cell cultures were maintained at 37Â°C in 5% CO2

humidified incubators.
Preparation of Dishes Coated with HR9IECM. Culturedishes coatedby

the HR9IECM were produced as described previously (7). PF-HR9 cells were
seeded (lO@/35-mm dish) into dishes precoated with fibronectin (50 @g/dish)to
enforce a firm adhesion of the secreted ECM onto the plastic substratum. The
medium consisted of DMEM supplemented with glucose (4.5 g/liter), 10%
fetal calf serum, and antibiotic supplements as described above. Ascorbic acid
(50 @g/ml)was added on days 2 and 4. After 6â€”7days in culture, the cell
monolayers were denuded by treatment with a solution containing 0.5% Triton
x-100 and 20 mMNH4OH in PBS (3 min at 22Â°C),followed by 4 washes with
PBS. In this process, cellular debris and cytoskeletaof the lysed cells were
effectively removed, and the underlying ECM remained intact and adhered to
the entire area of the tissue culture dish. The ECMs could be stored at 4Â°Cfor
several months before being used in experiments.

Growth Curves of BAEC. Exponentially growing BAEC were seeded
(2 x 10-s cells/well) in 24-well dishes coated with the natural BAECIECM
produced by BAEC in vitro. BAEC/ECM-coated wells were prepared as
described previously (23). The culture medium consisted of DMEM supple
mented with glucose (1 gfliter), 10% heat-inactivated BCS, penicillin (50
units/ml), streptomycin (50 p.g/ml), and 0.75 ng/ml bFGF. Cell counts were
performed in sample dishes after dissociation of the cells from the monolayer
with SlY for 2â€”3min at 22Â°C.The cells were then wa?hed with 10%
BcS-DMEM, resuspendedin PBS, andcountedin a CoulterCounter.

Survival of BAEC after Irradiation. Survival after irradiation was de
fined as the ability of the cells to maintain their clonogenic capacity (7).
Twenty-four h prior to irradiation the culture medium was changed to fresh
10% BcS-DMEM. Immediately prior to irradiation, the cells were dissociated
with SlY, washed twice in 10% BCS-DMEM, and resuspended in the same
medium at a concentration of 10@cells/ml. Irradiation was carried out in a
Gamma-cell 40 chamber containing two sources of â€˜37Ca(Atomic Energy of
Canada) at a dose rate of 100 cOy/mm. Immediately after irradiation the cells
were seeded for colony formation assays in 35-mm dishes (300â€”3000cells/
dish) coated with the HR9/ECM. Human recombinant bFGF was added to the
media of the HR9IECM cultures (fmal concentration, 0.75 ng/ml) either
immediately after irradiation or 72 h later, to promote clonal growth and
formation of colonies. Our previous studies showed that if the cells are
maintained on HR9/ECM, a delay in the addition of bFGF to the medium for
up to 96 h after cell seeding is possible without adversely affecting the
clonogenic growth of BAEC (7). After 7â€”9days, the cultures were fixed in
3.7% formaldehyde and stained with 1% crystal violet in ethanol. Colonies
consisting of 50 cells or more were scored, and 3â€”6replicate dishes containing
50â€”150colonies/dish were counted for each radiation dose tested.

Assays for the Enzymatic Activity of PKC. The assays were performed
by a modification of a method described previously (24). Twenty-four h prior
to PKC determination, the culture medium of confluent BAEC was changed to
fresh 10% BCS-DMEM without bFGF. Immediately prior to bFGF stimulation
the cells were washed twice in 10% BCS-DMEM, and the experiment was
initiated by the addition of fresh DMEM containing 0.75 ng/ml human recom

binant bFGF. At designated time points, the reaction was stopped by the
addition of 10 ml ice-cold PBS, and harvesting of the cells by scraping with a
rubber policeman in cold buffer A (20 mM Tris-HC1, pH 7.5-250 mM
sucrose-6 mM EDTA-0.5 mM dithiothreitol-0.5 mM PMSF-50 ,.&g/ml leu
peptin-20 @g/mlaprotinin). The cells were then sonicated for 1 mm in a
bath sonicator and centrifuged at 500 X g for 5 mm to remove the nuclei
and cell debris. The cytosolic fraction was separated from membranes by
centrifugation at 100,000 x g for 1 h. Membrane-bound PKC was solubi
lized by resuspending and vortexing the pellet in buffer A containing 0.5%
Triton X-100 for 20 mm on ice and centrifuged for 30 mm at 100,000 X g
to remove nonsoluble material. Both the cytoplasmic and solubilized mem
brane fractions were applied to an anion exchange chromatography DEAE

cellulose (DE-52) column (0.2 ml) and washed with buffer B (20 m@,iTris,
pH 7.5-2 mM EDTA-5 mM [ethylenebis(oxyethylenenitrilo)]tetraacetic
acid), and bound PKC was eluted with 0.5 ml of buffer C (buffer B
containing 0.15 M NaC1). Aliquots of the 0.15 M NaCI eluates from these

columns were assayed for PKC activity and immunoblotted. Enzymatic
activity was assayed by measuring transfer of 32P from [y-32PJATP into a
specific peptide (Amersham, Arlington Heights, IL) as described previ
ously (24). The reaction mixture consisted of 50 mMTris-HC1 (pH 7.4), 15
mM magnesium acetate, 300 @LMpeptide, 10 mM dithiothreitol, 10 ,LM
[-y-32P]ATP,and 25 pi of fractions eluted from DE-52 in a final volume of
75 @l.For the measurement of PKC activity, 4 mt@t CaCl2, 200 mM

phosphatidylserine, and 8 @tgphorbol 12-myristate 13-acetate were added.

After incubation for 10 mm at 30Â°C,the reaction was stopped by adding
100 g.tl of stop reagent; precipitates were collected on a nitrocellulose
membrane filter and radioactivity was determined by liquid scintillation
counting. PKC activity was defined as the difference between the kinase

activity in incubations containing Ca2@/phosphatidylserine versus incuba
tions containing [ethylenebis(oxyethylenenitrilo)Jtetraacetic acid with no
Ca2@/phosphatidylserine.

Quantitative Evaluations of Isoforms of PKC. Cytosolic and membrane
preparations of PKC were obtained as described above. Samples were added to
SDS sample buffer (100 mMTris-HC1,pH 8.8-4% (w/v) SDS-5 mMEDTA
15% (w/v) sucrose-lOmM dithiothreitol-0.1% (w/v) bromophenol blue) and
applied on a 7% (w/v) SDS-polyacrylamide gel (25). Protein bands were
separated at 100 V for 1 h at room temperature and electrophoretically trans
ferred to nitrocellulose filters (Bio-Rad, Richmond, CA) (26). The filters were
prehybridized in Tris-buffered saline (20 mM Tris-HC1, pH 7.6-137 mM NaC1)

containing 5% (w/v) dried milk for 2 h at room temperature to eliminate
nonspecific binding. PKC was detected by blotting with 2 @g/mlisozyme
specific polyclonal antibodies (GIBCO, Grand Island, NY) for (3 and â‚¬iso
forms and 1 @g/mlmonoclonal antibodies (Amersham) for anti-PKC-a, fol
lowed by the addition of â€˜@I-proteinA (DuPont New England Nuclear,
Boston, MA) or â€˜@I-anti-mouseantibodies (Amersham), respectively. Blots
were scanned with an phosphoimager (Molecular Dynamics) to quantify PKC
immunoreactivity.

Agarose Gel Electrophoresis of DNA. The extraction of DNA and aga

rose gel electrophoresis were performed as described previously (27). Briefly,
5 X 106 cells were washed twice with ice-cold PBS and lysed with Nicoletti

lysis buffer (10 mM Tris-HC1, pH 7.5-100 mM NaCI-1 mM EDTA-1% SDS-50
,tg/ml proteinase K) at 43Â°Covernight. The DNA was extracted with an equal
volume of phenol following a chioroform-isoamyl alcohol wash. The DNA
solution was then incubated for 1 h at 37Â°Cwith 50 @gimlRNase followed by
a chloroform-isoamyl alcohol wash. The DNA was then precipitated with 0.5

M NaCl and 95% ethanol at â€”20Â°Covernight. The pellets were resuspended in

50 @tlH2O, and the DNA concentration was determined from the absorbance
at 260 nm. Each DNA sample (10 @g)was electrophoresed at 80 V for 4 h
through a 2.0% agarose gel in Tris-borate buffer. DNA bands were visualized
under UV light after staining with ethidium bromide. HaeHI digests of double
stranded tX174 DNA were used as molecular size markers.

RESULTS

Evidence for Activation ofPKC by bFGF Stimulation in BAEC.
Confluent BAEC were transferred at contact-inhibiting densities (2 X
106 cells/35-mm diameter dish) onto culture dishes coated with the
bFGF-free HR9/ECM and incubated overnight in bFGF-free medium,
consisting of DMEM and 10% BSC. Cell cycle analysis revealed that
>91% of these cells were in G0-G1 (28), and â€œ31-bFGFbinding and
Scatchard analysis revealed that under these conditions, BAEC cx
pressed 1.5 X iO@high-affinity receptors/cell with a dissociation
constant of 3.4 X 10@@ M. Fig. 1 shows that stimulation of BAEC
with 0.75 ng/ml bFGF resulted in translocation of the a isotype of
PKC from the cytosol to the membrane, which occurred within 15 s
after bFGF stimulation. This translocation was associated with enzy
matic activation of membrane-associated PKC (Fig. 2). Activation of
membrane PKC peaked at about 30 s after bFGF stimulation with a
maximum of a 3.5-fold increase in PKC-mediated phosphorylation
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Modulation of the Radioprotective Effect of bFGF by Protein
Kinase Inhibitors and Stimulators. The role of activation of the
bFGF RTK in mediating the radioprotective effect of bFGF was
evaluated by the use of the tyrphostin AG213. The tyrphostins are
synthetic benzyldiaminonitrile compounds that specifically inhibit
tyrosine kinases and block the mitogenic effects of several growth
factors in vitro (28). Some tyrphostins exhibit receptor-type specific
ities, whereas others show cross-reactivities within the RTK family of
receptors (28). The effects of the tyrphostins AG12O and AG213
(generously provided by Dr. A. Levitzki, Hebrew University, Jerusa
1cm, Israel) were initially tested on bFGF-activated mitogenesis in
unirradiated BAEC to define the parameters of their activity in these
cells. AG213 (22.5 ELM),but not A0120, was found to inhibit bFGF
induced growth of BAEC in vitro (Fig. 3). This inhibitory effect was
reversible, since removal of the AG213 from the culture medium
resulted in resumption of cell growth at a rate similar to that observed
in AG213-untreated controls (Fig. 3). The effect of AG213 in mod
ulating the mitogenic effect of bFGF in BAEC was also confirmed by

I 2 0 [3H]thymidine incorporation into the DNA of exponentially growing

BAEC (data not shown). Fig. 4 shows the effect of the tyrphostin
AG213 on the bFGF-mediated radiation protection in BAEC. A
previous study reported that the radioprotective effect of bFGF in
BAEC can be evaluated by measuring the difference in the clonogenic
survival between cells stimulated with bFGF immediately after versus
those stimulated at 72 h after irradiation (7). In the experiment shown
in Fig. 4, AG213 (5â€”22.5pM) was added to the culture medium of
irradiated BAEC (200 cOy) for the first 24 h after irradiation and was
subsequently removed from the medium. This treatment with AG213 did
not affect the clonogenic mrvival of irradiated BAEC stimulated with bFOF
at 72 h after irradiation but decreased the clonogemc survival of cells
stimulated with bFGF immediately after irradiation in an AG213 dose
dependent function (Fig 4). AG213 at a concentration of 22.5 pz@idecreased
the clonogenic survival ratio ofO- to 72-h bFGF-stimulated cells to 3.13 from
a 6.02 value observed in A6213-untreated control&These data indicatethe
involvement of the bFGF RTK in mediating the radioprotective effect of
bFGF in endothelialcells.

To investigate whether the RTK-PKC cascade is involved down
stream, the stimulation of the bFGF receptor, the effect of the PKC
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Fig. 1. Translocation of cytosolic PKCa to the membrane in bFGF-stimulated plateau
phase BAEC. Monolayers of plateau phase BAEC were incubated for short time periods
with 0.75 ng/ml bFGF and lysed by sonication, and the cytosolic (0) and membrane (â€¢)
fractions were submitted to Western blot analysis using a mouse monoclonal anti-PKCa
antibody. The band density was measured with a phosphorimager and plotted as a function
of time after bFGF stimulation.

Msmbran (bFGF)

Cytosollc (bFGF)
Membrane (Radiation)
Cytosolic(Radiation)

400@

300@

0 20 40 60

Time (sec)
Fig. 2. Activation of PKC by bFGF in plateau phase BAEC. Monolayers of plateau 0

phase BAEC were incubated for 15â€”90s with bFGF(0.75 ng/ml), lysed, and evaluated for
enzymatic phosphorylation activity of PKC in the cytosolic (0) and membrane (â€¢)
fractions.Similarmeasurementswereperformedwithcellsexposedto a singledoseof
200cOyinsteadofbFGF,measuringtheactivityinthecytosolic(A)orthemembrane(A) E
fractions.Points,meansof threedeterminations,eachperformedin triplicate. z

activity and was down-regulated to nearly baseline levels by 90 s after
bFGF stimulation (Fig. 2). Exposure of the cells to a dose of 200 cOy
without concomitant stimulation with bFGF did not result in a PKC
activation (Fig. 2). Western immunoblots using antibodies against the
13andâ‚¬isoformsofPKCshowedthatalthoughtheseisotypeswere
present in BAEC in small amounts, they did not translocate from the Fig.3. Effectof thetyrphostinsAG12OandAG213onthegrowthof BAEC.Growth

curves of exponentially growing BAEC were performed in control (0), tyrphostin
cytosol to the membrane on bFGF stimulation (data not shown). These untreatedcellsJ), or in cellsgrowingin thepresenceof 25 AG12O(@@)or 22.5 @aai
data demonstrate that bFGF stimulation of BAEC results in a rapid AG213(â€¢).InsomeculturescontainingAG213(0), themediumwasremovedafter4

days in culture and the cells were washed twice in 10% BCS-DMEM and resuspended in
and transient activation of PKCa, but radiation by itself does not elicit DMEMsupplementedwith0.75 ng/mlbFGF.Points,meansof culturesperformedin
such a response. triplicate.
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bFGF INHIBITION OF RADIA11ON-INDUCED APOPTO5IS

inhibitor H-7 (29), and the effect of PKC depletion by prolonged
exposure to high doses of the phorbol ester TPA (29, 30) on the
radioprotective effect of bFGF were examined. Fig. 5 shows that
exposure of irradiated BAEC (200 cOy) to 10â€”20p.MH-7 during the
first 24 h after irradiation almost completely abrogated the radiation
protection conferred by bFGF, although such treatment had no toxic
effect on control unirradiated cells (data not shown) or irradiated cells
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Fig. 6. Effect of the PKC activation by TPA on the clonogenic survival of irradiated
plateau phase BAEC. Plateau phase cells were irradiated tha single fraction of 200 cOy
and plated on the HR9/ECM in 10% BCS-DMEM. In some of the samples, TPA (30
ng/ml) was added to the medium immediately after irradiation and removed 30 min later
by replacement of the medium with 10% BCS-DMEM. When indicated, bFGF (0.75
ng/ml) was added to the medium either immediately after irradiation and replenished on
the removal of TPA from the medium, or was added to the culture media only at 72 h after
irradiation. Points, means of cultures performed in triplicate.

stimulated with bFGF at 72 h after irradiation (Fig. 5). Exposure of
control unirradiated BAEC to overnight incubation with 200 flMTPA
depleted the cytosolic PKC to 20% of the level observed in TPA
untreated controls and the level of membrane PKC to 41% of control
cells. Such treatment moderately increased the radiosensitivity of
BAEC even when stimulated with bFGF immediately after irradiation
(the surviving fraction of cells receiving 200 cOy was 3.4% compared
to 8.2% in TPA-untreated cells). TPA-mediated depletion of PKC also
nearly abrogated the difference in survival of the 0- to 72-h bFGF
stimulation of BAEC (a ratio of 8.2 for PKC-undepleted cells com
pared to 2.1 in PKC-depleted cells). In contrast to the effects of the
RTK and PKC inhibitors described above, the cyclic AMP-dependent
PKA inhibitor HA-1004 (31) did not affect the radioprotective effect
of bFGF in BAEC. The 0:72-h ratio of bFGF-mediated increase in
survival of irradiated (200 cOy) BAEC was 2.48 in HA-1004-un
treated cells and 2.05 in cells exposed to 20 n@iHA-1004 during the
first 24 h after irradiation.

Effect of PKC Stimulation on the Radioprotective Effect of
bFGF. In contrast to the effect of prolonged exposure to high
doses of TPA, short-term exposure to relatively low doses of TPA
stimulates, rather than down-regulates, the enzymatic activity of
membrane-associated PKC (31). TPA is structurally similar to
diacylglycerol, a native activator of PKC, and like diacylglycerol,
it stimulates PKC in vitro and in vivo by directly binding to
membrane PKC (31). Fig. 6 shows the effect of short-term expo
sure of irradiated BAEC (200 cGy) to low-dose TPA stimulation.
The cells were exposed for 5â€”30mm after irradiation (200 cOy) to
10â€”100ng/ml of TPA, which was then removed from the medium.
Recombinant bFGF (0.75 ng/ml) was either added to the medium
immediately after irradiation and replenished on the removal of
TPA from the medium or added to the culture media only at 72 h
after irradiation. Fig. 6 shows that a 30-mm treatment with 30
ng/ml TPA resulted in the rescue of irradiated BAEC similar in
magnitude to that observed in TPA-untreated cells stimulated with
bFGF immediately after irradiation (time 0). Combined treatment'
with bFGF and TPA at time 0 did not further increase the survival
of the cells. Similar resultswere observedwith a 5-mm incubation
with 30 ng/ml TPA (data not shown).

Fig. 4. Effect of AG213 on the clonogenic survival of irradiated plateau phase BAEC.
Plateau phase cells were irradiated with a single fraction of 200 cOy and plated on
HR9/ECM in 10% BCS-DMEM. In some cultures, different concentrations of AG213
were added to the culture media along with 0.75 ng/mIbFGF immediately after irradiation
(â€¢).In these cultures, the medium was removed after 24 h and replaced with 10%
BCS-DMEM containing 0.75 ng/ml bFGF but no AG213. In other cultures, AG213 was
added to the culture media immediately after irradiation without bFGF, and the medium
was removed after 24 h and replaced with 10% BCS-DMEM without bFGF or AG213.
After an additional 48 h in culture (72 h from the initiation of the experiment; 0), 0.75
ng/ml was added to the latter cultures. The surviving fraction is presented as a function of
AG213 concentration. Points, means of cultures performed in triplicate.

Fig. 5. Effect of the PKC inhibitor H-7 on the clonogenic survival of irradiated plateau
phase BAEC. Plateau phase cells were irradiated with a single fraction of 200 cOy and
plated on the HR9/ECM in 10% BCS-DMEM. Different concentrations of H-7 were
added to the culture media along with 0.75 ng/ml bFGF immediately after irradiation (0)
and the medium was replaced after 24 h with 10% BCS-DMEM containing 0.75 ng/ml
bFGF, but without H-7. In other cultures J), the cells were incubated immediately after
irradiation with H-7 but without bFGF or H-7. In these cells, the medium was removed
after 24 h and replaced with 10% BCS-DMEM without bFGF, and after additional 48 h
in culture (72 h from the initiation of the experiment), 0.75 ng/ml was added to the
medium. The surviving fraction is presented as a function of H-7 concentration. Points,
means of cultures performed in triplicate.
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of exposure of BAEC to a dose of 200 cOy.4 The PKC isoform
activated after bFGF stimulation in BAEC is the Ca2@-dependent a
isozyme (Fig. 1). This observation confirms a previous study which
reported that PKCa is the predominant isoform of PKC in endothelial
cells (33). While the data reported in the present study do not specify
whether bFGF-mediated activation of PKC is required or sufficient
for eliciting a mitogenic response in BAEC, the study, nonetheless,
indicates that PKC activation is both required and sufficient for
inhibition of radiation-induced apoptosis in this cell system (Fig. 7).

Apoptosis is a physiological mechanism of cell death which serves
as a major regulatory mechanism in embryonal development, growth,
and differentiation and in the normal wear and tear maintenance of
adult mammalian tissues (34â€”36).It is conceptualized as a prepro
grammed pathway of sequential biochemical events that are only
partially known, which eventually lead to activation of a calcium
magnesium-dependent endonuclease that cleaves the nuclear chroma
tin at selective internucleosomal linker sites (27). Signals concomi
tantly generated at the membrane of the affected cell activate
neighboring intact cells and infiltrating macrophages to phagocytize
the dying cell and its disintegrating nucleus (37). Apoptosis also
occurs spontaneously in various solid tumors and contributes to cell
death after radiation and chemotherapy in a variety of lymphoid and
other normal and malignant tumor tissues (34, 38, 39).

Several hematopoietic cytokines were reported to inhibit apoptosis
via PKC in serum- or growth factor-deprived and glucocorticosteroid
treated lymphoid and hematopoietic cells (40â€”43).Thymic and lym
phoid cells were found to be similarly protected by PKC activation
against radiation-induced apoptosis (44â€”47).Our observations on the
effect of bFGF in irradiated endothelial cells are consistent with these
reports and demonstrate that the bFGF effect is mediated via a
signaling pathway in which PKC activation plays a pivotal role. In our
system, bFGF or TPA stimulation were required to activate PKC,
since radiation alone did not elicit a PKC response. However, recent
studies have demonstrated that in several cell types, ionizing irradia
tion is capable of activating PKC spontaneously, without an apparent
involvement of a specific growth factors in eliciting this effect (48â€”
51). Hallahan et aL have reported that spontaneous stimulation of
PKCoccurswithin1 mmafterradiationexposurein HL-60(48) and
RIT-3 cells (49), while Kim et aL (50) found that radiation sponta
neously activated the â‚¬isoform of PKC in human lung adenocarci
noma A549 cells. Uckun et a!. (51) reported radiation-induced acti
vation of PKC in B-lymphocyte precursor cells. PKC activation in
these cells was abolished by protein tyrosine kinase inhibitors, and it
was suggested that unidentified RTKs, activated directly by irradia
tion, mediate this mode of PKC activation (51). These data suggest
that cell type specificities and multiple metabolic pathways may be
involved in the PKC response after irradiation. The study by Kim et
aL (50) confirmed the existence of such cell specificities because the
C isoform of PKC was activated by radiation exposure in 2 of 9 human

lung tumor cell lines tested and was not affected in the other 7.
Whether growth factor-independent mechanisms of PKC activation

do indeed play a role in the protection of cells against radiation
induced apoptosis remains to be explored. However, experiments
reported by Hallahan Ct a!. (52) and Kim et aL (50) showed that
inhibition of radiation-induced activation of PKC by staurosporine
enhanced the radiation killing of human tumor cells. In both studies,
the increase in radiation killing of staurosporine-treated cells was not
associated with a measurable difference in the rejoining of DNA

double-strand breaks as compared to the staurosporine-untreated con
trol cells. Although the investigators did not demonstrate that apop

4 A. Haimovitz-Friedman, N. A@ Balaban, M. McLoughlin, D. Ehleiter, J. Michaeli,

I. Vlodavsky, and L Fuks, unpublished data.
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Fig. 7. Effect of bFGF and PKC stimulation by TPA on the apoptotic response of
irradiated plateau phase BAEC. Plateau phase cells were washed twice in 10% BCS
DMEM and irradiated with a single fraction ofSOOcOy while still adherent to the original
culturedishesas contact-inhibitedmonolayers@In somecultures,TPA(30 ng/ml)was
added to the medium immediately after irradiation and removed 30 min later by replace
ment of the medium. bFGF (1 ng/ml) and/or H-7 (20 ng/ml) were added to some of the
culturesimmediatelyafterirradiation.TheDNAwasextractedfromthecultures10h after
irradiation and submitted to agarose gel electrophoresis.

To assess whether the TPA-mediated rescue of irradiated BAEC is
associated with an effect on apoptotic DNA degradation induced in
these cells by radiation exposure, agarose gel electrophoresis of DNA
extracted from irradiated BAEC was performed. Fig. 7 shows that
TPA treatment (30 ng/ml; 30 min) mimicked the effect of bFGF in
inhibiting radiation-induced apoptotic DNA degradation. The apop
totic response was restored both in the bFGF- and the TPA-treated
cells by treatment with the PKC inhibitor H-7 (20 p@M).These data
indicated the involvement of PKC in down-regulating radiation
induced apoptosis and the rescue of endothelial cells from this mode
of radiation-inducedcelldeath.

DISCUSSION

The data reported in this study demonstrate that bFGF-induced
activation of the high-affinity receptor tyrosine kinase in endothelial
cells leads to a rapid activation of membrane PKC. This signaling
pathway mediates the inhibition of radiation-induced apoptotic DNA
degradation in endothelial cells and confers protection against the
lethal effects of ionizing radiation. The study does not specify the
mechanism by which the bFGF-activated RTK mediates the activation
ofPKC.OnenativeactivatorofPKCisdiacylglycerol,whichinmany
cell systems is produced by PLOy-mediated hydrolysis of phosphati
dylinositol 4,5-biphosphate (9â€”11).Diacylglycerol production via this
pathway is normally transient and temporally corresponds to the
formation of inositol 1,4,5-triphosphate (11, 31). Another mode of
PKCactivation,whichis moresustainedin natureandwhichleadsto
persistent, long-term activation of PKC (11, 31), results from the
hydrolysis of phosphatidylcholine by activated phospholipase D (11,
32). Thepatternof activationof PKC by bFGFin oursystem,which
peaked at about 30 s and was down-regulated to nearly baseline levels
by 90 5 after bFGF stimulation (Fig. 2), is compatible with the
PLOy-dependent phosphatidylinositol turnover pathway. This is fur
ther supported by recent data from our laboratory, which showed a
1.9-fold increase in the level of inositol 1,4,5-triphosphate within 30 s
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tosis was involved in the enhanced radiation killing of PKC-inhibited
cells; and although the sensitization was more prominent at the high
rather than the low radiation dose range, the resemblance of these
observations to the bFGF deprivation effect on irradiated endothelial
cells (8) is striking. It has recently been reported that the radiopro
tective effect of bFGF in endotheial cells is not associated with a
measurable effect of bFGF on the repair of radiation-induced DNA
double-strand breaks but rather is conferred via the inhibition of an
interphase apoptotic pathway induced in endothelial cells by the
radiation exposure (8).

In conclusion, it seems that mammalian cells can be classified into
at least two subgroups with regard to their ability to mount an
antiapoptotic PKC response after radiation exposure. Some cells are
capable of a spontaneous activation of PKC in response to radiation,
whereas others depend on growth factors or cytokines to elicit this
response. Whether these mechanisms play an important role in the
regulation of the apoptotic response of mammalian cells to radiation
exposure is unknown. Recent studies (8) have demonstrated that
bFGF protects endothelial cells against radiation-induced apoptotic
cell kill in vivo. bFGF therapy (i.v.) rescued whole lung-irradiated
mice from lethal radiation pneumonitis. The latter effect resulted
from the inhibition of apoptotic cell death induced selectively in
the capillary endothelial cells of the lung by the radiation exposure
(8). Hence, PKC activation may provide an antiapoptotic mecha
nism in vitro and in vivo and may constitute a generic mechanism
of radiation resistance.Studies on the involvement of apoptosis
and antiapoptotic effects in tissue responses to irradiation may
provide a molecular and mechanistic background for the introduc
tion of new therapeutic strategies to actively intervene in specific
pathways and to favorably alter the therapeutic ratio in the radia
tion treatment of human tumors.
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