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Rat embryo fibroblast clones transformed with the human papillomavirus type 16 E7 gene and the H-ras
oncogene (ER clones) fall into two groups on the basis of endogenous p53 genotype, wild type or mutant. We
have compared these clones with the aim of identifying physiological differences that could be attributed to p53
protein function. We show that all ER clones, regardless of p53 gene status, are tumorigenic and metastatic in
severe combined immunodeficiency mice. We demonstrate that only the wild-type p53 protein expressed in ER
clones is functional on the basis of its site-specific double-stranded DNA-binding activity and its ability to
confer a G, delay on cells following treatment with ionizing radiation. These data indicate that disruption of
the p53 growth-regulatory pathway is not a prerequisite for the malignant conversion of rat embryo fibroblasts
expressing the E7 gene and mutant ras. Differences in phenotype that were correlated with loss of p53 protein
function included the following: serum-independent growth of ER clones in culture, decreased tumor doubling
time in vivo, and increased radioresistance. In addition, we demonstrate the p53-dependent G, checkpoint

alone does not determine radiosensitivity.

The p53 tumor suppressor gene is frequently a target for
recessive mutations in a wide range of human and rodent
malignancies. Loss of p53 expression, however, is not a pre-
requisite for tumor growth. In neuroblastoma and human
acute myelogenous leukemia, for example, p53 gene mutations
are infrequent; in breast, colon, and lung tumors, in which p53
gene alterations are more common, the incidence of p53 mu-
tation only reaches 50 to 60% (19, 26, 27). In addition, several
reports indicate that mutation of the p53 gene is not required
for the initiation of tumorigenesis but, rather, represents a late
event involved in tumor progression (reviewed in reference 1).

The realization that p53 gene function can be disrupted not
only through mutation but also through nongenetic mecha-
nisms including protein-protein interactions (38, 41, 47), pro-
tein conformational change (36, 51), or nuclear exclusion (37)
has raised the possibility that in tumor cells expressing a wild-
type p53 gene, the encoded protein may be nonfunctional. It
has also been suggested that the requirement for p53 mutation
can be bypassed in certain tumor cells upon the expression of
other oncogenes (32). Mutation of genes that lie upstream or
downstream of p53 function on the same growth-regulatory
pathway may obviate the requirement for p53 mutation.

The loss of wild-type p53 expression in tumor cells appears
to provide these cells with a selective growth advantage in vivo.
However, no satisfactory explanation exists at the cellular or
molecular level to account for the growth advantage experi-
enced by cells that have acquired a mutation in the p53 gene.
Two models have been put forward to explain the role of p53
as a tumor suppressor. In one model, p53 participates in the
cellular response to DNA damage by delaying cell cycle pro-
gression at a G, checkpoint (22, 24). Arrest in G, is likely the
result of p53-dependent induction of the WAFI/CIP1 gene,
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which encodes a 21,000-Da protein that inhibits the activity of
cyclin-dependent kinases necessary for the G,-S transition (11,
17, 54). This delay is postulated to allow time for repair of
damaged DNA, which otherwise might interfere with accurate
DNA replication, and for repair of lesions that might be per-
petuated as mutations in cells entering S phase. Loss of the
p53-mediated G, checkpoint has been shown to be associated
with genetic rearrangement and gene amplification in cells
treated with the metabolic inhibitor N-phosphonacetyl-L-as-
partate (PALA) (28, 55).

In a second model, the role of pS3 as a tumor suppressor is
explained through its involvement in apoptosis (48, 57). In
short-term assays, p53 has been shown to initiate apoptosis
when it is induced by agents that cause DNA strand breakage,
including ionizing radiation and treatment with various che-
motherapeutic agents (4, 14, 30, 31). Moreover, oncogenes
such as c-myc and the E1A gene can induce apoptosis partic-
ularly after serum depletion, and this form of apoptosis has
also been shown to be p53 dependent (6, 29). p53-dependent
apoptosis does not necessarily require cell cycle arrest. In this
model, wild-type p53 expression might be expected to diminish
cell growth and long-term survival in response to DNA dam-
age. p53 mutation would abrogate oncogene-associated apop-
tosis and allow survival of oncogene-expressing cells. The ob-
servation that cells expressing wild-type p53 are more sensitive
to ionizing radiation than cells expressing mutant p53 protein,
as measured by clonogenic survival, lends support to this
model (3, 25).

Analysis of a series of rat embryo fibroblast (REF) clones
established in our laboratory after transformation with the
human papillomavirus type 16 (HPV-16) E7 gene and the
activated H-ras gene (ER clones) provides an opportunity to
identify the selective advantage, if any, conferred by p53 mu-
tation. While all of these clones are morphologically trans-
formed and capable of growth in methylcellulose, we previ-
ously found that they fell into two distinct classes. Clones of
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one class have a single missense mutation in the endogenous
p53 gene and fail to express wild-type p53 RNA or protein.
These clones have a reduced serum requirement for growth in
methylcellulose, show density-dependent growth in serum-free
medium, and display responsiveness to growth factor(s)
present in conditioned medium. The growth of these cells
involves an autocrine mechanism. In contrast, clones of the
second class express wild-type p53 protein and exhibit an ab-
solute dependency on growth factors present in serum at all
cell densities tested (42). In this study, we have assessed the
functional state of p53 protein in these clones, their tumorige-
nicity, and their response to ionizing radiation. We demon-
strate that a p53-dependent G, checkpoint is present in trans-
formed cells expressing wild-type p53 and absent in cells
expressing mutant p53 protein, that loss of this checkpoint is
not a prerequisite for tumor growth, and that loss of this
checkpoint is correlated with increased clonogenic cell survival
following ionizing radiation.

MATERIALS AND METHODS

Cell lines. ER clones were used between the 10th and 20th passages in culture;
ER clones bearing endogenous mutant p53 alleles (ER12L5, ER10K1, ER11-2,
and ERS5-2) or an exogenous murine p53 allele in which mutation at codon 193
converts arginine to proline (ERM115) were described previously (42). ERMts
clones were transformed with the HPV-16 E7 gene, EJ-H-ras, and a tempera-
ture-sensitive (ts) murine p53 (p53ts) allele in which mutation at codon 135
converts alanine to valine (35). Cells were grown in a minimal essential medium
supplemented with 10% fetal calf serum.

Western blot (immunoblot) analysis of HPV-16 E7 protein. Cell extracts were
prepared from 107 cells and lysed on ice for 30 min with 0.5 ml of radioimmu-
noprecipitation assay lysis buffer (1% Nonidet P-40, 1% sodium deoxycholate,
1% Triton X-100, 0.1% sodium dodecyl sulfate [SDS], 20 pg of phenylmethyl-
sulfonyl fluoride per ml, 2 pg of leupeptin per ml, 4 pg of aprotinin per ml, 2 ng
of pepstatin per ml, 1.4 mM EDTA, 150 mM NaCl, 1 mM Tris [pH 7.2]). Lysates
were cleared by centrifugation for 15 min. Eighty micrograms of total protein was
resolved by SDS-polyacrylamide gel electrophoresis and transferred to nitrocel-
lulose paper by using a semidry electrophoretic transfer cell (Bio-Rad) for 30 min
in a solution containing 75 mM glycine, 10 mM Tris, and 20% methanol. Filters
were incubated overnight at 4°C in a solution containing 10 mM Tris (pH 7.4),
0.9% NaCl, 0.05% Tween 20 (TBST), and 10% instant skim milk powder. Filters
were then incubated in 40 ml of TBST containing 1:100 HPV-16 E7 mouse
monoclonal antibody (Triton Biosciences Inc.) for 60 min at room temperature.
Filters were washed three times in a solution of TBST containing 1% milk
powder for 5 min. Finally, peroxidase-conjugated sheep anti-mouse immuno-
globulin (Sigma) was incubated with the filter and detected by the enhanced
chemiluminescence method (Amersham).

Cell cycle analysis by flow cytometry. Cells (5.0 X 10° per dish) exposed to
ionizing radiation (®°Co gamma rays) and nonirradiated controls were incubated
16 h after irradiation with 10 .M bromodeoxyuridine (BrdU) for 2 h, harvested,
and washed with 10 ml of immunofluorescence assay (IFA) buffer (10 mM
N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid [HEPES; pH 7.4], 150 mM
NaCl, 4% fetal calf serum, 0.1% NaNs). Cells were fixed by dropwise addition of
70% ethanol (5 ml; prechilled at —20°C) with gentle mixing on a vortex mixer
and incubated on ice for 30 min. Cells were collected by centrifugation at 4°C,
resuspended in a solution containing 0.1 N HCI and 0.7% Triton X-100, and
incubated on ice for 10 min. Cells were diluted and resuspended in 2 ml of cold
phosphate-buffered saline (PBS; minus Mg and Ca), pelleted, resuspended in 0.5
ml of deionized water, and transferred to microtubes containing 16 wl of 0.1 N
HCI. Samples were incubated at 97°C for 10 min and immediately transferred to
ice for a further 10 min. Cells were washed twice with 1 ml of IFA buffer
containing 0.5% Tween 20 and resuspended in a final volume of 1 ml of IFA
buffer. Twenty microliters of a fluorescein isothiocyanate (FITC)-conjugated
anti-BrdU antibody (Becton Dickinson) was added to each sample; the samples
were incubated on ice for 30 min, washed twice with 1 ml of IFA buffer con-
taining 0.5% Tween 20, resuspended, and incubated for 15 min at 37°C in 0.5 ml
of IFA buffer containing 100 U of RNase A per ml. Finally, samples were treated
with 50 ug of propidium iodide (Sigma) per ml and incubated for a minimum of
1 h at 4°C. The stained cells were analyzed on a FACScan flow cytometer
(Becton Dickinson) with the Lysis II software program.

RNA isolation and Northern (RNA) blot analysis. Total RNA was isolated
from cells that were lysed in guanidinium isothiocyanate (33). Northern blot
analysis was performed by using Zeta probe membranes (Bio-Rad) as described
by the manufacturer. Solutions for prehybridization and hybridization contained
50% formamide, 5X SSPE (1x SSPE is 0.18 M NaCl, 10 mM NaH,PO,, and 1
mM EDTA [pH 7.7]), 2% SDS, 5X Denhardt’s solution, 0.1 mg of denatured
salmon sperm DNA per ml, and 0.1 mg of poly(rA) (Sigma) per ml. The WAF1
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probe was a 700-bp EcoRI fragment of the mouse WAFI ¢cDNA clone pPCMW35
(provided by Bert Vogelstein, Johns Hopkins Oncology Center, Baltimore, Md.).
The GAPDH probe was a 1,300-bp PstI fragment of rat GAPDH cDNA (13).
Both probes were labelled by the random primer method (12) using
[«-*P]dCTP.

Electrophoretic gel mobility shift assay (EMSA). To prepare nuclear extracts,
cells were lysed for 5 min on ice in buffer A (20 mM HEPES [pH 7.6], 20%
glycerol, 10 mM NaCl, 1.5 mM MgCl,, 0.2 mM EDTA, 1 mM dithiothreitol,
0.1% Triton X-100, 1 mM phenylmethylsulfonyl fluoride, 4 g of aprotinin per
ml, 2 pg of leupeptin per ml, 2 ug of pepstatin per ml). Cells were scraped off
dishes and pelleted. The supernatant was discarded, and the nuclear pellet was
resuspended in 3 volumes of modified buffer A containing 500 mM NaCl, incu-
bated on ice for 30 min, and centrifuged for 10 min. The supernatant was
retained and frozen at —70°C. The DNA binding reactions were carried out in a
final volume of 10 wl containing 1 pl of working buffer (100 mM HEPES [pH
7.4], 70% glycerol, 10 mM MgCl,, 5 mM dithiothreitol), 1 ul of poly(dI-dC) (1
ng/pl; Sigma), 1 ul of nuclear extract, and 1 ul of 3?P-labelled double-stranded
p53CON oligonucleotide, containing the p53 consensus binding sequence (15)
underlined (GGATCCAAGCTTGGACATGCCCGGGCATGTCCCTCGAGG
GATCC), with or without 1 wl of monoclonal antibody PAb421 (16). The
oligonucleotide was labelled with Klenow DNA polymerase and [a-**P]dCTP in
a fill-in reaction after annealing with a short antisense oligonucleotide (GGATC-
CCTCGAG). Binding reaction mixtures were incubated at room temperature for
25 min, and samples were analyzed on a 4% nondenaturing polyacrylamide gel
run at 200 V for 2.5 h. Gels were dried and exposed to X-ray film overnight at
room temperature.

Assessment of tumorigenicity and spontaneous metastasis. Tumorigenicity
was assessed following injection of 10° cells intramuscularly into the hind legs of
severe combined immunodeficiency mice. Tumor doubling times were calculated
as the time for tumors to increase from 0.5 to 1.0 g in weight during the
logarithmic period of tumor growth. Serial measurements of tumor diameters
were converted to weight, using a previously established calibration curve (2).
Spontaneous lung metastases were scored as macrocolonies visualized on the
lung by using a low-power dissecting microscope following fixation in Bouin’s
solution at necropsy, when primary leg tumors had reached a size of 2.5 g.

Radiation sensitivity of transformed REFs. Cells were washed in PBS,
trypsinized, and plated onto 60-mm-diameter plastic tissue culture dishes prior to
irradiation. Cells were irradiated 16 to 18 h after plating at cell densities that
would yield 25 to 70 surviving colonies at the time of enumeration. Repeated
experiments on all clones revealed that the multiplicity index was less than 1.1 at
the time of irradiation. Irradiation (0 to 10 Gy) with '¥’Cs gamma rays was given
under aerobic conditions at room temperature. Surviving colonies were fixed and
stained 8 to 10 days postirradiation with methylene blue solution containing 50%
ethanol. Mean survival curves were obtained from repeated experiments (mini-
mum of four) for each of the clones tested between the 10th to 20th passages in
culture. Cell survival data were modelled to the linear quadratic model of cell kill
as described previously (3). As the cellular surviving fraction for many of the
REF clones was greater than 0.01 at the doses used (maximum of 10 Gy), the
slope of the survival curve in the high-dose region and the mean inactivation dose
could not be calculated with certainty. Consequently, the mean surviving fraction
at 2 Gy (SF,g,) and the radiation dose required to reduce fractional survival to
0.10 (D,) were calculated for each clone.

Statistical analyses. Parameters of radiosensitivity and tumor growth for all of
the transformed clones were compared by using the nonparametric Mann-Whit-
ney test.

RESULTS

Tumorigenicity of ER clones. ER clones were isolated ini-
tially as foci of morphologically transformed cells that over-
grew a monolayer of normal REFs after gene transfer and
subsequently could be established in long-term culture. We
have confirmed that all ER clones used in this study express E7
and Ras proteins by radioimmunoassay using monoclonal an-
tibodies against E7 protein and mutant Ras proteins (data not
shown). These clones were previously shown to fall into two
classes on the basis of p53 genotype, wild type or mutant. We
have compared these clones with the aim of identifying phys-
iological differences which might be attributed to wild-type p53
protein function. One difference, described previously, is the
ability of clones expressing mutant p53, but not those express-
ing wild-type p53, to grow in the complete absence of serum.
Growth of the cells containing mutant p53 was shown to be cell
density dependent and to involve an autocrine pathway (42).

We wished to investigate whether loss of wild-type p53 ex-
pression was associated with increased tumorigenic or meta-
static potential. Severe combined immunodeficiency mice were
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TABLE 1. Tumorigenicity and metastatic ability of ER clones

ER clone Tumor doubling  No. of animals mggétgzes
time (days) with metastases”
(mean = SEM)
Expressing wild-type
p53 protein
ER7-5 2.9 3 3+18
ERS-3 3.4 3 6+3
ER14-5 1.7 3 70 £ 18
ER15-1 3.4 3 18 £5
ER16-4 3.7 3 36 £ 15
ER17-1 35 3 677
ER19-1 1.9 3 73
ER414 3.8 3 26 £ 4
Mean 3003 29+9
Expressing mutant
p53 protein
ERI12L5 1.7 3 52125
ER10K1 1.7 3 24*9
ER11-2 1.7 2 20+ 12
ERS5-2 1.1 3 3x2
Mean 14 +0.2 25+10

“ Spontaneous lung metastases. Each group consisted of three animals with
primary tumors.

injected with wild-type p53-expressing or mutant p53-express-
ing ER clones and monitored for tumors at the sites of injec-
tion (Table 1). All of the clones were tumorigenic regardless of
pS3 gene status. Median tumor doubling times in the ER
clones expressing wild-type p53 ranged from 1.7 to 3.8 days,
while those in clones expressing mutant p53 ranged from 1.1 to
1.7 days. This difference in tumor doubling time was significant
in the Mann-Whitney test (P < 0.02). Spontaneous lung me-
tastases were seen with all of the ER clones, and the mean
number of lung colonies per animal was not significantly dif-
ferent between ER clones expressing wild-type or mutant p53
protein (Table 1).

Biochemical properties of wild-type p53 protein expressed
in ER clones. The finding that the tumorigenic potential of ER
clones is independent of p53 gene status raises a question
regarding the functional state of the wild-type p53 protein
expressed in ER clones. It has been suggested that transfor-
mation by other oncogenes may bypass the need for p5S3 mu-
tation, and it has been demonstrated that the interaction of
wild-type p53 protein with cellular or viral proteins can result
in the neutralization of the tumor suppressor activity of normal
p53 protein. To address this question, we examined two bio-
chemical properties of p53 protein that have been shown to be
intimately associated with its ability to act as a tumor suppres-
sor, namely, site-specific DNA binding and transcriptional ac-
tivation (43).

DNA binding was investigated by using an EMSA. Crude
nuclear extracts were prepared from ER cells and incubated
with a 3*P-labelled p53CON oligonucleotide. Inclusion of the
p53-specific monoclonal antibody PAb421 in the binding reac-
tion facilitated visualization of the p53-DNA complex with the
EMSA. Binding was evident in reactions containing nuclear
extracts prepared from all ER clones expressing wild-type p53
protein but not in reactions containing nuclear extracts pre-
pared from mutant p53-expressing ER clones. Binding reac-
tions for two representative clones are shown in Fig. 1. Com-
petition with an excess of unlabeled p5S3CON oligonucleotide
but not with an equivalent amount of unrelated oligonucleo-
tide having the same nucleotide composition as p53CON con-
firmed that binding was specific (data not shown).
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FIG. 1. DNA binding of endogenous wild-type p53 protein expressed in ER
clones. EMSAs were performed with nuclear extracts prepared from ER clones
expressing mutant p53 protein (ER12L5) or wild-type p53 protein (ER17-1).
Binding reactions were performed with a 3*P-labelled p5S3CON oligonucleotide
with (+) or without (—) monoclonal antibody PAb421. The position of the
supershifted protein-DNA complex is indicated by the arrow.

The WAFI1/CIPI gene, which encodes a 21,000-Da protein
that inhibits the activity of cyclin-dependent kinases, was re-
cently shown to be a target for transcriptional regulation by
wild-type p53 protein (11). WAF1/CIP1 is induced in wild-type
p53-containing cells by exposure to DNA-damaging agents,
including ionizing radiation, but not in mutant p53-containing
cells. The WAF1/CIP1 gene has been proposed to be a critical
downstream effector in the p53-specific pathway of growth
control in mammalian cells (8, 10, 49). We therefore investi-
gated the level of WAF1/CIPI mRNA induction in ER clones
treated with ionizing radiation. RNA was isolated from un-
treated cells and from treated cells 4 and 16 h after treatment
with a dose of 6 Gy, and the level of WAF1/CIPI mRNA was
determined by Northern blotting; GAPDH served as a control
transcript in these experiments. A representative Northern
blot is shown in Fig. 2A. The relative abundance of WAFI/
CIP1 mRNA in cells was estimated by first normalizing to the
value of GAPDH mRNA in each sample. The data for nine
independent ER clones expressing wild-type p53, each tested
once or twice, were combined and are summarized in Fig. 2B.
These data show an increase in the level of WAF1/CIP1 mRNA
in irradiated normal REFs as well as in irradiated ER clones
expressing wild-type p53 protein. Induction was the same at 4
and 16 h after irradiation. In contrast, induction was not seen
in two irradiated ER clones lacking a wild-type p53 gene
(ER12L5 and ER5-2 cells) or in irradiated REFs transfected
with the E7 gene, ras, and a dominant negative mutant p53
allele (ERM115 cells). A small increase in the level of WAF1/
CIPI mRNA was seen in irradiated ER11-2 cells.

Cell cycle analysis in ER cells following ionizing radiation.
WAF1/CIPI mRNA induction after irradiation correlated with
wild-type p53 gene expression in the ER clones. Since p53-
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FIG. 2. Induction of WAFI mRNA in irradiated cells expressing wild-type
p53 protein. (A) Northern blot analysis of WAFI mRNA levels in wild-type
p53-expressing cells (ER16-4, ER17-1, ER19-1, and normal REFs) and mutant
p53 expressing cells (ER11-2 and ER12L5) treated with ionizing radiation. RNA
was isolated from cells either left untreated (—) or 4 h after treatment with a
dose 6 Gy of ionizing radiation (+). Blots were probed first with a WAFI cDNA
probe and subsequently with a GAPDH probe to normalize for the amount of
RNA loaded in each lane. The amount of WAFI RNA and GAPDH RNA was
determined with a Molecular Dynamics PhosphorImager using Multiquant soft-
ware. (B) The results from panel A and additional experiments in which cells
were irradiated with 6 Gy and harvested either at 4 or 16 h after irradiation are
summarized in the form of a histogram. Each mean value for the REFs was
determined from three experiments, and each mean value for the wild-type
p53-expressing ER clones represents an aggregate derived from nine clones,
seven of which were tested twice and two of which were tested once. Each mean
value for the mutant pS3-expressing ER clones represents an aggregate derived
from three clones each tested at least once and a single ERM clone expressing
exogenous mutant p53 protein tested once.

mediated WAF1/CIPI induction is believed to confer G, arrest
on cells following ionizing radiation, we next examined the
ability of irradiated ER cells to enter S phase. This analysis
measures a cellular response that is dependent on wild-type
p53 protein function; moreover, it represents a late event in the
p53-specific pathway of growth control. The inability of irradi-
ated cells to enter S phase would provide a further line of
evidence indicating that the endogenous p53 protein is func-
tional and that the p53-specific growth-regulatory pathway is
retained in the presence of the HPV-16 E7 gene and mutant
ras.

ER clones expressing endogenous wild-type or mutant p53
protein were treated with 6 Gy of ionizing radiation. Sixteen
hours after treatment, cells were incubated in BrdU for 2 h.
Cell proliferation was assessed by DNA content (propidium
iodide staining) and incorporation of BrdU (using an FITC-
conjugated antibody for BrdU) by flow cytometry (Fig. 3), and
changes in the proportion of cells in S phase and in the G;:S
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FIG. 3. Cell cycle changes in ER clones after exposure to ionizing radiation
(6 Gy) as a function of p53 gene status. Flow cytometric dot plots display
simultaneously the analysis of S-phase cells, as determined after a 2-h pulse with
BrdU at 16 h after irradiation on the x axis and DNA content, as determined by
staining with propidium iodide, on the y axis. In panel A are shown results for
carly-passage REFs and two ER clones expressing wild-type p53 protein. In
panel B are shown results for three independent clones expressing endogenous
mutant p53 protein. The control for each cell line represents unirradiated cells
that were not pulsed with BrdU but were, nevertheless, stained for replicative
DNA synthesis with an FITC-conjugated anti-BrdU antibody and for DNA
content with propidium iodide.
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TABLE 2. Cell cycle progression® following exposure to
ionizing radiation

Cells G1:S GI1:S G1:S+/ J0S—/
(0 Gy) (6 Gy) GL:S— %S+
ER clones expressing
wild-type p53
REFs 2.0 13.6 6.8 53
3.9 10.2 2.6 24
ER17-1 4.0 >82.8 >20.7 >32.4
ER7-5 16.6 >143 >8.6 >8.6
ER414 21 5.6 2.7 2.9
ER19-1 35 9.6 2.7 3.7
ER511 13.0 412 32 4.8
ERS-3 2.6 6.2 24 2.7
ER14-5 2.7 5.8 2.1 4.0
ER clones expressing
mutant p53
ERS5-2 4.6 3.7 0.8 1.0
2.7 3.7 1.4 1.5
ER11-2 1.7 1.8 1.1 1.1
6.8 12.7 1.9 1.7
ER10K1 1.5 1.1 0.7 0.9
7.8 10.5 1.3 1.4
ER12L5 21 2.8 13 1.6
1.3 15 12 1.3
ERM clones
ERM115
At 37°C 1.0 1.3 1.3 1.3
At 32°C 1.9 2.1 1.1 12
ERMts-2
At 37°C 0.8 1.4 1.8 1.5
At 32°C 4.8 82.9 17.3 17.7

“ Cell proliferation was assessed by dual-parameter flow cytometry on the basis
of DNA content (propidium iodide staining) and incorporation of BrdU during
a 2-h labelling period (using an FITC-conjugated anti-BrdU antibody). S— refers
to untreated cells, and S+ refers to cells treated with a dose of 6 Gy of ionizing
radiation and labelled with BrdU at 16 h after irradiation. Identification and
quantitation of the BrdU-positive (S-phase) cells was based on the level of
antibody binding compared with control cells that were not irradiated and were
not labelled with BrdU but were exposed to the FITC-conjugated anti-BrdU
antibody. When the number of irradiated cells staining with the anti-BrdU
antibody was low and not significantly different from the background level of
staining seen in the control group (0.5% of all cells), then the decrease in the
S-phase fraction and the increase in the G,:S ratio after irradiation were calcu-
lated by using the background level and represent minimum estimates.

ratio after irradiation were determined (Table 2). An increase
in the G,:S ratio after irradiation provides a good indicator of
G, delay. It is necessary to compare this ratio since +y-irradi-
ated cells arrest in G, and this block alone can lead to de-
creases in the proportion of cells in G, and S phase. Seven
independently derived ER clones expressing wild-type p53
protein were examined, and each showed a decrease in the
proportion of cells incorporating BrdU during the 2-h pulse
following irradiation. Dot plots representing cell cycle progres-
sion are shown in Fig. 3A for two of the clones and for un-
transfected normal REFs as a control. In contrast, four ER
clones expressing endogenous mutant p53 protein and one
ERM clone expressing a dominant negative mutant p53 allele
in addition to the E7 gene and ras continued to synthesize
DNA after vy irradiation. Representative dot plots for three of
these clones are shown in Fig. 3B. The G,:S ratio increased
and the S-phase fraction decreased after irradiation of wild-
type p53-expressing ER clones. These changes were greater
than in mutant p53-expressing ER clones (Table 2). Wild-type
pS3 expressing clone ER8-3 was tested at a higher radiation
dose and showed a more complete arrest in G, at 9 Gy than at
6 Gy. Mutant p53-expressing ER clones continued to enter S
phase even at this higher radiation dose (data not shown).
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The integrity of the wild-type p53-dependent G, checkpoint
was confirmed with REF clones transfected with the E7 gene,
ras, and either a mutant p53ts allele (ERMts clones) or a
non-ts mutant p53 allele (ERM clones). The p53 protein ex-
pressed by the pS3ts allele has been shown to behave as a
mutant polypeptide at 37°C and as a wild-type polypeptide at
32°C. Both types of cells grew at 37°C and at 32°C in medium
supplemented with 10% serum, albeit more slowly at the lower
temperature (Fig. 4). The ability of ERMts cells to tolerate
p53ts expression and to grow at 32°C was expected in light of
the fact that certain ER clones express high levels of endoge-
nous, stable, wild-type p53 protein (42). In addition, Vousden
et al. (52) have reported that REFs coexpressing p53ts and
activated Ras rapidly stop proliferating at 32°C and that ex-
pression of HPV-16 E7 overcomes this growth arrest. One of
the ER clones expressing an exogenous mutant p53ts allele
(ERMts-2) and a control ER clone expressing an exogenous
non-ts mutant p53 allele (ERM115) were grown at 37 or 32°C
overnight, irradiated (6 Gy), and incubated for a further 16 h
at the original starting temperature prior to labelling with
BrdU and cell cycle analysis by flow cytometry (Fig. 4).
ERM115 cells cultured at 37 or 32°C continued to enter S
phase after irradiation, with little difference in the G,:S ratio
after irradiation. In contrast, ERMts-2 cells continued to in-
corporate BrdU at 37°C after irradiation but not at 32°C, the
temperature at which the expressed p53ts protein behaves like
wild-type p53 protein. At 32°C, the G,:S ratio of ERMts-2 cells
increased 17-fold after irradiation (Table 2).

Radiation sensitivity of ER clones expressing wild-type or
mutant p53 protein. In the experiments described above, we
have demonstrated that ER clones expressing wild-type p53
protein accumulate in G, and in G,/M following treatment
with ionizing radiation, while ER cells expressing mutant p53
protein continue to synthesize DNA. It has been suggested that
the G,-S and the G,-M transitions serve as checkpoints at
which cells delay cell cycle progression in order to maintain
genomic integrity and to facilitate repair of DNA damage. To
assess the effect that loss of wild-type p53 expression and,
hence, loss of the p53-mediated G, checkpoint might have on
long-term survival of cells following exposure to ionizing radi-
ation, we used a clonogenic assay to compare the relative
radiosensitivities of ER clones expressing wild-type or mutant
p53 protein. The mean radiation survival curves for all the
wild-type p53-expressing ER clones and for all the mutant
p53-expressing ER clones are shown in Fig. 5SA and B, respec-
tively. Plots of SF,, and D, for individual ER clones express-
ing wild-type or mutant p53 are shown in Fig. 6. Examination
of these data indicated that the SF,g, values for ER clones
expressing endogenous mutated p53 alleles were significantly
higher (P < 0.02) than the SF,,, values of ER clones express-
ing wild-type p53. The D, values for the mutant p53-express-
ing ER clones were also significantly higher (P < 0.009) than
the D, values for wild-type p53-expressing ER clones. ER
clones expressing wild-type or mutant p53 protein exhibited
markedly increased radioresistance relative to REF controls or
ras-transfected REFs, as determined from SF,g, (P < 0.006)
and D, (P < 0.003) value comparisons (3).

We draw two conclusions from these data. First, ER clones
expressing wild-type p53 protein are more radiosensitive than
ER clones expressing endogenous mutant p53 protein. Hence,
the presence of a p53-mediated G, checkpoint in ER cells does
not confer enhanced survival in response to ionizing radiation.
Second, the variability in the radiation survival curves reflected
by variable SF,, and D, values for the wild-type p53 express-
ing ER clones, all of which have a G, checkpoint as measured
by cell cycle analysis after irradiation, indicates that the p53-
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FIG. 4. Cell cycle changes in ERM clones expressing a mutant p53ts allele (ERMts-2) and a non-ts mutant p53 allele (ERM115). Cells were irradiated with a dose
of 6 Gy and maintained at 37 or 32°C for 16 h prior to labelling with BrdU for 2 h and analysis by flow cytometry as described in the legend to Fig. 3.

dependent G, checkpoint alone does not determine radiosen-
sitivity and that additional factors must be involved.

DISCUSSION

ER clones fall into two groups on the basis of endogenous
pS3 genotype, wild type or mutant. We have compared these
clones with the aim of identifying physiological differences that
could be attributed to p53 protein function. Previously, we
showed a strong association between loss of wild-type p53
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expression and serum-independent growth of ER cells in cul-
ture (42). The role of p53 protein is likely to be at the level of
regulating apoptosis. We have recently observed that ER
clones expressing wild-type p53 undergo apoptosis when de-
prived of serum, as measured by the presence of internucleo-
somal DNA fragmentation on agarose gels, while ER clones
expressing mutant p53 protein continue to grow without evi-
dence of apoptosis (data not shown). Loss of wild-type p53 may
abrogate the apoptotic response that normally occurs in trans-
formed cells deprived of serum. A similar explanation was
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FIG. 5. Radiation survival curves for ER clones expressing either endogenous wild-type p53 protein (A) or endogenous mutant p53 protein (B). Each datum point
represents the mean clonogenic survival of the cell line at the radiation dose indicated, determined in at least four independent experiments. Curves were fitted to the
survival data by the linear quadratic model of cell kill. Error bars represent the standard error of the mean.
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survival curves shown in Fig. 5.

proposed by Lowe et al. (29), who observed that tumorigenic
cells coexpressing EJ-ras and E1A were susceptible to p53-
mediated apoptosis upon serum withdrawal.

We demonstrate that all ER clones, regardless of p53 gen-
otype, are tumorigenic and metastatic in severe combined im-
munodeficiency mice. This is expected in light of the numerous
reports identifying wild-type p53 alleles in malignant human
tumors. Analysis of tumor growth rates in vivo revealed that
tumors derived from ER clones lacking wild-type p53 expres-
sion grew significantly faster than tumors derived from ER
clones expressing wild-type p53 protein. In a separate study,
Lowe et al. (29) found that the latency of tumors derived from
pS3-negative mouse embryo fibroblasts transformed with the
adenovirus E1A and ras oncogenes was shorter than that of
tumors derived from normal fibroblasts transformed with the
E1A gene plus ras. These findings support the idea that loss of
wild-type p53 expression, while not necessary for tumor
growth, provides tumor cells with a selective growth advantage
that is displayed both in cell culture (serum-independent
growth) and in vivo (decreased tumor doubling time and short-
ened latency). The fact that all ER clones, irrespective of p53
genotype, had acquired the ability for spontaneous metastasis
indicates that expression of the HPV-16 E7 gene and activated
ras is sufficient to promote this phenotype.

In this study, we have shown that the wild-type p53 protein
expressed in ER clones is functional on the basis of site-specific
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double-stranded DNA binding activity. Moreover, two cellular
responses to DNA-damaging agents that have been shown to
be mediated by wild-type p53 protein, namely, induction of the
WAFI/CIPI gene and transient arrest of cells in the G, phase
of the cell cycle, are retained in ER clones expressing wild-type
p53 protein and absent in ER clones expressing mutant p53
protein. We conclude that at least one activity of p53, namely,
its participation in the control of the G;-S transition, remains
unperturbed in malignant REF clones expressing wild-type p53
protein. In another study, two human tumorigenic cell lines,
U2-OS (derived from an osteosarcoma) and RKO (derived
from colorectal carcinoma), were similarly found to contain
only wild-type p53 alleles and to arrest in G, following vy
irradiation (22, 23). Together, these findings demonstrate that
disruption of the p53 control pathway (either by p53 mutation
or p53 binding to other proteins or by other mechanisms that
affect upstream or downstream components of the pathway) is
not a requirement for tumorigenesis.

The involvement of p53 in regulating a G, checkpoint was
also demonstrated in studies of cells exposed to metabolic
inhibitors (28, 55). Cells expressing wild-type pS53 arrested in
G, when exposed to the uridine biosynthesis inhibitor PALA
and failed to demonstrate PALA-selected CAD gene amplifi-
cation. The latter provides a measure of genomic integrity.
Cells lacking wild-type p53 expression or expressing mutant
p53 protein failed to arrest when placed in drug and inappro-
priately entered S phase. These cells displayed CAD gene am-
plification at high frequency. Hence, increased genetic insta-
bility appears to be one consequence of loss of p53-mediated
G, checkpoint function. Interestingly, the wild-type p53-ex-
pressing, human tumorigenic cell lines U2-OS and RKO were
also shown to be capable of amplifying the endogenous CAD
gene upon exposure to PALA (28). Thus, alternate pathways
that bypass the role of p53 and leave a p53-mediated G, check-
point intact likely exist and control genomic integrity and tu-
morigenic potential.

In contrast to our findings, a number of recent reports dem-
onstrate that the p53-dependent G, cell cycle arrest can be
abrogated by the HPV-16 E7 protein through its interaction
with the retinoblastoma susceptibility gene product (pRb) and
perhaps pRb-related proteins. White et al. (53) have reported
that expression of the HPV-16 E7 gene in normal human
fibroblasts relieved the p53-dependent G, checkpoint arrest in
response to treatment with PALA. Human keratinocytes or
human MCF-7 cells expressing E7 failed to arrest in G, after
treatment with actinomycin D (7, 18a). Similarly, human RKO
cells expressing E7 failed to arrest in G, after treatment with
ionizing radiation (49). The E7 protein binds different cellular
proteins, including pRb (9). This interaction has been shown to
release the E2F transcription factor, which is maintained in an
inactive state while bound to pRb. Inactivation of pRb, either
by mutation or by binding to E7, or normally through phos-
phorylation events catalyzed by cyclin-dependent kinases, dis-
rupts binding to E2F and is required for cells to transit from G,
to S phase of the cell cycle. The product of the p53-inducible
gene WAF1/CIPI has been shown to act as a general inhibitor
of cyclin-dependent kinases. Hence, WAF1/CIP1 protein may
participate in cell cycle regulation through the inhibition of
cyclin-cdk complex-mediated phosphorylation of pRb. pRb
may, therefore, be placed downstream of p53 on the same
control pathway (8, 10, 49). Inactivation of pRb or pRb-related
proteins through their interaction with E7 may obviate the
need to inactivate p53.

In our work, however, ER clones maintained the p53-depen-
dent G, checkpoint in response to v irradiation as long as
endogenous wild-type p53 was expressed. The increase in the
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G,:S ratio of the ER clones expressing wild-type p53 ranged
from 2.1 to >20 after irradiation, while the increase in the G:S
ratio of ER clones expressing mutant p53 ranged from 0.7 to
1.9. There is no overlap between these two sets of values. We
cannot say with certainty that E7 and/or activated Ras have not
had an effect on the p53-mediated G, checkpoint. The increase
in the G:S ratio of normal REFs after irradiation was 2.6 in
one experiment and 6.8 in a second experiment. Three of the
ER clones (ER414, ER19-1, and ER511) showed changes in
the G,:S ratio after irradiation that fell within the range seen
for REFs. Two clones (ER17-1 and ER7-5) showed evidence
of a stronger block in G, after irradiation on the basis of their
G,:S ratios, and two clones (ER8-3 and ER14-5) showed a
weaker block in G,. The reasons for this variability in response
to irradiation are not understood; it does not seem to be
related to the level of WAF1/CIPI induction.

In assessing these divergent findings, it is pertinent to note
that the G, arrest response is dependent on radiation dose.
Radiation doses of up to 9 Gy were used in this study to
demonstrate pS3-dependent G, arrest. In the study of Slebos
et al. (49), a lower dose of 4 Gy was used, which may have been
insufficient to detect a G, delay in human cells expressing E7.
It may also be pertinent to consider the role of EJ-ras expres-
sion, as well as the possibility that rat cells may respond dif-
ferently to E7 expression than human cells. It is possible, more-
over, that E7-mediated transformation occurs through a
different mechanism in rat cells compared with human cells or
that different control pathways need to be disrupted in human
and rat cells in order to escape senescence. E7 alone, for
example, has been shown to immortalize primary rat cells in
culture (21), whereas both HPV E6 and E7 are required for
efficient immortalization of human primary epithelial cells (18,
39). Transformation by simian virus 40, adenoviruses, and
HPVs has demonstrated that inactivation of p53 alone or pRb
alone is insufficient and that at least both of these proteins
need to be neutralized during the process of virus-mediated
cellular transformation. In HPV-negative cervical tumor cell
lines, both the pRb gene and the p53 gene have been found to
contain mutations (5, 46). Our studies and the lessons learned
from the DNA tumor viruses indicate that a linear model in
which p53-dependent G, arrest involves pRb-related proteins
may be too simplistic. Irrespective of these considerations, we
are left with the observation that the p53-mediated G, check-
point is present in rat cells transformed by the E7 gene and
activated ras, whereas it is abrogated in a variety of human cells
expressing E7.

We have addressed the question of whether loss of the
p53-dependent checkpoint influences sensitivity to vy irradia-
tion in our series of ER clones. Collectively, the four ER clones
expressing mutant p53 protein and missing the p53-dependent
G, checkpoint were more radioresistant than the group of ER
clones expressing wild-type p53 protein on the basis of D, and
SF,, values. This finding is consistent with previous studies
also using clonogenic assays in which p53 mutations increase
resistance to ionizing radiation (3, 25). Studies using thymo-
cytes from p53-null mice also showed increased radioresistance
compared with thymocytes from normal mice on the basis of
membrane permeability assays to measure viability (4, 31).
Increased radioresistance was also seen in a series of Burkitt’s
lymphoma cell lines that expressed mutated p53 and fully ab-
rogated G, delay (40).

Viewed individually, ER clones expressing wild-type p53
protein and retaining a G, checkpoint displayed variability in
radiosensitivity. Clone ER7-5, for example, is the most radiore-
sistant within this group and approaches the radioresistance of
the ER clones expressing mutant p53. Hence, the p53-depen-
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dent G, checkpoint alone does not determine radiosensitivity,
and additional factors must be involved. Slichenmyer et al. (50)
also did not find any association between G, checkpoint and
radiosensitivity. In their study, loss of the G, checkpoint did
not lead to significant changes in radiosensitivity. Clone ER7-5
provides an opportunity to investigate factors involved in ra-
diosensitivity. One possibility we have considered is deregu-
lated c-myc expression, which has been shown to occur in baby
rat kidney cells transformed with the E7 gene and ras (44).
Moreover, McKenna et al. (34) have shown that REFs trans-
formed with v-myc and mutant H-ras are radioresistant. How-
ever, we have observed that the level of c-myc RNA expression
in ER7-5 cells is similar to that in radiosensitive REFs (data
not shown).

In cells exposed to DNA-damaging agents, the resulting
increase in p53 protein level has been associated with G,
growth arrest or cell death through apoptosis. However, the
connection between these two p53-related responses is uncer-
tain. In some types of cells, p53-dependent apoptosis is pre-
ceded by G, growth arrest (20, 45), while in other cells, it is not
(29, 56). For example, in normal thymocytes, radiation-in-
duced cell death occurs by apoptosis, and the radioresistance
displayed by p53-negative thymocytes results from loss of the
apoptotic response (4, 31). An apoptosis-based explanation for
the increased radioresistance of ER clones expressing mutant
p53 is attractive because impairment of the apoptotic response
likely explains the ability of these cells to survive in culture
upon serum deprivation. However, we have found no evidence
that radiation-induced cell death in ER clones occurs through
apoptosis. Why p53 promotes G, growth arrest in some cells
and apoptosis in others remains to be determined.
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