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low-affinity heparmn-like molecule (7). Ligand binding to the high
affinity receptors activates the receptor by triggering autophosphoryl
ation of its tyrosine kinase domain (8); this activation first induces the
binding of phosphorylated receptors to at least three proteins, phos
pholipase C')', p6Osrc, and Shc (9â€”ii), themselves activating proteins
involved in signal transmission including the mitogen-activating pro
tein kinase pathway (12). Several forms of bFGF have been described
in most producing cell types (i3). They result from an alternative
initiation of translation of one single mRNA: at an AUG codon
(i8-kDa form) or at three different upstream CUG (24-, 2i.5-, and
2l-kDa forms; Ref. #i4). In vitro, the relative amount of the four
bFGF forms varies according to the cell type: the CUG-initiated forms
are mainly detected in transformed cell lines whereas normal cell

types mostly overproduce the AUG-initiated form.4
Different roles have been described for the low- and high-molecular

fonns. Although the i8-kDa form leads to an in vitro-transformed
phenotype, constitutive expression of 21-, 2i.5-, and 24-kDa forms is
immortalizing (iS) after transfection with the respective cDNA. The
CUG-initiated forms contain an amino-terminal sequence responsible
for nuclearization of these proteins (16) in contrast to the i8-kDa form
which is mainly cytopiasmic (13, i6). Recent results have demon
strated that while the i8-kDa form may be externalized and acts via
specific cell surface receptors, the CUG-initiated forms modulate cell
proliferation by an intracellular mechanism independent of membrane
receptors (17).

To determine the implication of either CUG- or AUG-initiated
forms in the bFGF radioprotective effect, we transfected cDNA en
coding each form in HeLa cells. We demonstrate here that the high
molecular bFGF forms induce a radioresistant phenotype. This radio
protective effect is associated with an increased G2 delay after
irradiation with a concomitant hyperphosphoryiation of the 34-kDa
serine threonine cycin-dependent kinase p34'@2.

MATERIALS AND METHODS

Materials

DMEM, RPM! 1640, FCS geneticin (G4l8), and all other culture reagents
were purchased from Life Technologies, Inc. (Cergy Pontoise, France). RNase
A and proteinase K were obtained from Boehringer Mannheim (Meylan,
France). Rabbit polyclonal anti-p34@2 antibody was purchased from Life

Technologies, Inc.; horseradish peroxidase-labeled goat anti-rabbit IgG was
purchased from Bio-Rad (Ivry/Seine, France); and rabbit polyclonal anti-bFGF
antibody (Ab-2) was purchased from Oncogene Science, Inc. (Paris, France).
Nitrocellulose and nonfat dried milk protein were obtained from Bio.Rad. The
enhanced chemiluminescence system and Hyperfiim MP were obtained from
Amersham (les Ulis, France). Cells were irradiated with a clinical cobalt-60

machine (Theratronics 1000; AECL, Ottawa, Canada). The cytometer used
was a FACScan flow cytometer (Becton Dickinson, La Pont de Claix, France).

4 F. Amairic and H. Prats, personal communication.

ABSTRACT

The basic fibroblast growth factor-(bFGF) mediated signal transduc
don pathway has been implicated In cellular resistance to Ionizing radia
lion. bFGF Is synthesized from the same mRNA in four isoforms resulting
from alternative Initiations of translation at three CUG start codons (24,
21.5, and 21 kDa) and one AUG start codon (18 kDa). We analyzed the
implication of high- and low-molecular forms of bFGF in radioresistance
acquisition. For this, we transfected HeLa cells with retroviral vector
containing either the CUG-Initlated 24-kDa molecular form (HeLa 3A
cells), the AUG-initiated 1S-kDa molecular bFGF form (HeLa 5A cells), or
the vector alone (HeLa PINA cells). A significantly increased radioresis
tance was obtained only in HeLa 3A cells (Dq = 810 Â±24 cGy) compared
with wild-type cells (Dq 253 Â± 49 cGy) or HeLa PINA cells
(Dq = 256 Â±29 cGy; P < 0.001). ThIs radioprotective effect was hide
pendent of an inhibition of radiation-Induced apoptosis but related to an
increased G2 duration after irradiation and to an hyperphosphorylation of
p34cdc2@ Knowledge of the high-molecular bFGF form-induced

radioresistance pathway could offer novel targets for decreasing the ra
dioresistance phenotype oftumors expressing high amounts ofbFGF, such

as glioblastoma.

INTRODUCTION

bFGF3 or FGF2 belongs to a family of potent mitogens and pro
motes proliferation and differentiation of neuroectodermal, mesenchy
mal, and epithelial cells. Several results indicate that bFGF can serve
as a potent inducer of radiation damage repair: in vitro, exogenous
bFGF has been implicated in protection of bovine endotheiial celis
(BAEC) from the lethal effects of ionizing radiation via an autocrine
loop (1). This radioprotective effect is not due to preferential repair of
DNA breaks but rather to an inhibition of interphase apoptosis (2)
involving protein kinase C (3). Furthermore, another member of the
FGF family, FGF4, cloned from NIH 3T3 cells transformed with
DNA from Karposi's sarcoma when transfected in adrenal cortical
carcinoma cells, induces an enhancing capacity of the cells to survive
after ionizing radiation. This effect is correlated with a pronounced
increase in the duration of G2 arrest (4). Moreover, bFGF mRNA is
more abundant in primary human brain tumors which exhibit a poor
sensitivity to radiation therapy (5). All of these data outline the
potential implication of the bFGF-signaling pathway in cellular re
sistance to ionizing radiation.

The biological activity of bFGF is mediated through a family of
high-affinity plasma membrane receptors (6) but also requires a
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HIGH MOLECULAR bFGF FORM5 INDUCED RADIORESISTANCE

All other chemicals were obtained from Sigma Chemical (Saint Quentin
Failavier, France).

Tyrphostin AG213 and AG12O were generously provided by Professor A.

Levitzki (Hebrew University, Jerusalem, Israel).

Methods

Transfection of HeLa Cells with Retroviral-expressing Vectors Encod
lug Mutant bFGF. Point-mutated bFGF cDNA were inserted into the retro

viral expression vector PINA (18) downstream of the@ actin promoter as
described previously (15). Briefly, for PINA3A construction, a point mutation
at position 305 changing CTG into an ATG was introduced in bFGF cDNA,
allowing synthesis of the 24-kDa protein only. PINA5A was derived by a
mutation at position 440 upstream of the ATG changing GCIAto TGA stop
codon in-frame, allowing synthesis of the l8-kDa protein only (Fig. 1).

HeLa cells derived from a uterine cervix cell carcinoma were routinely
maintained in DMEM supplemented with 5% FCS at 37Â°Cin a 5% CO2.
humidified incubator and subcultured weekly. HeLa cells (25 X lO'/60-mm

plate) were transfected using the calcium phosphate method with 10 @gof
recombinant plasmid. Two days later, cells were split 1:8 and cultured there
after in DMEM supplemented with 5% FCS and containing 1 mg/mi geneticin

(0418). Mock cells were similarly transfected with the vector alone.
Celllines were thereafter named HeLa PINA, HeLa 3A, and HeLa 5A when

transfected with vector alone, PINA3A, and PINA5A plasmid, respectively.
Preparation of Cell Extracts and Analysis by Western Blotting. Cells

were harvested from monolayer cultures by rinsing with cold PBS twice
followed by scraping with a rubber policeman. Cells were centrifuged at
400 X g for 10mmat4Â°Candthenlysedin ice-coldlysisbuffercontaining
50 nmiTris (pH 8), 1mr@tEDTA, 250mi@iNaCI,0.5%(v/v) Triton X-lOO,10
mM sodium o-vanadate, 50 mt,i sodium fluoride, 10 m@iparanitrophenylphos

phate, 1 mM dithiotreitol, 1 mM phenyhnethylsulfonyl fluoride, and 1 pg/mi
leupeptine and pepstatine for p34@2 detection (or PBS, 0.2% SDS containing
1 mM phenylmethylsulfonyl fluoride, and 1 mg/mi aprotinine for bFGF detec
tion) followed by incubationfor 30 mm on ice. For bFGF Westernblotting,
cells were then sonicated with an iced pmbe. After centrifugation at 10,000
rpm for 10 nan at 4Â°C,protein concentration was quantified in the supematant
(19). Proteins(20 @gfor p34CdC2or 40 @.&gfor bFGFWesternblotting)were
separated on 12% SDS polyacrylamide gels for optimal detection of p34CdC2
(phosphorylated and unphosphorylated forms) or on 12.5% SDS polyacryl
amide gels for optimal separation of the four bFGF forms. The proteins were

thentransferredto nitrocellulose(0.22 tim) under30 V overnight.Blots were
blocked with TBST buffer [10 nms Iris (pH 8), 150 mM NaCl, and 0.1% Tween
20] containing 4% nonfat dried milk protein for 1 h at room temperature,
probed with a rabbit polyclonal anti-p34@2 antibody (1:500 in TBST con

CUG 305

mining 4% nonfat dried milk protein) or with a rabbit polyclonal anti-bFGF
antibody (Ab-2; 1:200 in TBST containing 4% nonfat dried milk protein) for

1 h at room temperature, and washed three times for 10 mm at room temper

attire with TBST. For staining of the protein bands, horseradish peroxidase
labeled goat anti-rabbit IgG were used 1:10,000 in TBST containing 4% nonfat
dried milk protein for 1 h at room temperature, and then washed again three
times with TBST. After incubation in the enhanced chemiluminescence sys

tern, the membranes were exposed to Hyperfiirn MP.
Radiation Survival Curves, Survival after irradiation was defined as the

ability of the cells to maintain their clonogemc ability. Twenty-four h prior to
irradiation, cells were plated at a density of 1500cells/25 cm2 in fresh rnedium.
Irradiation was carried out with a clinical cobalt-60 machine at a dose rate of
65 cGy/rnin. Single doses ranging from 50 cGy to 1200 cGy were delivered

and the cells were returned to the incubator for 1week. The flasks were stained
with crystal violet to reveal colonies produced by clones of surviving cells.
Colonies consisting of more than 50 cells were counted. The surviving fraction
was calculated at each dose level as the ratio of the colony numbers observed
in the irradiated versus nonirradiated control. The best fit survival curve was
then calculated by computer using the quadratic linear model (20, 21).

To analyze the effect of the tyrphostines on cell growth and radiation,
survival cells were seeded at 1500 cells/25 cm2 in fresh medium. Twenty-four
h later the medium was removed and the cells were incubated for 48 h with
fresh medium containing 25 @tviAG12O or 22.5 .tM AG2I3. The cells were
then irradiated or sham irradiated at a dose of 300 cGy. The medium was
changed every 48 h to maintain the AG213 and AG12Oconcentrations. The
surviving fraction was calculated as described above.

Cell Cycle Analysis. One day before irradiation,cells were harvestedin
logarithmic monolayer growth and reseeded in a 25-cm2 culture flask at 106

cells/flask. Cells were irradiated at a dose of 400 cGy or sham irradiated as
described previously. The cells were returned to the incubator after irradiation.
At various times after irradiation, cells were harvested, pooled, and fixed in 2
ml of 75% ethanol in PBS for 30 mm at 4Â°C.They were centrifuged (5 mm,
1500 rpm) and washed once with 2 ml of PBS and then incubated with 100
,.Lg/mlRNase A in PBS for 30 mm at 37Â°C.Propidium iodide (50 @g/ml)and
Tween 20 (0.5%) were added and the cells were stained for 30 mm at 37Â°C.

Samples were then analyzed using a FACScan flow cytometer.
DNA Fragmentation Analysis. Cells were seeded (3 X 106/25-cm2

dishes) and grown in 5% FCS-RPMI 1640 for 48 h. Cells were then irradiated
as described and centrifuged (1000 rpm, 5 mm); the pellet was washed with
PBS. To 1 X 106cells in 50 ,.&lof PBS were added 15 @lof proteinaseK (10
mg/mI) and 500 @dof lysis buffer [10 p@ Tris (pH 8), 75 mM NaCl, 10 mM
EDTA, and 0.5% SDS], and the samples were incubated at 50Â°Cfor 3 h with
gentle shaking. The cell lysates were then centrifuged for 30 mm at 12,000rpm
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bFGF eDNA

Fig. 1. Schematic representation of mutated
eDNA ofbFGF. The different initiation codons and
their positionfromthe 5' end are indicated.The
1140-bpHindfflsubfragmentof bFGFcDNAcon
taming the 625-bp coding region with four initia
tion codons was cloned in retroviral vector PINA as
already described (15). For PINA 3A construction,
a point mutation at position 305 changing the CUG PINA 3A
intoan AUGwas introducedin bFGFcDNA,al
lowing synthesis of the 24-kDa protein only;
PINA5A was derived by a mutation at the position
440 changing GGA to UGA stop codon in-frame,
allowing synthesis of the 18-kDa form.
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radioresistance was noticed in the 24-kDa bFGF-transfected cell line

compared with wild-type or HeLa PINA cells. Because the threshold
shoulder was nearly completely absent in wild-type or HeLa PINA
cells (Fig. 3A); the Dq was 253 Â±49 cGy for HeLa and 256 Â±29 cGy
for HeLa PINA), the shoulder was restored and greatly increased in
HeLa 3A (Dq = 810 Â±24 cGy; P < 0.001, Fig. 30. The HeLa 5A
did not display any significant increase in clonogenic survival

compared with the HeLa PINA (Dq â€”330 Â± 52 cGy; Fig. 3B). A

similar profile was obtained with all of the selected clones (data not
shown).

Because no difference in survival after irradiation was noted be
tween HeLa and HeLa PINA, we used HeLa as control cells for all
further experiments.

Influence of the 18 kDa Form in Radioresistance Acquisition.
The radioresistance in HeLa 3A might be due to the modification of
expression of the different bFGF forms. If down-regulation of the
18-kDa form was responsible for the radioresistance phenotype,
blocking its biological pathway would increase the cellular radiore

sistance of HeLa and overall HeLa 5A cells. Eighteen kDa is exter
nalized and interacts with high-affinity extracellular receptors (17).
Therefore, we used the tyrphostin AG213 which inhibits FGF recep

tor-associated kinase and AG12O, a tyrphostine which does not react

with these tyrosine kinase receptors as a control (3, 23, 24). First, we
analyzed the effect of these kinase inhibitors on the growth of the
different cell lines. As expected (Fig. 4), HeLa and HeLa 5A were
very sensitive to AG213 with 58 Â±8% and 87 Â± 1% of growth
inhibition, respectively. In contrast, this tyrphostin had less effect on
the growth of the HeLa 3A (33 Â±5%). The AG12O had no significant
effect on any cell line. When the cells were submitted to ionizing
radiation, none of these inhibitors affected the cellular radiosensitivity
of either the HeLa or the HeLa 5A cells. These results suggest that the
radioresistance phenotype is not due to a down-regulation of the

18-kDa form.
Apoptotic Response of Transfected Cell Lines. Cell death after

irradiation can be caused either by apoptotic or by postmitotic death.

It has been demonstrated that extracellular bFGF, composed of a
processed 146-amino acid form (25), protects endothelial cells against

radiation-induced apoptosis (3). We compared the apoptotic response
to 500 cGy of irradiation of the most radioresistant cell line HeLa 3A
with that of wild-type cells. Fig. 5 shows that no radiation-induced
apoptotic DNA degradation could be detected in either wild-type cells
or in HeLa 3A cells even 24 h after irradiation. The same result was
obtained at a dose of 1000 cGy (data not shown). These results
suggest that apoptosis is probably not involved in postirradiation cell
death in HeLa cells.

Effect of bFGF on Cell Cycle Arrest and Phosphorylation
Status of p34cdc2, Ionizing radiations induce a transient division
delay including arrest in the G1 and G2. These delays are probably
involved in cell survival and G2 arrest may serve as a protective
function by allowing cells to repair ionizing radiation-induced DNA
damage. Prolonged G2 arrest after irradiation has been associated with
increased radiation resistance (26); the same G2 arrest was also shown
in FGF4-transfected cells (4). We analyzed the kinetics of cell cycle
arrest in asynchronous transfected cell lines after irradiation (Fig. 6).
The radioresistant cell line HeLa 3A showed an increase in the
magnitude (42% versus 18% for HeLa cells in G2-M 18 h after
irradiation) and duration (24% versus 12.6% for HeLa cells in G2-M

26 h after irradiation) of G2 arrest. In parallel, an increase in magm
tude but not in duration was noted in the G2 arrest of HeLa 5A
compared with control cells.

The difference in G2 arrest led us to analyze the phosphorylation
status of the 34-kDa cdc2 serine-threomne cycin-dependent kinase

(p34cdc2) which regulates entry into mitosis. It has been reported that

and the supernatants were mmxedwith an equal volume of chloroform:phenol:
isoamyl alcohol (5:4.8:0.2, v/v). The tubes were centrifuged for 10 mm (12,000

rpm) and the upper phase was removed and mixed twice with an equal volume
of water-saturated diethyl ether. The phases were then allowed to separate. The
lower aqueous phase was collected and 50 pA of 5 M NaCI and 1 ml of
isopropanol were added, and the samples were incubated for 1 h at â€”80Â°C.

After centrifugation for 20 mm (12,000 rpm, 4Â°C)the pellet was washed
with 70% ethanol, centrifuged, and dissolved for 3 h at 50Â°C in 30 pJ of 10 mi@i

Tris (pH 7.5), 0.1 mM EDTA, and 150 @g/mlRNase A. The DNA samples

were analyzed for DNA fragmentation by electrophoresis on a 1.5% agarose
slab gel. The bands were visualized under UV light.

RESULTS

Construction of HeLa Cell Lines Expressing bFGF Isoforms.
We chose to transfect HeLa cells with different bFGF cDNA because
these cells were derived from squamous carcinoma. These tumors are
usually treated by radiotherapy and some cases, such as head and neck
carcinoma, may present resistance to ionizing radiations. Therefore, a

radioresistant model of squamous cell carcinoma lines may provide an
interesting approach to the investigation of clinical radioresistance.

HeLa cells were transfected with retroviral vector PINA encoding
for the 24-kDa form (HeLa 3A cells), the l8-kDa bFGF form (HeLa

5A cells), or the vector alone (HeLa PINA cells). Five to 10 clones

were selected for each transfected HeLa cell line. They were then
tested for protein expression of the different bFGF forms. Fig. 2
represents the protein expression profile of the different bFGF iso
forms of one of the selected clones. Four bands were detected in HeLa
and HeLa PINA cells corresponding to the 24-, 21.5-, 21-, and l8-kDa
bFGF isoforms. In contrast, HeLa 3A cells only expressed the 24-kDa
form. This overexpression of the 24-kDa form was associated with a
down-regulation of the expression of the other parental forms as
already described in bovine aortic cells (15). HeLa 5A cells mainly
produced the 18-kDa form of bFGF, leading to down-regulation of the
endogenous high molecular one. Every clone of HeLa cells selected
from a same transfection produced a similar amount of bFGF isoform
(data not shown). Because bFGF is an early gene induced by ionizing
radiation (22), we then analyzed the effects of ionizing radiation on
bFGF isoforms' distribution at various time intervals (from 0 to 24 h)
after 400 cGy irradiation. The same bFGF isoform distribution was
observed in wild-type or transfected HeLa cells whatever the time

interval analyzed after irradiation (data not shown).
RadiationSurvivalof TransfectedCell Lines. These different

cell lines were then irradiated to analyze the role of the 18- and
24-kDa forms in radioresistance. As shown in Fig. 3, an increased

24kDa
21.5 kDa
21kDa

18kDa@@

Fig. 2. bFGF protein expression from nonirradiated HeLa wild-type HeLa PINA, HeLa
3A, and HeLa 5A cell lines. Forty @.tgofextracted proteins from each cell line were loaded
on 12.5% SDS polyacrylamide gels, and Western blotting was performed as described in
â€œMaterialsand Methods.â€•Molecular weight markers (kDa) of the different bFGF forms
are indicated.
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Fig. 3. Radiation survival curves of HeLa, HeLa PINA, HeLa 3A, and HeLa5A. Cells were exposed to various ionizing radiation doses and the radiosensitivity of the different cell

lineswascalculatedusingthe clonogenicsurvivalassay.A semilogarithmicplotof data fromthe differentcell linesis shown.Radiationsurvivalcurveswereobtainedusingthe
quadratic linear model. A, HeLa (â€¢)and HeLa PINA (0) cells; B, HeLa PINA (0) and HeLa 3A (A) cells; and C, HeLa PINA (0) and HeLa 5A (U) cells. Data represent the means
of three different experiments for one selected clone of each transfected cell line. (SDs representing less than 1%of variation do not appear on the graph.) A similar profile was obtained
with the other selected clones. Bars, SD.
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an accumulation of the phosphorylated form of p34cdc2 correlates with
the cellular G2 arrest (27). The analysis of p34@IC2status was per
formed using the Western blotting technique (Fig. 7A) and the per
centage of the phosphorylated form of p34@2 was quantified for

HeLa 3A, HeLa 5A, and control cells at different times following
irradiation (Fig. 7B). Although a low percentage of p34cdc2 was
present in the phosphoryiated form in control cells from 4 to 26 h after
irradiation, it increased to 43% for HeLa 3A at 18 h after irradiation
and remained at 17% 26 h after irradiation. The phosphorylated form
of p34cdc2 was present in HeLa 5A at a ratio of 36% at 18 h, but
dramatically decreased to base level by 26 h. It is noteworthy that this
p34cdc2 phosphorylation kinetic was tightly correlated to the G2 arrest

duration after irradiation of the bFGF-transfected cell lines.

DISCUSSION

The data reported in this study demonstrate that high and low
molecular weight bFGF isoforms exhibit a distinct capacity to modify

cellular radiosensitivity. Only HeLa cells that have been genetically
engineered to produce solely the 24-kDa isoform exhibit a significant
increase in clonogenic survival after irradiation. The increased cellular
survival of HeLa 3A cells after irradiation induced by constitutive
expression of bFGF could be due to either overexpression of the 24

kDa or down-regulation of the 21.5/21 kDa. It may also be possible
that a precise ratio between the 24 and 21.5/21 kDa is needed to
acquire the radioresistant phenotype. The down-regulation of endog
enous forms by transfection of bFGF cDNA obtained in BAEC cells

Hela Hela 3A Hela5A

T-I-
.@

I
.@aaz

I I I I I I I I I I I I

+Irradiation .@. +

Fig.4. Cellsurvivalafterionizingradiationin thepresenceof tyrphostines.Theindicatedcell lineswereincubatedin thepresenceof 25 @.siAG213(D) or 22.5 @MAG12O(0)
or in the absence of inhibitors (U). The cells were irradiated or not at a dose of 300 cGy, and clonogenic survival was measured as described in â€œMaterialsand Methods.â€•Data represent
the means of three different experiments. (SD representing less than 1% of variation do not appear on the graph.) Bars, SD.
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HIGH MOLECULAR bFGF FORMS INDUCED RADIORESISTANCE

of Jung et a!. (4) who demonstrated that the shoulder region of the
radiation survival curve of FGF4-transfected adrenal cortical carci
noma cells is primarily affected by the increased G2 arrest. It is
interesting to note that even if the HeLa 5A cells present an increase
in magnitude of the G2 arrest, no significant difference had been
detected in survival curves after irradiation of this cell line compared
with control cells. This result could indicate that the transfection of
HeLa cells with the 18-kDa bFGF-expressing cDNA induced molec
ular modification which was sufficient to arrest cells in 02 after
irradiation but not to increase cellular radioresistance.

We report here that the G2 delay could be correlated with the
appearance of the hyperphosphorylated form of the serine threonine
cyclin-dependant kinase p34@2. This kinase complexed with cycin
B controls the entry into mitosis. Activationof the complexis de
pendent on two different pathways: one through regulation of p34@2
activity controlled by a phosphorylation-dephosphorylation process
and the other through the binding of cyclin B to p34@2. The modi
fication of p34cdc2 phosphorylation has already been reported in
different cell types: in HL-60 cells, a rapid inactivation of p34@2

kinase occurs after exposure to ionizing radiation due to an inactiva
tion of the protein by hyperphosphorylation (30). Similar results were
obtained in radioresistant squamous carcinoma cells (27). On the other
hand, exogenous bFGF added to cultures of PC12 pheochromocytoma
cells rapidly induced phosphorylation of p34@2 (31). Our results
indicate that, under irradiation, the constitutive expression of the

24-kDa bFGF form could activate a signal transduction pathway
which in fine controls the posttranslational modification of protein
implicated in mitosis entry, thus leading to G2 arrest.

The molecular pathway of bFGF action differs according to the
form synthesized. The 24- and 21/2l.5-kDa forms are endogenous
proteins which become nuclear at G1 (32). The endogenous way of

action of these forms is not known but recent work has demonstrated
that in neurons, an intracellular bFGF receptor is present in the nuclear
membrane and that this FGFR binds acidic FGF and with a lower

affinity bFGF (33). In contrast, the 18-kDa form is secreted in the

medium and interacts with membrane tyrosine kinase receptors lead

Post-irradiation interval (hours)

Fig. 6. Cell cycle profile by flow cytometry of various cell lines following 400 cGy of
irradiation. Cells were irradiated at 400 cOy, and the analysis was performed as described
in â€œMaterialsand Methods.â€•The percentage of cells in G2-M were plotted against time
after irradiation for HeLa(A), HeLa 3A (â€¢),and HeLa 5A (0) at various times following

@rathation.

Fig. 5. Apoptotic DNA fragmentation postirradiation. HeLa and HeLa 3A cells were
irradiated at 500 cGy and harvested at various time intervals (from 0 to 20 h) following
irradiation. DNA was extracted and analyzed as described in â€œMaterialsand Methods.â€•
HaeIII digests ofdouble-stranded (I)Xl74 DNA were used as molecular size markers. The
apoptosis control was composed of farnesol-treated cells (37).

(15) and in our model indicates that a control of the 21/21 .5- and 18

kDa forms by the 24-kDa form may exist. This regulation in HeLa 3A
could favor a biological pathway leading to the radioresistance phe
notype. Radiation-induced cell death is due to either apoptosis or
mitotic cell death, depending on the cell system. It has been demon
strated in bovine aortic endothelial cells that the radioprotective effect
of exogenous bFGF is mediated by inhibition of radiation-induced
apoptosis (2). In our model, apoptosis could not be detected for 5 Gy

of irradiation or for 10 Gy in HeLa or in HeLa 3A cells even 24 h after
irradiation. It has already been described that the dominant form of
radiation cytotoxicity of the squamous cell carcinoma cell lines results
in the mitotic process (28). Our results clearly indicate that, in HeLa
cells which belong to this cell type, apoptosis is not implicated in
radiation cell killing and that these cells probably undergo postmitotic
cell death after irradiation whatever the dose may be. Our data
confirm that the respective contributions of apoptotic cell death and
postmitotic cell death may differ from one cell type to another (3, 28).
The radioprotective effect obtained in the results of Haimovitz-Fried
man et a!. (1) was due to the addition to the cell medium, prior to
irradiation, of a bFGF form mainly composed of the processed 141-
amino acid form. The divergence of these data with our results can be

explained by a difference in radiation-induced-apoptosis sensitivity of

the cellular models. In fact, the processed bFGF form could protect
cells from radiation-induced apoptosis in cell lines which are able to
undergo this cell death mechanism. In contrast, in cells which do not
respond to radiation by induction of apoptosis but by mitotic cell
death, as in HeLa and HeLa 3A cells, overexpression of the 24-kDa
bFGF form could activate a pathway involved in the control of
postmitotic cell death.

Thus, the enhanced survival obtained after irradiation is due to a
pronounced broadening of the shoulder region of the HeLa 3A sur
vival curve compared with the control with a significant increase of
the Dq value associated with an increased G2 arrest. Although the
slope of the linear component of a survival curve represents the
intrinsic radiation sensitivity of the cell population, the width of the
shoulder (Dq) of radiation survival curves represents the cell capacity
to repair radiation lesions (29). Our results are in agreement with those
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Fig. 7. p34Â°'1Â°2phosphorylation analysis follow
ing irradiation. A, proteins from HeLa 3A, HeLa5A,
andHeLawereextractedatdifferentintervals(from
0 to 26 h) following 400 cGy of irradiation and
analyzed by Western blot analysis using anti
p34cdc2 antibody as described in â€œMaterials and

Methods.â€•The upper band corresponds to the phos
phorylated p34CcICsf@ whereas the lower one is
the unphosphorylated form as described previously
(38). B, ratio of the amount of p34at@2.phosphoryl@
ated form compared with the rnphosphorylated one
followingirradiation.Westernblots were quanti
tated by scanning the resultant autoradiogram using
a Nikon video camera linked to a personal computer
and OPTIMAS software for HeLa, HeLa 3A, and
HeLa5A.
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ing to the activation of serial intracellular messengers including ras
and raf. These oncogenes have been implicated in the cellular radiore
sistance outcome: transfection of 3T3 cells (34) or primary fibroblasts

(26, 35) with activated ras significantly increased intrinsic radiation
resistance whereas raf was found to be associated with radiation

resistant human laryngeal cancer (36). Even though no interaction

between the 24-kDa endogenous pathway and these oncogenes has as
yet been described, it cannot be excluded that ras, raf, or a small G
protein in this family might interact with the 24-kDa bFGF form
pathway leading to hyperphosphorylation of p34@2 kinase. Further
experiments are under investigation to determine which messengers
are implicated in the radiation response in 24-kDa bFGF-overproduc
ing cells.

Our results could have important clinical implications for radiore
sistant tumors known to contain high amounts of bFGF mRNA such
as glioblastomas (5). In this kind of pathology, it could be interesting
to analyze the distribution of bFGF isoforms in primary tumor and to
evaluate the prognostic value of these expressions for radiotherapy
response. On the other hand, knowledge of the 24-kDa bFGF-induced
radioresistance pathway could offer novel targets for decreasing the
radioresistance phenotype of tumors expressing bFGF.
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