
[CANCERRESEARCH57,5217â€”5220,December1, 1997]

Advances in Brief

Intracellular Localization of p53 Tumor Suppressor Protein in 7-irradiated Cells Is

Cell Cycle Regulated and Determined by the Nucleus'

Elena A. Komarova, Carolyn R. Zelnick, Dot Chin, Marija Zeremski, Anatoly S. Gleiberman, Sarah S. Bacus, and
Andrei V. Gudkov@

Department of Molecular Genetics, University of Illinois, Chicago, Illinois 60607 (E. A. K., M. Z, A. V. G.J: Advanced Cellular Diagnostics, Elmhurst. Illinois 60126 (C. R. 1,
D. C., S. S. B.]; and Department and School ofMedicine, University of California at San Diego. La Jolla, California 92093-0648 (A. S. G)

Abstract

DNA damage leads to the stabilizationofp53 proteinand its translocation
to the nucleus, resulting in activation or suppression ofp53-responsive genes.
However, a significant proportion of cell nuclei remain negative for p53 and
p53-Inducible cydlin-dependent kinase inhibitor p2i@@a@after a single dose of
â€˜y-irradiation. Quantitation of DNA content in p53-positive and -negative

nuclei 4-6 h after 10 Gy of â€˜y-irradiationof human breast carcinoma MCF7
cells,fibrosarcoma HTiOSOcells,and diploid skin flbroblasts showed that p53
and p2iâ€•@Â°nuclear accumulation occma predominantly in the G1 phase and
at the beginning ofthe S phase ofthe cell cycle@The majority of the nuclei in
late S phase and in G2-M phase remained p53- and p2i@@a@@negadve.This
suggests that there is a cell cycle window during which p53 can accumulate in

the nucleus and activate expression of p21'@Â°.To determine whether cell
cyde-dependent distributiOn ofp53 is caused by cytoplasmic modifications of
pS3 protein or by properties of the nucleus, p53 localization was analyzed in
muhinudeated cells obtained by polyethylene glycol-mediated cell fusion.
Dramatic differences in p53 accumulation were found among the nuclei in
individual multinudeated cells Distribution of p53-positive and -negative
nuclei among the phases of the cell cyde was similar to that observed in a
regular cell population. These results suggest that the observed differences in
p53 accumulation in the nuclei of irradiated cells are determined by cell

cyde-dependent nuclear functions In contrast to p53, p2i'@Â° was equally
distributed among the nuclei ofmuftinudeated cells regardless ofthe stage of
the cell cyde, indicating that the observed phenomenon is specific for p53.

Introduction

Cellular response to different types of stress, including DNA dam
age, involves activation of p53 protein that initiates a cascade of
events leading to growth arrest or programmed cell death (1). Loss of
p53 function in tumor cells occurs in more than half of human
malignancies and is associated with high genomic instability, resist
ance to chemotherapy and radiation therapy, and metastasis (2). In the
organism, p53 is involved in controlling the elimination of genetically
damaged cells during early embryogenesis(3) and determinesthe
high radiation and drug sensitivity of early embryos as well as several
adult tissues with rapid cell turnover (4).

The p53-mediated stress response includes three major steps: (a)
stabilization of p53 protein; (b) translocation to the nucleus; and (c)
activation and suppression of p53-responsive genes (1). p53 activity
can be regulated at all of these steps. This regulation may involve
either direct modifications of p53 itself or interactions with other
cellular proteins. Thus, protein stability can be modulated by viral or
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cellular factors that affect p53 activity. For example, mdm-2, encoded
by a p53-responsive gene, acts as a feedback regulator of p53, causing
its rapid degradation (5, 6). To act as a transcription factor, p53
requires interaction with some cellular proteins, including ref- 1 (7),
CBP/P300(8, 9), and p33INGI(10). The expressionlevels of such
factors may modulate p53-mediated responses by affecting the effi
ciency of p53-dependent transcription. In addition, alternatively
spliced variants of p53 and different posttranslational modifications
(phosphorylation and glycosylation) can also be involved in the reg
ulation of p53 stability and function (1, 11).

The control of nuclear translocation of p53 is one of the least-studied
steps ofp53 regulation. p53 was shown to be actively transported through
the nuclear membrane in both directions. Nuclear localization and nuclear
export signals have been identified in p53 (12, 13). Nuclear accumulation
of wild-type p53 is often blocked in certain types of tumors (including
neuroblastomas; Ref. 14), indicating the existence ofan unknown cellular
mechanism responsible for p53 nuclear translocation. Differences in the
intracellular localization of wild-type p53 protein during the cell cycle
under normal growth conditions suggested that such a control mechanism
could be cell cycle regulated (15, 16).

We have addressed two aspects of the problem of nuclear translo
cation of p53. We first showed that nuclear accumulation of p53 after
DNA damage and activation of the p53-responsive Wafi/Cipi gene
occurred during a specific window of the cell cycle. We then analyzed
p53 and p21wafl localization in polynucleated cells to determine how
the cell cycle selectivity of nuclear accumulation is regulated. We
concluded that it is controlled by nuclear functions rather than by
cytoplasmic modifications of p53.

Materials and Methods

Cell Lines. Breast carcinoma cells (MCF7) and diploid human skin fibro
blasts were obtained from American Type Culture Collection. Human fibro

sarcoma HT1O8Ocells that express wild-type p53 were provided by George
Stark (Cleveland Clinic Foundation, Cleveland, OH). MCF7 cells were grown
in RPM! 1640 supplemented with 10% fetal bovine serum and 10 @.tg/ml
insulin and maintained in a 10% CO2 humidified atmosphere. Diploid skin

fibroblasts and HT1O8O cells were maintained in DMEM with 10 and 20%
fetal bovine serum, respectively.

Cell Fusion. Cells were plated in 4-well chamber slides (4 x l0@'cells/
chamber)and fused with 50% PEG3solution(M.W.l,450; Sigma) 24â€”36h after
plating. For fusion, cells were thoroughly washed with PBS, PEG solution was
addedfor 30â€”40s, and the cells were immediatelywashedin six changesof PBS.

Cell Irradiation. PEG-treated cells were rny-irradiated( 10 Gy) 2â€”4h after
fusion using a G. L. Shepherd and Associates irradiator, (model 143â€”68; â€˜37Cs

source) at a dose rate of 4 Gy/min.

Immunohistochemical Analysis. Cells were fixed 4 or 6 h after irradiation
and immunostained using anti-p53 (pAbl80l; Calbiochem, San Diego, CA)

and anti@p2lW5@(EAl0@Santa Cruz Biotechnology, Santa Cruz, CA) mono
clonal antibodies as described previously (17). Double staining for DNA/p53

3 The abbreviation used is: PEG, polyethylene glycol.
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Fig. 1. Immunohistochemical detection of p53 and p2l'@Â° in untreated (a and c) and â€˜y-irradiated(b and dâ€”k)cells. aâ€”g,j, and k, MCF7 cells; h and i, HT1O8O cells. a and b, mass

cell population stained for p53 (immunoperoxidase detection); only a fraction of cells show nuclear expression of p53 after â€˜y-irradiation.p53-positive nuclei are marked by black and
red arrows, respectively. c and d, mass cell population stained for p2l@' (immunoperoxidase detection); as in the case of p53. only a fraction of the cells express @21waf1afar
y-irradiation. p2l@1@positive and -negative nuclei are indicated by black and red arrows, respectively. e and f, p53 staining of two representative polynucleated cells 4 h after
y-irradiation; nuclei inside individual cells differ dramatically in accumulation of p53 (immunoperoxidase detection). Positive and negative nuclei are marked as described above. g,
p2lâ€•@Â°in thenucleiof polynucleatedcells(immunoperoxidasestaining).Nucleibelongingto onecellarecircled.Unlikethecaseof p53,all nucleiin individualpolynucleatedcells
contain equal amounts of p2l@1' . h and i, immunostalning of polynucleated HT1O8O cells for p53 (h) and p2lwafl (i). Nuclei belonging to one cell are circled. j and k, double staining
of polynucleated cells for DNA (Feulgen blue staining, left) and for p53 (CAS.Red immunofluorescent detection, right) 4 h after â€˜y-irradiation.DNA content was quantitated separately
for p53-positive and -negative nuclei.

CELLCYCLEDEPENDENCEOF NUCLEARACCUMULATIONOF p53

and DNA/p2l@Â° was done according to a previously described protocol (18).

DNA content was quantitated in p53 or p2l'@Â°-positive and -negative nuclei
using a CAS200 imaging system (Cell Analysis System, Inc.).

Results

p53 Nuclear Accumulation in Response to y-Radiation Is Cell
Cycle Dependent. To determine the proportion of cells in a mass
population that accumulates p53 in the nucleus in response to DNA
damage, MCF7, HT1O8O cells, and diploid skin fibroblasts were
immunostained with the monoclonal antibody pAbl8Ol (anti-p53)
after y-irradiation. All cell types contain wild-type p53 and undergo
p53-dependent growth in G@ and G2-M-phase growth arrest after
irradiation (see â€œMaterialsand Methodsâ€•). All of the experiments
were done using 10 Gy, a dose that left no background of long-term
surviving cells, to insure that substantial DNA damage occurred in

each cell of the population. No differences in the results were found
within the range of 4â€”15Gy. Cells were fixed 4â€”6h after irradiation.
This time point was chosen based on preliminary results obtained by
Western immunoblotting, which showed that p53 protein accumula
tion reaches its maximum 4â€”6h after irradiation (data not shown).

Similar results were obtained in all cell types analyzed; only a
fraction of cells showed nuclear accumulation of p53 (Fig. 1, a and b).
A similar proportion of p21'@â€•1@-positivecells was consistently ob
served (Fig. 1, c and d). To determine the distribution of p53 in
p21w@@positive and -negative cells among the phases of the cell
cycle, MCF7 and HT1O8O cells were double-stained for DNA (Feul
gen staining) and p53 or p2lâ€•@â€•(immunofluorescent staining), and
cellular DNA content was measured in individual cells using a
CAS200 image analysis system. A total of 200â€”400randomly picked
individual p53 or p21-positive or -negative nuclei were taken for
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CELL CYCLE DEPENDENCEOF NUCLEARACCUMULATIONOF p53

the generation of polynucleated cells with common mixed cytoplasms
and separated nuclei that contain different amounts of DNA content,
depending on the phase of the cell cycle of each cell at the moment of
fusion. Subsequent DNA damage caused by y-irradiation leads to p53
stabilization and forms a common cytoplasmic pool of activated p53,
which is then expected to be translocated into the nuclei. If p53 nuclear
translocation is determined by cytoplasmic modifications of p53, one
would expect all nuclei in polynucleated cells to accumulate equal
amounts ofthe protein. However, ifp53 accumulation depends on the cell
cycle-related nuclear functions, one would expect the nuclei of
polynucleated cells to be different.

MCF7, HT1O8Ocells, and diploid skin fibroblasts were fused by
application of 50% PEG, â€˜y-irradiated(10 Gy) 2 h after fusion, and
immunostained 4 h later. p53 localization in two typical polynucleated
MCF7 and HT1O8Ocells is shown in Fig. 1 (e,f, and h). In the majority
of polynucleated cells, individual nuclei differed dramatically in p53
content. DNA content was quantitated in p53-positive and -negative
nuclei ofpolynucleated cells (Fig. l,j and k), and their distribution among
the phases of the cell cycle was analyzed as it was previously for
nonfused cells. It was found (Fig. 2, bottom left) that the majority of
p53-positive nuclei were in G1-early S phase, whereas the majority of the
p53-negative nuclei originated from late S-G2-M-phasc cells. This result
suggests that cell cycle dependence of nuclear accumulation of p53 in
y-irradiated cells is retained after cell fusion and is determined by the
properties of the nuclei rather than those of the cytoplasm.

In contrast to p53, no differences in p21â€•tâ€•accumulation were found
among the nuclei of polynucleated cells (Fig. 1,g and i). This observation
was confirmed by DNA quantitation of p2lâ€•@@-positiveand -negative
nuclei; both were equally distributed through the phases of the cell cycle
(Fig. 2, bottom right). Thus, cell cycle-dependent nuclear selectivity was
found to be specific for p53 but not for p2l'@@1.

Discussion

Heavy DNA damage caused by a strong dose of y-irradiation
surprisingly results in p53 accumulation only in a fraction of the cells
in an exponentially growing population. By analyzing mechanisms
that determine this phenomenon, we found that p53 nuclear accumu
lation is cell cycle dependent and is regulated by the nucleus. This is
a new level of p53 regulation that limits the ability of this protein to
enter nuclei and to induce p21wafl to G1-early S phase of the cell
cycle.

Cell cycle dependence of intracellular localization of p53 in cells
growing under normal conditions was first shown by Shaulsky et a!.
(15) in BALB/c 3T3 cells and was recently confirmed in a different
cell system (16). We found that this is also true for p53 activated by
DNA damaged after â€˜y-irradiation.In both cases, p53 can accumulate
in the nucleus during a certain window in the cell cycle that includes
at least part of G1 and the beginning of S phase. Consistently, the
p53-responsive Wafi/Cipi gene encoding cyclin-dependent kinase
inhibitor p2r@'â€•@ also activated during the same period of the cell
cycle. This observation suggests that the ability of activated p53 to
trigger cell response by activation of downstream genes is restricted to
a limited time window in the cell cycle.

Table 1 Distribution ofp53 and p21 â€œ11-posilive and -negative nuclei in the cell cycle
in HTIO8O cells 4 h of 10 Gy y-irradiation
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Fig. 2. Cell cycle distribution of p53 or p2l'@Â°@positiveand -negative nuclei in MCF7
cells 4 h after 10 Gy of â€˜y-irradiation,as determined by the DNA content. Black bars, the
percentage of p53-positive nuclei; hatched bars, the percentage of negative nuclei. Cell
origin and type of staining are indicated.

DNA quantitation. According to their DNA content, cells were sep
arated into four categories: (a) G@(2C); (b) early S phase (between 2C
and 3C); (c) late S phase (between 3C and 4C); and (d) G2-M phase
(4C). The results obtained with MCF7 cells are shown in Fig. 2.
p53-positive and -negative cells differ dramatically in their cell cycle
distribution. p53-positive cells are more abundant in G@and, to lesser
a extent, in early S phase, whereas p53-negative cells accumulate in
late S-G2-M phase (Fig. 2, top left). A similar distribution was found
for p21-positive and -negative cells (Fig. 2, top right). Two other cell
types expressing wild-type p53, HT1O8O, and diploid skin fibroblasts
showed similar results. The example of analysis of DNA content in
p53-positive and -negative cell populations of HT1O8Ocells is shown
in Table 1. These observations indicate that nuclear accumulation of
p53 and the induction of p53-responsive p2! are limited to G 1-early S
phase of the cell cycle.

Cell Cycle Dependence of Nuclear Accumulation of p53 in
Response to )â€˜-RadiationIs Determined by the Nucleus. There are
two possible levels ofcontrol that could determine the observed cell cycle
specificity of nuclear accumulation of p53. Specifically, it may be ex
plained either by alterations in the properties of p53 in the cytoplasm or
by a different selectivity of the nucleus for p53 during different phases of
the cell cycle. To distinguish between these two possibilities,p53 accu
mulation was analyzed in multinucleated cells obtained by PEG-medi
ated cell fusion. Fusion of cells taken from a mass population results in
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CELL CYCLE DEPENDENCE OF NUCLEAR ACCUMULATION OF p53

The most intriguing observation concerns the cellular mechanism
underlying the cell cycle selectivity of p53 nuclear accumulation. The
analysis of polynucleated cells show that this selectivity is determined by
the nucleus and not by cytoplasmic modifications of p53. This observa
tion was reproduced in several cell systems, indicating that cell cycle
dependentnuclearselectivityis a generalmechanismof p53 regulation.

What is the molecular basis for this phenomenon? It was recently
demonstrated that p53 is a subject for active, energy-dependent nuclear
import and export, indicating the first two potential levels ofregulation of
cell cycle selectivity of p53 nuclear accumulation. Cell cycle-specific
nuclear degradation of p53 is another potential way to regulate this
selectivity. p53 is known to be a subject of ubiquitin- and calpain
mediated degradation (19â€”22).It was recently reported that the calpain
protease inhibitor ZLLY-CHN2 blocked cell progression into S phase,
presumably by stabilizing p53 (23). We applied the above-mentioned
inhibitor to the fused cells before y-irradiation, but we found no differ
ences between the treated and control cells in differential distribution of
p53 among the nuclei at different stages of the cell cycle (data not
shown). As far as the proteasomal degradation of p53 is concerned, it was
recently found that it might not be involved in p53 stabilization after
y-radiation-induced DNA damage (24). It therefore seems unlikely that
cell cycle-dependent nuclear selectivity for p53 is regulated by either of
these two systems of protein degradation.

This new level of regulation of p53-mediated response, cell
cycle-dependent nuclear selectivity, is limited to p53 itself and
does not affect p2l@v5@'lwhich was found to be equally distributed
among the nuclei of polynucleated cells, regardless of the stage of
the cell cycle and their ability to accumulate p53. As it follows
from the observations on nonfused cells, the induction of the
Wafi/Cipi gene occurs only in those nuclei that accumulate p53.
However, p2l@v8hIprotein, after it is synthesized in the cytoplasm,
enters all of the nuclei, including those that were restrictive for
p53. Equal access of p2lwafl protein to different nuclei in
polynucleated cells may just be a reflection of the low molecular
weight of this protein, which is within the cutoff size for a free
diffusion through a nuclear pore. Cell cycle dependence of the
p21â€•@ activation, determined by nuclear selectivity of p53, could
be important, considering the multiple biological functions asso
ciated with this protein. Depending on the expression level and
stoichiometry of protein complexes, it can promote both growth
inhibition and stimulation (25). As recently demonstrated, @211wafl
not only acts as an inhibitor or activator of cyclin-dependent
kinases, but it also serves as an adapter targeting cdk4/cyclin D
complexes to the nucleus (26). p2 1waft expression in an inappro
priate stage of the cell cycle is, therefore, likely to strongly affect
cell cycle regulation.

The main conclusions of this work were based on the analysis of
polynucleated cells obtained by cell fusion. It has been found in classical
worl(s of Johnson and Rao (27) that the nuclei in fused cells interact,
undergoing abnormal synchronization with domination of certain stages
ofthe cell cycle. Trans-regulation ofthe nuclei within polynucleated cells
might be detennined by factors that, like p2l@1, can enter nuclei
regardless of the stage of the cell cycle. Surprisingly, in our experiments,
we did not observe a notable redistribution of nuclei among the phases in
the cell cycle at the times of analysis, indicating that there was no rapid
and massive transition of G1 nuclei into S phase, as could be predicted
from the old cell fusion data (27). This may reflect the differences in the
origin of the cells and in the treatment applied (unlike Johnson and Rao,
we analyzed heavily irradiated cells with wild-type pS3).

We were able to find and analyze the cell cycle-dependent nuclear
selectivity in our experiments only because of the unique properties of
p53 that can be almost instantly stabilized in response to stress, thus
serving as an indicator of this phenomenon. Our observations point to

cell cycle-dependent nuclear selectivity as a new, potentially wide
spread, novel cellular regulatory mechanism that may affect many
nuclear proteins and cellular functions.
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