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ABSTRACT The p53 tumor suppressor gene has been
shown to play an important role in determining cell fate.
Overexpression of wild-type p53 in tumor cells has been shown
to lead to growth arrest or apoptosis. Previous studies in
fibroblasts have provided indirect evidence for a link between
p53 and senescence. Here we show, using an inducible p53
expression system, that wild-type p53 overexpression in EJ
bladder carcinoma cells, which have lost functional p53,
triggers the rapid onset of G1 and G2yM growth arrest
associated with p21 up-regulation and repression of mitotic
cyclins (cyclin A and B) and cdc2. Growth arrest in response
to p53 induction became irreversible within 48-72 h, with cells
exhibiting morphological features as well as specific biochem-
ical and ultrastructural markers of the senescent phenotype.
These findings provide direct evidence that p53 overexpres-
sion can activate the rapid onset of senescence in tumor cells.

Cellular senescence has been thought to reflect a gradual
process in which after a particular number of cell doublings, a
cell eventually loses replicative capacity (1). It has long been
known that tumor cells can overcome this intrinsic biological
clock, but the signaling pathways involved have yet to be
elucidated (1). Analysis of somatic hybrids between normal
and tumor cells or between different tumor cells has revealed
that senescence is dominant in such hybrids, and several
complementation groups mapping to specific chromosomes
including 1, 4, and 7 have been identified (2–4). These findings
have implied that normal function of only a small set of genes
may be required for cell permissiveness to senescence, and that
such functions are lost in the course of tumor progression.

The p53 gene has been shown to be a critical regulator of the cell
cycle (5) and is thought to function as a ‘‘guardian’’ of the genome
(6). In response to genotoxic stress induced by DNA damage,
hypoxia, and subthreshold levels of ribonucleotide triphosphate
pools, the level of p53 protein rises and induces cell cycle arrest
(either at G1 or G2) or programmed cell death (apoptosis) (5). As
further evidence of its central role in maintaining cell homeostasis,
loss of p53 function has been found to be the most common
alteration observed in cancer cells (7). Although it does not map
to a known senescence gene-associated chromosome (8, 9), p53
has been indirectly implicated in senescence of normal diploid
fibroblasts (10–16). For example, near-senescent fibroblasts ex-
hibit an extension of their proliferative life span after the stable
introduction of mutant p53 (10), and p53 -y- fibroblasts more
readily become immortalized in culture (11, 12). p53 expression
(13) and transactivation activity (14, 15), as well as expression of
p53 response genes such as the p21 cell cycle inhibitor (16), have

also been reported to increase in normal fibroblasts as they
approach senescence.

In the present study, we sought to directly test the biological and
biochemical consequences of activating wild-type p53 expression
in human tumor cells exhibiting loss of p53 function. To do so, we
utilized the tetracycline (tet)-regulated expression system (17) so
that p53 might be expressed in an inducible as well as reversible
manner. Our findings demonstrate that wild-type p53 induction
activates an irreversible commitment to the rapid progression of a
senescence program with characteristic features.

MATERIALS AND METHODS
Cell Culture. The EJ human bladder carcinoma cell line was

maintained in DMEM containing 10% fetal bovine serum (FBS).
EJ–p53 cells were maintained in complete culture medium con-
taining DMEM, 10% FBS, pen-strep (50 units/ml), glutamine (2
mM), hygromycin (100 mg/ml), and geneticin (750 mg/ml). To
maintain EJ–p53 cells in a repressed state with respect to p53
expression, tet was added to the medium every 3 days to a final
concentration of 1 mgyml. To induce p53 expression, EJ–p53 cells
were first rinsed three times with PBS (without Ca21 or Mg21) and
then switched to culture media lacking tet (i.e., 2tet).

Growth Curves. Log-phase EJ–p53 cells growing in (1)tet
medium were seeded at a density of 105 cellsy100-mm plate.
Cells were allowed to attach ('8 h) and then cultured in either
(1)tet or (2)tet medium (time 5 0 h). Cell counts were
performed at 24, 48, 72, and 96 h by hemocytometer.

Plasmids and DNA Transfection. pETH was constructed by
ligating the DNA fragment (XhoI–HindIII) from pUHD 15-1
(obtained from H. Bujard, ZMBH, Heidelberg), which con-
tains the tTA expression cassette, into the expression vector
pSV40-Hyg, which contains the Hygr gene. pTet–p53 was
constructed by subcloning wild-type (wt) p53 cDNA down-
stream of the tet-regulated promoter into pUHD10-3 (ob-
tained from H. Bujard) which contains neor. EJ cells were
serially transfected with each plasmid using the calcium phos-
phate method (18). Transfectants were selected in the pres-
ence of hygromycin (100 mgyml) and geneticin (750 mgyml).
Stable EJ–ETH clones were tested for transactivator activity
using a standard chloramphenicol acetyltransferase (CAT)
assay (19, 20). One clone, EJ–ETH-9, which showed the
highest CAT activity, was subsequently transfected with pTet-
p53. Individual clones of stable double transfectants, named
EJ–p53, were selected for further analysis. Similarly, a negative
control cell line, EJ–CAT, was created by transfecting EJ–
ETH-9 with pTet–CAT.
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Northern Blot Analysis. Total RNA was extracted, denatured,
electrophoresed through a 1% agarose-formaldehyde gel hybrid-
ization (20 mg total RNAylane), transferred to a nylon membrane,
and hybridized as described (21). Probes were 32P-labeled by using
a random primed DNA labeling kit (Boehringer Mannheim).

Immunoblot Analysis. Total cell lysates were prepared as
described (18). Protein quantitation was performed using the
BCA protein assay (Pierce). Forty micrograms of total cell
protein per sample was subjected to 10% SDSyPAGE and
transferred to an Immobilon (Millipore) polyvinylidene diflu-
oride filter. The filter was then blocked in 1% Carnation
instant milky0.1% Tween/PBS followed by incubation with p53
monoclonal 1801 or 421 hybridoma supernatant and immu-
nodetection using the ECL system (Amersham).

Immunocytochemistry. Cells were seeded onto glass cover-
slips and maintained in medium with or without tet for 1–4
days. Coverslips were rinsed with PBS, fixed with methanoly
acetone (1:1) for 2 min at room temperature, and then stored
in PBS at 4°C until processed further for immunocytochem-
istry. Cells were stained for p53 using mAb 1801 or 421
(Oncogene Science) 1:500 in PBS and the biotin-streptavidin-
peroxidase MultiLink kit (BioGenex, San Ramon, CA) with
the DAB peroxidase substrate kit (Vector).

For senescence-associated b-galactosidase (SA–b-gal)
staining, coverslips were harvested, washed in PBS, and fixed
with 2% formaldehydey0.2% glutaraldehyde in PBS for 5 min
at room temperature. SA-b–gal (pH 6.0) was detected as
reported (22). Coverslips were rinsed in PBS, counterstained
with neutral fast red, rinsed with distilled H2O, and mounted
onto microscope slides using mounting media (Dako).

Cell Cycle Analysis. Subconfluent cultures were pulse labeled
for 30 min with 10 mM BrdUrd (Sigma), harvested, fixed, and then
double stained with fluorescein isothiocyonate-conjugated anti-
BrdUrd antibody (Becton Dickinson) and 5 mgyml propidium
iodide (Sigma). Cell cycle analysis was performed on a fluores-
cence-activated cell sorter (FACScan, Becton Dickinson). Data
were analyzed using LYSIS II software (Becton Dickinson).

Electron Microscopy. Cells were pelleted and then fixed with
3% glutaraldehydeyPBS (pH 7.4). After a wash with 0.2 sodium
cacodylate buffer (pH 7.4), the pellet was treated with 1% osmium
tetroxide in cacodylate buffer for 1 h. The cells were then
dehydrated in graded steps of ethanol through propylene oxide
and embedded in Embed 812 (Electron Microscope Sciences, Fort
Washington, PA). One micrometer sections were cut and stained
with methylene blue and azure II, observed by light microscopy,
and representative areas chosen for ultrathin sectioning. Ultrathin
sections were cut and then stained with uranyl acetate and lead
citrate. Sections were observed with a JEM 100 CX transmission
electron microscope.

RESULTS
Inducible Expression of wt p53 in Human Tumor Cells. To

establish a system to study the biological effects induced by wt p53,
we utilized the tet-regulated inducible expression system (17). The
human bladder carcinoma cell line, EJ, contains both an onco-
genically activated H-ras gene (23, 24) and nonfunctional p53 due
to a mutation in exon 5 (25, 26). p53 was not detectable in EJ cells
using sensitive immunohistochemical or immunoblot methods.
Furthermore, when EJ cells were exposed to ionizing radiation,
p53 remained nondetectable immunologically, and known p53-
responsive gene products, including p21 (27) and mdm2 (28, 29),
failed to be up-regulated (data not shown). EJ cells were trans-
fected with an inducible p53 construct, and marker selected clones
were isolated. Fig. 1A shows that as early as 12 h after tet removal
from the culture media, p53 was readily detectable with peak levels
observed by 48 h. These levels were comparable to those observed
in wt p53-containing cells in response to DNA damage (M.M.S.,
D.Y.S., and S.A.A., unpublished observations). p53 expression was
also reversible with no p53 detected in EJ–p53 cells within 24 h
after tet re-addition (Fig. 1B). Thus, EJ–p53 cells provided a model

system with which to study the effects of inducible overexpression
of wt p53 in tumor cells lacking function of this gene.

p53 Triggers Growth Arrest Associated with Senescent-Like
Morphology. Fig. 2 shows the effects of induced wt p53 expression
on EJ cell proliferation. Whereas EJ–p53 cells maintained in the
presence of tet grew with a doubling time of '16 h, proliferation
of EJ–p53 cells overexpressing wt p53 (2tet) was almost com-
pletely inhibited (Fig. 2). Of note, p53 induction caused dramatic
alterations in cell morphology as well. Whereas the uninduced cells
were small and did not detectably immunostain for p53 (Fig. 3A),
tet removal led to obvious p53 nuclear staining by 24 h with the
cells exhibiting increased size and a flattened morphology with
elongated cellular processes, as well as enlarged nuclei (Fig. 3B).
This phenotype persisted (Fig. 3C) and was not reversible upon tet
re-addition after 2–3 days (data not shown). This was despite the
fact that immunostaining of EJ–p53 cells that failed to resume
normal growth after re-addition of tet showed a return to unde-
tectable p53 levels (data not shown). Thus, the morphologically
altered phenotype, characterized by irreversible growth inhibition
resulting from p53 induction, appeared not to be dependent upon
long-term persistent wt p53 expression. As a negative control, EJ
cells transfected with a vector containing the tet-inducible CAT

FIG. 1. Regulation of expression of wt p53 by tetracycline. (A and B)
Immunoblot analysis of p53 in cell lysates. (A) p53 levels in EJ–p53 cells
in the presence (lane 1) or absence of tet for 12 h (lane 2), 24 h (lane 3),
or 48 h (lane 4). (B) p53 levels in EJ–p53 cells maintained in (1)tet (lane
1), or (2)tet for 4 days followed by the addition of tet for 24 h (lane 2) or
(2)tet (lane 3). MCF7, a human breast carcinoma cell line (lane 4), was
included as a positive control for wt p53 expression (30).

FIG. 2. Growth curves of EJ–p53 cells grown in media (1)tet (F)
vs. (2)tet (■). Subconfluent, log-phase cells were initially seeded at
1 3 105 cellsy100-mm plate. After cells were allowed to attach ('8 h),
they were either maintained in media (1)tet or switched to media
(2)tet (time 5 0 h). Cell numbers were determined using a hemocy-
tometer at the times indicated. All time points were performed in
duplicate.
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gene did not show any morphological changes upon CAT induc-
tion (data not shown).

The morphologic effects of p53 induction were not consistent
with programmed cell death. This response is generally charac-
terized by reduced cell size, condensed and segmented nuclei and
cytoplasm, often with extensive fragmentation of chromosomal
DNA into nucleosomal units (31–33). Moreover, we directly tested
for apoptotic effects on DNA by performing a TUNEL (terminal
deoxynucleotidyltransferase-mediated UTP end labeling) assay,
which was negative (data not shown). Instead, these morphologic
changes (Fig. 3 B and C), which were observed with several
independent stable EJ–p53 clones, appeared to be similar to those
reported in senescent human diploid fibroblasts (34).

p53-Induced Growth Inhibition Is Irreversible in EJ–p53
Cells. To investigate the time required for p53 expression to
induce irreversible growth inhibition, we compared colony
formation by EJ–p53 cells inoculated at '100 cellsy60-mm
plate and maintained in the absence of tetracycline for varying
time periods. As shown in Fig. 4, p53 induction by tet with-
drawal resulted in an inhibition of colony formation. This
inhibition could be reversed by tet re-addition within 2 days.
However, maintenance of the cells in the absence of tet for 4
or more days was associated with a marked reduction in colony
formation (Fig. 4). The few colonies that grew under these
conditions likely reflected a small fraction of the EJ–p53
population in which p53 was either not induced or induced at
only a low level such that neither morphological alterations nor
growth arrest occurred. In fact, those colonies that survived
and grew under conditions of chronic tetracycline withdrawal
did not express detectable levels of p53 (data not shown).

G1- and G2-Specific Cell Cycle Arrest. Increased expression
of wt p53 has been reported to arrest cells near or at G1yS
andyor G2yM (35), whereas senescent or presenescent fibro-
blasts are characteristically arrested in G1 (36). Therefore, it
was of interest to examine EJ–p53 cells for changes in cell cycle
progression associated with wt p53 induction. To accomplish
this, the cells were analyzed by simultaneous flow cytometry
for DNA content and DNA synthesis, with propidium iodide
staining and BrdUrd labeling, respectively. As shown in Fig. 5,
EJ–p53 cells exhibited greatly reduced BrdUrd incorporation
within 24 h after the removal of tet (Fig. 5B) with the fraction
in S phase declining to '5% by 2–3 days (Fig. 5 C and D). Of
note, this cell cycle arrest was associated with accumulation of
cells at both G1yS and G2yM checkpoints (Fig. 5 B–D) and was
irreversible after 2–3 days (Fig. 5D). In contrast, EJ–p53 cells
maintained in medium containing tet (Fig. 5A), or EJ–CAT

cells in the presence or absence of the drug (data not shown),
demonstrated no evidence of cell cycle arrest. Moreover,
serum starvation led to G1 arrest, which was reversible upon

FIG. 3. Overexpression of wt p53 induces morphological changes in EJ–p53 cells. (A–C) Immunocytochemical staining of EJ–p53 cells. (A)
EJ–p53, (1)tet, (B) EJ–p53, (2)tet, 24 h, (C) EJ–p53, (2)tet, 4 days (3625). Cells were photographed using a Nikon Microphot-FXA microscope.

FIG. 4. Irreversible growth inhibition of EJ–p53 cells induced by
expression of wt p53. (A) EJ–p53 cells were seeded at a density of 100
cellsy60-mm plate maintained either in (1)tet or (2)tet for the indicated
days (d) before adding back tetracycline. All (2)tet plates were subse-
quently maintained in (1)tet plates for 2 weeks followed by fixation with
10% formalin and staining with Giemsa. (A) Representative plates from
one of four independent experiments. (B) The percent recoverable colo-
nies for each condition normalized to the number in (1)tet. The results
represent mean values of four plates, with the SD indicated by error bars.
The average plating efficiency is 75%.
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refeeding of the culture. Thus, induced p53 irreversibly ar-
rested EJ–p53 cells at both G0yG1 and G2yM checkpoints.

We next investigated the effects of p53-induced cell cycle arrest
on the expression of cell cycle regulatory genes. As shown in Fig.
6, removal of tet from the growth medium of EJ-p53 cells led to
marked increases in p53 mRNA levels as well as p21 and mdm2,
confirming that these known p53 effector pathways were intact in
EJ tumor cells. The fact that p53 transcript induction in these
experiments occurred with slower kinetics than was observed for

induction of the p53 protein (Fig. 1) likely reflects variations in
culture conditions. The transcript of another cell cycle inhibitor,
p16, was undetectable and was not induced in response to p53
induction (data not shown). In contrast, the expression of mitotic
cyclins (Cyc A and B) and cdc2 decreased dramatically. These
results are consistent with previous studies demonstrating that
senescent cells contain little or no detectable cdc2, cyclin A, or
cyclin B mRNA (37). How each of these alterations in cell cycle
regulatory gene expression participates in inducing the senescence
program in EJ cells remains to be elucidated.

Expression of Senescent-Specific Markers Following p53
Induction. Senescent but not presenescent, quiescent, or ter-
minally differentiated cells have been shown to express a
SA–b-gal that can be detected in single cells by incubating cells
with 5-bromo-4-chloro-3-indolyl b-D-galactoside (X-Gal),
which forms a blue precipitate upon cleavage (22). Thus, we
analyzed induced EJ–p53 cells for expression of this senes-
cence-specific marker. Greater than 95% of such cells showed
positive staining for SA-b-gal, which colocalized to cells
possessing the senescent morphology (Fig. 7B). In contrast,
SA-b-gal staining was not detected in EJ–p53 cells grown in the
presence of tetracycline (Fig. 7A), in control EJ–CAT cells

FIG. 5. Cell cycle analysis of EJ–p53 cells following p53 induction. Cell cycle analysis was performed on a fluorescence-activated cell sorter (FACScan,
Becton Dickinson). Data were analyzed using LYSIS II software (Becton Dickinson). BrdUrd (BrdU) uptake, as measured by fluorescein isothiocyanate
fluorescence, is depicted on the y axis. DNA content, as measured by propidium iodide fluorescence, is depicted on the x axis. Populations of cells in different
phases of the cell cycle are gated: G0yG1 population (R2), G2yM population (R3), and S-phase population (R4). The percentage of cells in each gate are
indicated for each sample in the table. (A) EJ–p53, (1)tet, (B) EJ–p53, (2)tet, 24 h. (C) EJ–p53, (2)tet, 48 h. (D) EJ–p53, (2)tet, 72 h.

FIG. 6. Expression of cell cycle-regulated genes in EJ–p53 cells
following p53 induction. Total RNA was prepared as described from
EJ–p53 and EJ–cat cells maintained in (1)tet or (2)tet condition for
varying time periods (26, 212, 224, and 248 h). The same Northern
blot was hybridized successively with 32P-labeled probes for p53, p21,
mdm2, cdc2, cyclin A, cyclin B, and 36B4 (loading control). To confirm
the amount of RNAs loaded in each lane, RNAs were stained with
ethidium bromide to visualize 28S and 18S bands.

FIG. 7. SA–b-gal staining of EJ–p53 cells following induction of wt
p53. EJ–p53 cells were seeded onto coverslips and maintained in
medium (1)tet or (2)tet for 5 days before SA–b-gal staining. (A)
EJ–p53, (1)tet, (B) EJ–p53, (2)tet, (3312.5). Cells were photo-
graphed using a Nikon Microphot-FXA microscope.
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grown in medium with or without tet (data not shown), or in
serum starved, reversibly growth-inhibited EJ cells (data not
shown). All of the above findings indicated that p53 induction
initiated the senescence program in EJ tumor cells.

During fluorescence-activated cell sorter analysis, we noted a
dramatic change in the light scatter pattern of EJ–p53 cells upon
induction of p53 expression. Namely, such cells were characterized
by an increase in side scatter (data not shown), a physical mea-
surement of the complexity of a cell—e.g., granularity (38). Using
transmission electron microscopy, we found that the p53-
overexpressing EJ cells contained many electron-dense cytoplas-
mic inclusions (Fig. 8A). The contents of these vesicles consisted
of lamellar material that resembled lipofuscin, a lipid substance
with autofluorescence properties that has been shown to accumu-
late with aging in the lysosomes of all vertebrates examined to date
(39). These ultrastructural changes were detectable within 24 h
after tet removal from the medium and temporally correlated with
the induction of steady-state levels of p53. In contrast, neither the
increase in side scatter nor the appearance of lipofuscin granules
was seen in EJ–p53 cells, (1)tet (Fig. 8B), or control EJ cells (data
not shown). p53-overexpressing EJ cells also exhibited altered
mitochondria, which appeared reproducibly less electron-dense
(Fig. 8A) than their counterparts in uninduced cells (Fig. 8B). The
significance of this latter alteration is not known. Of note, there
were no ultrastructural changes consistent with apoptosis in the
induced EJ–p53 cells.

DISCUSSION
The present studies demonstrate that in tumor cells lacking
functional p53, but in which p53 effector pathways remain
intact, the induced overexpression of wt p53 triggered a
short-term cellular response leading to irreversible growth
arrest and senescence. Our evidence included induction of a
flattened, enlarged cell morphology, commonly observed with

senescent fibroblasts (34); accumulation of lipofuscin granules,
an ultrastructural change associated with aging (39); as well as
SA–b-gal staining (pH 6.0), a specific biochemical marker of
senescent cells (22). The commitment to senescence became
irreversible within 48–72 h and no longer required p53 ex-
pression. In addition, there were no findings consistent with
apoptosis in response to overexpression of p53 in any of the
assays used, including the TUNEL assay.

Earlier efforts to study the effects of stably overexpressed wt
p53 have relied almost exclusively on the use of a temperature
sensitive (ts) mutant system in which p53 exhibits wt function
at the permissive temperature but behaves as a mutant at the
restrictive temperature due to a conformation change (40, 41).
It has been shown that expression of the ts mutant, p53val135,
in embryo fibroblasts resulted in a reversible growth arrest in
which cells maintained at the permissive temperature (32.5°C)
were able to recover from growth arrest when switched to the
restrictive temperature (39.5°C) (40, 41). These findings are in
striking contrast to our present studies with tumor cells,
arguing that the cellular context in which p53 is overexpressed
must be a major determinant of the response observed.

In different tumor cells lacking functional p53, the re-
introduction of wt p53 has also been reported to result in either
programmed cell death or to a growth arrest response that was
not otherwise characterized (35, 42, 43). Some colorectal
tumor lines overexpressing p53 manifested growth arrest with-
out apoptosis, whereas others underwent apoptosis in response
to p53 expression (42). The growth arrest response appeared
to require functional p21, a p53-response gene (42). The
growth arrest response appeared to require functional p21, a
p53-response gene (42). Chen et al. (43) reported that the level
of induced wt p53 protein can also help to determine the
cellular response. Thus, high levels of wild-type p53 were
associated with apoptosis, whereas lower levels of p53 expres-

FIG. 8. Ultrastructural changes associated with aging in EJ–p53 cells overexpressing p53. (A and B) Electron micrographs of EJ–p53 cells
analyzed using transmission electron microscopy. (A) EJ–p53 cells, (2)tet, 5 days. (B) EJ–p53 cells, (1)tet, 5 days. Lipofuscin vesicles are indicated
by arrows. Mitochondria are indicated by asterisks. (31,820; Insets: 313,000.)
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sion in these same cell lines were associated with growth arrest
(both G1 and G2) (43). Together, these recent data strongly
suggest the existence of complex mechanisms regulating p53-
mediated cellular outcomes of growth arrest or apoptosis.
Moreover, if the growth arrest in tumor cells observed by other
investigators in response to p53 were to reflect activation of the
senescence program, then this response may reflect a general
mechanism of tumor suppression mediated by p53.

Following completion of this study, Serrano et al. (44) reported
that expression of oncogenic ras triggered premature senescence
in primary human or rodent fibroblasts, associated with increases
in p53, p21, and p16 levels. They further showed that inactivation
of p53 or p16 blocked this response and was associated with
continued cell proliferation (44). Of note, EJ tumor cells, which
lack functional wt p53, are also known to contain an oncogenic ras
mutation (23, 24). Thus, our present findings are consistent with
the concept that loss of wt p53 function in concert with ras
activation may have been critical events to avoiding senescence in
the course of EJ tumor evolution. However, we also have evidence
that senescence can be induced in other p53 null tumor cells
irrespective of the presence of a ras oncogene in such cells (M.M.S.
and S.A.A., unpublished results).

p53 induction in EJ–p53 cells led to the rapid onset of a
synchronized series of molecular, cellular, biochemical, and
ultrastructural changes that have been characterized previ-
ously in senescing human fibroblasts (1). In contrast to pro-
grammed cell death, the immediate biologic outcome of
senescence is irreversible growth arrest. Both programs, how-
ever, lead to a common consequence—i.e., loss of further
proliferative capacity. The altered state of a tumor cell, which
is achieved through progressive genetic adaptations that arise
during tumor evolution, may make such tumor cells particu-
larly vulnerable to activation of growth arrestycell death
programs including senescence through the unbalancing ef-
fects of reactivation of wt tumor suppressor gene function. The
availability of an inducible system in which p53 triggers the
rapid, synchronous onset of the senescence program should
facilitate the investigation of the biochemical signaling path-
ways involved in activating this short term cellular response.
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