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Abstract

hematopoietic cell lines and the human colon tumor-derived

A rat lung cell population had been treated with benzo(a)pyrene,and a
set of different epithellal cell lines was derived from lt These cell lines
carried either a wild-type or mutant p53 gene and represented grading
states of neoplastic development We demonstrate here that the cells
lacking both wild-typep53 alleles display a sIgnificant decrease In survival
after â€˜y-irradiation with doses of 2 to 12 Gy, compared with theIr coun
terparts carrying wild-type p53 alleles. This is the first reported model in

which cells bearing a mutation ofthepS3 gene display enhanced sensitivity
to Ionizing

radiation.

DNA repair and apoptosis may be mediated by the DNA binding
properties of the p53 protein and by its transactivation of gene
transcription

(reviewed

In the past few years, an increasing accumulation of evidence has
helped to provide new insights into the function of the p53 gene in
resistance to genotoxic injuries. According to data which are still
controversial, the p53 gene is one of the key genes that govern

radioresistance by fine tuning of the balance between efficient DNA
repair and programmed cell death (1). It is now well established that,
after ionizing radiation, cells exhibiting the wild-type p53 genotype
display an inhibition of the replicative DNA synthesis characterized
by arrest in G1 (2, 3). In contrast, -y-irradiation led to arrest in 02
whatever the p5.3 gene status (4, 5). These events may be critical for
preventing the fixation of genetic lesions leading to death or neoplas
tic transformation. The radiation-induced G@arrest is an active phys
iological response, since it has been shown to be sensitive to cyclo
heximide

(5).

The p53 protein appears to be involved in the control of cell
differentiation and proliferation, apoptosis, and DNA repair. It be
longs to the signaling pathway by which cells might regulate the Ga-S
transition following genotoxic insult; in this way, p53 might play a
major growth-controlling role, especially in stressed cells (6, 7).
Wild-type p53 protein levels rise dramatically after exposure to ion

in the posttranscriptional modifications undergone by the p53 protein
such as phosphorylation, binding to other proteins, or oligomerization.
At subsequent end points of DNA-damage, a prolonged half-life was
observed as well as increased DNA binding activity of p53 protein
and enhanced transcriptional transactivation activity driven by this
protein (8). This DNA damage-induced stabilization of the p53 pro
tein is thought to switch off replication in some cell lines such as

fibroblasts until DNA damage is repaired. But if such repair fails, p53
may trigger cell suicide by apoptosis in other cell lines, including
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increased

survival.

These

data concerned

cells

-y-irradiation,

cell lines maintained

their 02 arrest

in all cases,

irre

spective of their p.53 status (5). Since most human cancers are of
epithelial origin, we focused our attention on a rodent epithelial cell
model allowing step-by-step analysis of carcinogenesis (12). This
model enabled us to isolate cells in culture at various stages of
neoplastic

progression.

This approach

prompted

us to study the resis

tance to ionizing radiation of cells before they underwent homozygous

inactivation of their normal p53 function, in this case in the parental
BP cell line and in BPwt clones, and after this inactivation, in HE
clones. The BP-T cell line, derived from a tumor formed upon

transplantation of the parental BP population, was also studied. This
line carried the same homozygousp53

mutation as the HE clones (12).

For definitions of cell lines and clones, see â€œMaterials
and Methods.â€•
This experimental model was very suitable for screening the radio
sensitivity of cells concomitantly with their endogenous p13 status

(wild-type versus mutant form) and stage of neoplastic progression.
Materials

and Methods

Cells. All cell lines were described in a recent investigation

(12). They

were derived from an epithelial cell population arising from embryonic rat lung
explants treated with the potent carcinogen B(a)P.3 This population is referred
to here as BP cells. At the early passages following B(a)P treatment, almost all
these cells (99% at passage 15 and 93% at passage 20) exhibited the wild-type
p53

genotype

tumorigenic.

(12).
Several

In syngeneic
clones

rats, these

exhibiting

cells

the wild-type

were

immortal

p53 genotype

but not
were iso

lated from the BP population at passage 19 and were called BPwt clones. At
passage 23, p53 high expresser clones were isolated from foci emerging in BP
culture and were called HE clones; all these cloned cells, whose growth was
enhanced, displayed a mutant p5.3 genotype. At passage 28, BP cells were
injected into syngeneic rat, and the BP-T line was established from the
resulting
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exhibit

arising, for instance, from erythroid or myeloid cell lines in which
mutant p53 status or p53 deletion might abrogate the tendency to
wards apoptosis (11). However, it must be kept in mind that after

izing radiation and various DNA-damaging agents, especially in he
matopoietic cells (5). This rise results from as yet undefined changes

in Ref. 9).

In contrast, cells carrying mutant p53 alleles or no p53 alleles were
only partially blocked and continued to progress through the cell cycle
after DNA damage (10). Consequently, these cells might be expected
to have increased sensitivity to radiation. However, the data reported
so far suggest that, after ionizing radiation, cells with altered or absent
p53 protein

Introduction

EB cell

line (reviewed in Ref. 1). This fme tuning of the balance between

tumor.

Of these tumor cells, 100% had the mutant p.53 genotype.

The

numbers of BP-T cells passages were counted for tumor isolation. All of our
cell lines which carried a mutant p53 gene i.e., the HE clones and BP-T
population,

exhibited

the same single

AAOâ€”@@
AGO transition

at codon

130.

One point of critical importance in our experiments is that all of the cells tested
were derived from the same syngeneic parental population. These cell lines

2 To whom requests for reprints should be addressed, at Laboratoire de Radiobiologie
3 The abbreviationusedis: B(a)P, benzo(a)pyrene.
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p53

were cultivated in Dulbecco's

MUTATION

AND

RADIOSENS1TIVITY

modified Eagle's medium supplemented

IN

EPIThELIAL

with

CELLS

Survival fraction (% of clones)

10% fetal calf serum, 2 mM glutamine, 10 mM 4-(2-hydroxyethyl)-l-pipera
zineethanesulfonic

acid, 100 units/ml

of penicillin,

and 100 units/mI

100

of strep

tomycin. Cells were incubated at 37Â°Cin humidified incubator with 5% CO2.
Ionizing Procedure.
experiments

Dulbecco's

All cell lines were seeded at the same density in all

at 1000 cells per

@2
culture

flask and incubated

modified Eagle's medium containing

with 5 ml of

10% fetal calf serum. One

10

day later, cells were exposed to radiation doses of 0, 2, 4, 6, 8, 10, or 12 Gy.
Irradiation

was carried

out at room temperature

(20Â°C) using a @Â°Co
source

at

a dose-rate of 1 Gyfmin. Mediums were changed every 2 days. After about 7
days in culture, cells were fixed and stained with 0.2% methylene blue. Only
colonies of more than 50 cells, as evidenced with a low magnification micro
scope, were counted. Survival curves were established as the percentage of

clones appearing after -y-irradiationcompared to mock-irradiated cells. Each
cell line was assayed several times, as indicated in the text; in each independent
experiment,

the mean for three flasks was calculated

with its SD, and the mean

of the individual survival curves was determined.

0.1

Results and Discussion

@

Irradiation doses (Gy)

Many authors have recently developed different models for assess
ing the role ofp53 gene alterations in tumorigenesis. In our approach,
we chose to work with a parental cell line derived from embryonic rat
lung explants treated with the potent chemical carcinogen B(a)P.
After removal of the carcinogen, the cells were dispersed and cx

panded into the BP cell line. For up to 5 passages, these immortalized

Fig. 1. Effect of rny-irradiation
on the survival of B(a)P-trcatud rat epithelial lung cells

carrying wild-typep53 versus the survival of cells carrying mutantp53. The parental BP
cell line (passage 15 with 99% of wild-type p53 alleles) and the HE1 clone (passage 65;
100% of mutant p53 alleles) were seeded at 1000 celis per 25-cm2
flask.
Twenty-four h later, cells were irradiated with doses ranging from 0 to 12 Gy from a @Co
source (with a dose-rate of 1 Gy/min). About 1 week later, clones were fixed and stained.
Points, means of three culture flasks; bars@Â±SD. t@,progenitor BP (p15) cell line; ,
HE! clone (p65).

cells were not tumorigenic and only acquired a tumor-forming poten
tial at later passages. One object of this work was to study four
different epithelial cell lines (BP, BPwt, HE, and BP-T) originating
from the same syngeneic parental population but representing differ
ent stages of neoplastic progression. These cell lines were carefully
analyzed for their transformed characteristics, especially with regard
to theirp53 gene status. It is noteworthy that all of the cell lines which
carried a mutantp53 gene @e.,
the HE clones and the BP-T population
derived from the tumor formed on injection of BP cells into syngeneic
rats, exhibited the same AAGâ€”@
AGO mutation at codon 130 on both
alleles (12). The percentage of cells bearing this mutation in the BP
population increased with the number of passages of cells in culture
and was directly correlated with the emergence of an increasing
number

of foci and increasing

cell tumorigenicity.

Clones

Survival fraction (% of clones)

were iso

lated from several foci and analyzed for p53 status, tumongenicity,

and DNA content. BPwt clones displayed a normal genotype for p53
status (p53'â€•'@â€•@),
whereas

HE clones

exhibited

a homozygous

muta

0

tion (pS3mt'@). The latter clones expressed high levels of p53 protein
as evidenced by immunoprecipitation assay of [35S]methionine-la
beled p53 protein; futhermore, in these clones, the DNA content
shifted towards a bimodal pattern of triploid and tetraploid chromo
some numbers with complete loss of diploid cells. This result was

expected, because several reports had shown that the loss of the
wild-type genotype correlated with genetic instability, compared with
the stability of counterpart populations that did not lose their wild

type p53 alleles (6). A dramatic enhancement of the tumongenic
potential was observed in syngeneic rats with the HE clones. A large
degree of similarity was observed between the BP-T cells and HE
clones. In particular, BP-T cells carried the AAGâ€”+AGO transition at
codon 130 of the p53 gene. We also noted that the HE and BP-T cells
retained various features of their epithelial origin, such as a marked
cobblestone shape and the expression of cytokeratins (12).
In accordance with the hypothesis that p53 protein might act as a
guardian of genomic integrity by controlling DNA repair processes,

we carried out independent irradiation experiments to compare the

2

4

6

Irradiation

8
doses

10

12

(Gy)

Fig. 2. Survival of BP cell lines. Summed results of several independent experiments.

The following cell lines were Irradiated as described in â€œMaterials
and Methodsâ€•:the
parental BPcdll population at passages 15, 16, 18, and 20, which corresponded to between
99 and 93% of wild-type p.5.3 alleles; the BPwtl clone at passages 28 and 30, 100% of
wild-type p53 alleles; the HE1 clone at passages 65, 65, 66, and 68, 100% of mutant p53

alleles; and the BP-T population at passages 19 and 21 after tumor isolation, 100% of
mutant p13 alleles. For each experiment, three culture flasks were cocultivated and the
means were determined; bars SD. The different assays were carried out at different times
with different frozen pools of cells and different culture periods. For this compilation
curve, the mean value foreach cell line Â±SD was Calculated.i@,BP(4X); A, BPwtl (2X);
0, EEl (4X); 0, BP-T (2X).

counterparts exhibiting the wild-type p.53 genotype (i.e., BP popula
tion at a passage in which more than 93% of the cells displayed a
p53WUWI

phenotype).

We

then

extended

this

experiment

to

other

cell

lines exhibiting either a wild-type or mutantp53 genotype, such as the
BPwt 1 clone and the tumor-derived BP-T cell line. Thus, the BPwt 1

and BP-T populations were irradiated in two completely independent

radiosensitivity of these different cell lines. We began by focusing our
experiments
(Fig. 2). Next, the HE1 clone and parental BP population
attention on the parental BP cell line and the HE1 clone. As shown in were similarly irradiated in four independent assays. In each of the
Fig. 1, we observed that for radiation doses as low as 4 Gy, the above experiments, three culture flasks per dose were counted. When
survival of HE1 cells dropped significantly more than that of their
all of the results were summed, we observed that, at doses exceeding
3362
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@

p53

MUTATION
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IN

EPIThELIAL

CELLS

Survival fraction (% of clones)
100

Fig. 3. Survival of BP cell lines and comparison
of different clones. In another separate experiment,

0 OGy

thefollowingcelllineswereirradiatedasdescribed

U 8 Gy : BP parental cell line

in â€œMaterials
and Methodsâ€•:three BPwt clones at
passages 24, 25, and 25, respectively (wild-type

0 8Gy:BPwtclones

PS3), the early passage parental BP cell line at
passage 19 (wild-type pS3), three HE clones at
passages 33, 43, and 40(mutantp53),
and the BP-T

10

r2 8Gy:HEclones

population at passage 22 after tumor isolation (mu
tant p.5.3).For each experiment, three culture flasks
were cocultivated and the mean value for the three

U 8Gy:BP-Tcell line

culture flasks was calculated; bars, SD. All values

were normalized to the relative cell survival of the
corresponding mock-irradiated controls (0 Gy, BP
cell line, wt p.53), which represented 100% of cell
survival.

1

1

BP

2

3

1

23

BPclones HEclonesBP-T
m@

6 Gy, sensitivity to â€˜y
rays was significantly more enhanced in the HE1
and BP-T cells, which carried a mutant p53 gene, than in the BPwtl
and BP cells, which, at the early passages 19 and 21, exhibited the

wild-type p53 genotype (Fig. 2). Furthermore, it was striking to
observe

a significant

increase

in the radiosensitivity

to y-irradiation

of

the tumor-derived cell line BP-T for doses as low as 2 Gy. These
results were highly reproducible in all experiments performed under

the same conditions. In the next experiment, a panel of different BP
clones carrying either the wild-type p53 genotype (BPwt 2, BPwt 3,

m@

susceptible to tumor formation, either spontaneously or after daily
treatment with low doses of dimethylnitrosamine for a long period. In
contrast, mice carrying two wild-type p53 alleles were very resistant
to tumor development. It is noteworthy that almost all of the homozy
gous p53@ mice tested by these authors developed malignant lym

phomas, whereas most of the heterozygous p53@@mice developed
soft tissue sarcomas and osteosarcomas. This result might be due to

the same time as the BP (p19), HE1, and BP-T (P22) cell lines. As

the two alternative responses of the cells to DNA damage, i.e., either
DNA repair or apoptosis, the choice of which pathway to follow being
dependent on cell type specificity.
In a recent paper, Brachman et aL (16) found no correlation between

expected, we observed a high incidence of irradiation-induced cell

p53 status(wild-typeversusmutant)andradioresistance
in a varietyof

death in the cells which did not have the wild-type p53 genotype (Fig.
3). This was particularly striking when we compared the clonogenic

head and neck cancer cell lines irradiated with a single dose of 2 Gy.
When we used this dose here, we observed no significant difference
between the various cell lines tested, except for the tumor-derived cell
line, but we did find a significantdecrease in cell survival at doses higher
than 6 Gy in cells currying a mutantp53 gene. This suggests that, in our

and BPwt 4) or a mutant p53 gene (HE2 and HE3) were irradiated at

survival

of BP (p19) cells after irradiation

with 8 Gy with the survival

of BP-T (P22) cells (25.6 Â±2.7% versus 0.6 Â±0.6%). We could not

rule out the possibility that genomic instability might affect radiosen

system ofratlung epithelial cells representing various stages of neoplastic
progression, the p53 protein plays a key role in resistance to radiation.
passages ranging from 43 to 68, we observed no significant variations However, we cannot rule out the possibility that other events in neoplastic
in radiosensitivity as a function of the number of passages (Figs. 1â€”3). progression, closely associated with the loss of p53 function, could be
A considerable number of recent findings suggest that p53 protein
involved in the decrease in radioresistance.
The data reported here show that, in this experimental system, the
triggered apoptosis might be a critical event in the response to radi
ation or to DNA-damaging agents, especially in cells of hematopoietic
loss of both wild-type p53 alleles is accompanied by increased sen
sitivity to â€˜y-irradiation.At first sight, this observation seems to be at
lineage (11, 13â€”16).This response was usually correlated with very
high expression or stabilization of the p53 protein. Thus, Slichen
variance with previous reports that mouse hematopoietic cells, which
have structurally or functionally lost both normal p53 alleles, were
meyer et aL (13), who recently studied the radiosensitivity of fibro
sitivity, especially in the HE and BP-T cell lines carrying mutated p53
alleles. In fact, however, after testing the HE1 cells at different

blasts arising from mice in which zero, one, or two p53 alleles had
been disrupted, observed a striking difference between two indepen

relatively radioresistant. On the other hand, in a study of sister lines of
normal embryonic fibroblasts from mice in which zero, one, or two

dent clones, each of them carrying two disruptedp53 alleles; with one
clone, these authors noted a significant decrease in clonogemc sur

p53 alleles had been disrupted, it was demonstrated thatp53 status did
not directly affect the sensitivity of these cells to the lethal effects of

vival at radiation doses of 1 to 8 Gy (13). However, no mention of this

ionizing

observation was made in the body of their paper, and these authors
concentrated their attention on the second clone tested, which was

phenotypic or genotypic change accompanying the loss of both wild
type p53 alleles might help to enhance radiosensitivity, the simplest

more resistant. This difference in survival revealed a heterogeneous
response by these fibroblasts to ionizing radiation, which may have

assumption is that the modulatory effect on radioresistance due to the

been due to the putative

parameters such as the organ, species, model system, and environ
mental factors. This point is illustrated in a study by Takahashi and

genomic

instability

of these cell lines. In a

similar approach using p53-deficient mice, Harvey et aL (14) ob
served

that mice lacking

one or two wild-type

p53 alleles

radiation.

Although

loss of both wild-type

we cannot

p53 alleles

rule out the possibility

is associated

with other

that a

important

Suzuki (17) who demonstrated that insulin-like growth factor I abol

are highly
3363
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ished the inhibition of growth induced by serum starvation of the
human MCF-7 breast cancer cell line. In addition, this cell line was
also responsive to TGF-(31,which inhibited the phosphorylation of the

6. Harvey, M., Sands, A. T., Weiss, R. S., Hegi, M. E., Wiseman, R. W., Pantazis, P.,
Giovanella, B. C., Tainsky, M. A., Bradley, A., and Donehower, L A. In vitro growth

p53 protein and stimulated its cell cycle suppressive activities (18).
This raises the question of whether other environmental agents or

7. Donehower, L A., Harvey, M., Slagle, B. L, McArtbur, M. J., Montgomery, C. A.,
Jr., Butel, J. S., and Bradley, A. Mice deficient for p.53 are developmentally normal

cell-cell

C

8. Than, 0., Carrier, F., and Fornace, A. J., Jr. Induction of cellular p53 activity by

cascade or the tyrosine kinase pathway, are also involved in the p53

DNA-damaging agents and growth arrest. MoL Cell. Biol., 13: 4242-4250, 1993.
9. Chang, F., Syrjanen, S., Tervahauta, A., and Syrjanen, K. Tumourigenesis associated

interaction,

which

both trigger

either

the protein

kinase

response to radiation and affect the radiosensitivity of target cells.
Furthermore, it is not unreasonable to assume that, in tumor cells
containing a p.5.3 mutation, the nature and site of the mutation are also
involved in the cell response to irradiation, since different mutations

are known to alter different properties of the p53 protein, such as its
DNA binding or transactivating activities (19, 20).
In conclusion, our results, taken together with the reported data

by others, suggest that the p53 protein plays a complex role in the
mechanism modulating radioresistance. It is now important to
elucidate how wild-type p53 monitors the balance between induced
DNA repair and apoptosis and to define the effects of species!
organ!cell specificity and environmental factors in the response of

characteristics of embryo fibroblasts isolated from p53-deficient

mice. Oncogene, 8:

2457â€”2467,
1993.
but susceptible to spontaneous turnouts. Nature (Land.), 356: 215â€”221,1992.

with the p53 tumour suppressor gene. Br. J. Cancer, 68: 653â€”661, 1993.
10. Vogelstein, B., and Kinzler, K. W. p53 function and dysfunction. Cell, 70: 523â€”526,
1992.

11. aarke, A. R., Purdie, C. A., Harrison, D. J., Morris, R. G., Bird, C. C., Hooper, M. L,
and Wyllie, A. H. Thymocyte apoptosis induced by p53-dependent and independent

pathways. Nature (Land.), 362: 849_852, 1993.
12. La Rhun, Y., Duthu, A., Ehrhart, J. C., Michiels, F., May, E., and May, P. Directional

selection associated with clonal expansion of p53 mutant cells during neoplastic
development of carcinogen-treated rat embryo lung epithelial cells. Oncogene, 9:
263â€”271,1994.
13. Slichenmeyer, W. J., Nelson, W. 0., Slebos, R. J., and Kastan, M. B. Loss of a

p53-associated G, checkpoint does not decrease cell survival following DNA dam

age.CancerRex.,53: 4164â€”4168,
1993.
14. Harvey, M., McArthur, M. 1., Montgomery, C. A, Jr., Butel, J. S., Bradley, A., and
Donehower, L A. Spontaneous and carcinogen-induced tumorigenesis in p53-deli

cient mice. Nat. Genet., 5: 225â€”229,
1993.

the cell to irradiation.

15. Lee, J. M., and Bernstein, A. p53 mutations increase resistance to ionizing radiation.

References

Proc. Natl. Acad. Sci. USA, 90: 5742â€”5746,1993.
16. Brachman, D. G., Beckett, M., Graves, D., Haraf@D., Vokes, E., and Weichselbaum,
R. R. p5.3 mutation does not correlate with radiosensitivity in 24 head and neck cancer

1. Lane, D. P. A death in the life ofp53. Nature (Lond.), 362: 786â€”787,1993.

cell lines. Cancer Res., 53: 3667-3669, 1993.

2. Kastan, M. B., Zhan, 0., El-Deiry, w. S., Carrier, F., Jacks, T., Walsh, W. V.,

Plunkett, B. S., Vogeistein, B., and Fornace, A. J., Jr. A mammalian cell cycle
checkpoint pathway utilizing p53 and gadd45 is defective in ataxia-telangiectasia.
Cell, 71: 587â€”597,1992.
3. Kuerbitz, S. J., Plunkett, B. S., Walsh, W. V., and Kastan, M. B. Wild-type p53 is a

cell cycle checkpoint determinant following irradiation. Proc. NatI. Acad. SeA.USA,
89: 7491â€”7495,1992.
4. Lock, R. B., and Ross, W. E. Inhibition of p34@2 kinase activity by etoposide or

irradiation as a mechanism of G2 arrest in Chinese hamster ovary cells. Cancer Res.,

17. Takabashi, K., and Suzuki, K. Association of insulin-like growth factor-I-induced
DNA synthesis with phosphorylation and nuclear exclusion of p53 in human breast
cancer MCF-7 cells. Int. J. Cancer, 55: 453â€”458, 1993.
18. Suzuki, K., Ono, T., and Takahashi, K. Inhibition of DNA synthesis by TGF-f31

coincides with inhibition of phosphorylation and cytoplasmic translocation of p.5.3
protein. Biochem. Biophys. Res. Commun., 183: 1175â€”1183,
1992.
19. Thang, W., Funk, W. D., Wright, W. E., Shay, J. W., and Deisseroth, A. B. Novel
DNA binding ofp53 mutants and their role in transcriptional activation. Oncogene,

8: 2555â€”2559,
1993.

50: 3761â€”3766,1990.
5. Kastan, M. B., Oneykwere, 0., Sidransky, D., Vogelstein, B., and Craig, R. W.

20. Unger, T., Mietz, J. A., Scheffner, M., Yee, C. L, and Howley, P. M. Functional

Participation of p53 protein in the cellular response to DNA damage. Cancer Res., 51:

transdominant inhibition, and transformation suppression. MoL Cell. Biol., 13:5186â€”
5194, 1993.

6304â€”6311,

1991.

domains of wild-type and mutant p53 proteins involved in transcriptional regulation,

3364

Downloaded from cancerres.aacrjournals.org on November 13, 2019. © 1994 American Association for Cancer
Research.

Concomitant p53 Gene Mutation and Increased Radiosensitivity
in Rat Lung Embryo Epithelial Cells during Neoplastic
Development
D. S. F. Biard, M. Martin, Y. Le Rhun, et al.
Cancer Res 1994;54:3361-3364.

Updated version

E-mail alerts
Reprints and
Subscriptions
Permissions

Access the most recent version of this article at:
http://cancerres.aacrjournals.org/content/54/13/3361

Sign up to receive free email-alerts related to this article or journal.
To order reprints of this article or to subscribe to the journal, contact the AACR Publications
Department at pubs@aacr.org.
To request permission to re-use all or part of this article, use this link
http://cancerres.aacrjournals.org/content/54/13/3361.
Click on "Request Permissions" which will take you to the Copyright Clearance Center's (CCC)
Rightslink site.

Downloaded from cancerres.aacrjournals.org on November 13, 2019. © 1994 American Association for Cancer
Research.

