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The calcium ionophore ionomycin cooperates with the S100B protein to rescue a p53-dependent G1 check-
point control in S100B-expressing mouse embryo fibroblasts and rat embryo fibroblasts (REF cells) which
express the temperature-sensitive p53Val135 mutant (C. Scotto, J. C. Deloulme, D. Rousseau, E. Chambaz, and
J. Baudier, Mol. Cell. Biol. 18:4272–4281, 1998). We investigated in this study the contributions of S100B and
calcium-dependent PKC (cPKC) signalling pathways to the activation of wild-type p53. We first confirmed that
S100B expression in mouse embryo fibroblasts enhanced specific nuclear accumulation of wild-type p53. We
next demonstrated that wild-type p53 nuclear translocation and accumulation is dependent on cPKC activity.
Mutation of the five putative cPKC phosphorylation sites on murine p53 into alanine or aspartic residues had
no significant effect on p53 nuclear localization, suggesting that the cPKC effect on p53 nuclear translocation
is indirect. A concerted regulation by S100B and cPKC of wild-type p53 nuclear translocation and activation
was confirmed with REF cells expressing S100B (S100B-REF cells) overexpressing the temperature-sensitive
p53Val135 mutant. Stimulation of S100B-REF cells with the PKC activator phorbol ester phorbol myristate
acetate (PMA) promoted specific nuclear translocation of the wild-type p53Val135 species in cells positioned
in early G1 phase of the cell cycle. PMA also substituted for ionomycin in the mediating of p53-dependent G1
arrest at the nonpermissive temperature (37.5°C). PMA-dependent growth arrest was linked to the cell
apoptosis response to UV irradiation. In contrast, growth arrest mediated by a temperature shift to 32°C
protected S100B-REF cells from apoptosis. Our results suggest a model in which calcium signalling, linked
with cPKC activation, cooperates with S100B to promote wild-type p53 nuclear translocation in early G1 phase
and activation of a p53-dependent G1 checkpoint control.

The tumor suppressor p53 protein has been implicated in
cell differentiation (1, 50), cell contact inhibition of growth
(65), protection of the cell from the acquisition of genomic
abnormalities (32, 33), and cell senescence (53). The mecha-
nisms by which p53 carries out these functions seem to be
related to its ability to induce G1 or G2/M cell cycle arrest
and/or apoptosis. In some systems, p53-dependent growth ar-
rest may inhibit apoptosis and favor viable cell cycle arrest (46,
49). The diversity of cellular responses to p53 activation indi-
cates that the outcome of p53 activation depends on other
signalling pathways upstream and downstream to p53 activa-
tion (2, 27). The extremely short half-life of the p53 protein in
normal cells suggests that multiple, transient, and probably
interdependent control processes regulate cellular p53 at the
levels of its synthesis, cytoplasmic anchorage, nuclear translo-
cation, nuclear activities, and degradation. Conformational
modulation of p53 between wild-type and mutant-like confor-
mations has also recently emerged as a possible mechanism for
regulation of p53 functions (50). Activation of p53 functions
following an appropriate stimulus generally initiates a rapid
and substantial increase in the total p53 level, achieved at least
in part by the stabilization of the normally rapidly degraded
wild-type p53 protein in the cell nuclei. On the other hand,
stabilization of p53 protein in the absence of stimulus is always

a hallmark of loss of function which can occur after gene
mutation or interaction with viral oncoprotein (reviewed in
reference 7). In tumor cells harboring wild-type and mutant
p53 alleles, mutant p53 accumulates in the cell nuclei and acts
as a negative dominant fashion and abolishes the functions of
the wild-type protein. There is thus considerable interest in
understanding the intracellular signalling pathways and mech-
anisms responsible for conformational stabilization and selec-
tive nuclear accumulation of the wild-type p53 conformational
species versus those of mutant p53 molecules. We have previ-
ously shown that the calcium- and zinc-binding S100B protein
(3) can be implicated in activation of wild-type p53 functions
(52). The S100B protein is found in astroglial cells in the
central nervous system but also in a number of tissues outside
the nervous system (42, 43). The synthesis of S100B is tightly
regulated. Many cellular stimulations known to activate p53,
such as cell contact (65), hypoxia (20), and UV irradiation (56),
are also able to stimulate S100B expression (51, 52, 59, 60). In
the central nervous system, both S100B and p53 are up regu-
lated in neurodegenerative diseases and might synergize in
mechanisms of cell death (9, 26, 52, 54). A functional interac-
tion between S100B and p53 in negative cell growth regulation
and cell death was recently demonstrated in p53-negative
(p532/2) mouse embryo fibroblasts (MEF cells) by sequential
transfection with the S100B and temperature-sensitive (ts)
p53val135 genes and in the rat embryo fibroblast (REF) cell
line clone 6, which is transformed by oncogenic Ha-ras and
overexpression of p53Val135 (52). Ectopic expression of
S100B in clone 6 cells (S100B-REF cells) reverts transformed
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phenotypes characterized by the rescue of cell density-depen-
dent inhibition of growth (52) and of a G2/M checkpoint in
response to double-strand DNA breaks (unpublished data).
Moreover, ionomycin stimulation of S100B-MEF and S100B-
REF cells was able to rescue a p53-dependent G1 checkpoint
control (52). Intracellular calcium elevation mediated by iono-
mycin not only activates calcium-binding proteins but also con-
tributes to the activation of calcium-dependent protein kinase
C (cPKC) isozymes (44, 45). An interdependence is thought to
exist between S100B and cPKC-dependent signalling pathways
(5, 10, 60). Hence, cPKC activation might also account for the
effect of ionomycin on activation of a G1 checkpoint in S100B-
MEF and S100B-REF cells. PKC is a family of calcium/diac-
ylglycerol-dependent serine/threonine kinases which play a
central role in signal transduction and have been widely impli-
cated in control of cell growth, differentiation, transformation,
and apoptosis. The 11 known PKC isoenzymes are classified
into three groups: the conventional cPKCs (isoforms a, b, and
g), the novel calcium-independent PKCs (nPKCs; d, ε, and m),
and the atypical PKCs (l and z) (reviewed in reference 23).
Initial interest in PKC stemmed from its identification as the
major cellular receptor for tumor-promoting phorbol esters
(phorbol myristate acetate [PMA]), which act by binding to the
diacylglycerol-binding site on the enzymes and subsequently
promoting their activation (45). Bryostatin, a macrocyclic lac-
tone with a structure significantly different from that of phor-
bol ester, was also found to bind and activate PKCs (28). PKC
activation can lead to disordered growth, cell transformation,
and inhibition of apoptosis (36). On the other hand, PKC
activation can also promote cell growth inhibition and induc-
tion of apoptosis (18, 39, 66, 67). A key to understanding these
diverse responses may be that individual PKC isoenzymes play
specific and specialized roles in cell signalling. It is also likely
that the genetic background of the cells under investigation
and the contribution of other intracellular signalling pathways
have a profound effect on the response of the cells to PKC
activation. Finally, it is not known whether the long-term ef-
fects of PKC activators are due to activation or depletion of
PKCs. Because of the importance of PKC isoenzymes in major
cellular functions, they have been considered potential targets
for therapeutic intervention (23). An important issue is now to
characterize the PKC isoenzyme-specific functions and their
relationships with other signalling pathways.

We have investigated the contributions of S100B and cPKC
signalling pathways to the activation of the wild-type p53. We
show that cPKC activation cooperates with S100B in regulating
wild-type p53 nuclear translocation and accumulation in early
G1 phase of the cell cycle. Moreover, we provide evidence that
cPKC-mediated nuclear translocation of the wild-type p53 in
early G1 is linked with activation of a p53-dependent G1 check-
point control.

MATERIALS AND METHODS

Cell cultures. REF (clone 6) (40) and S100B-REF cells (clones 6b and 9b)
(52) cells were grown in RPMI-Glutamax (Gibco) supplemented with 5% fetal
calf serum (FCS; Seromed) at 37.5°C. Hygromycin-resistant MEF cells not ex-
pressing S100B (clone C) and S100B-MEF cells not expressing (clone J-b) or
expressing (clone Jb2p53) p53Val135 (52) were grown in Dulbecco modified
Eagle medium (DMEM)-Glutamax (Gibco) supplemented with 10% FCS
(Gibco).

Plasmids and antibodies. A plasmid encoding mouse wild-type p53 was con-
structed by inserting full-length p53 cDNA into pUTSV1 (Eurogentech, Seraing,
Belgium) under the control of the enhancer and promoter from simian virus 40
(SV40). p53-Ala and p53-Asp mutants were made by PCR using oligonucleotides
CGGAATTCCAGTCAGTCTGAGTCAGGCCCCACTTTCTTGACCATTGC
TTTTTTATGGCGGGCAGCAGCCTGGCCCTTCTTGGCCTTCAGGTAGC
TGGCGTGAGCCCTGCTGTCTCC and CGGAATTCGAGTCAGTCTGAG
TCAGGCCCCACTTTCTTGACCATGTCTTTTTTATGGCGGTCATCATC

CTGGCCCTTCTTGTCCTTCAGGTAGCTGTCGTGAGCCCTGCTGTCTCC,
respectively. The fidelity of PCR synthesis was confirmed by sequencing plasmid
constructs. Further details regarding the cloning are available upon request.

The green fluorescent protein (GFP) expression plasmid pEGFP-N1 was pur-
chased from Clontech. The luciferase expression plasmid PGL3-control, encod-
ing luciferase under the control of the SV40 enhancer and promoter, was from
Promega. p53-specific monoclonal antibodies PAb240, PAb246, PAb242, and
PAb421 were purified from hybridoma supernatants by protein A-agarose chro-
matography. Affinity-purified polyclonal rabbit anti-p21 and anti-p27 antibodies
were from Santa Cruz Biotechnology. Anti-Rb (clone PMG3-245) was from
Pharmingen. Anti-PKCs and rat brain extracts used as controls were from Trans-
duction Laboratory. Anti-b-tubulin was a gift from L. Paturle and D. Job.

Transfections. MEF cells and S100B-MEF cells grown in DMEM-Glutamax
supplemented with 10% FCS in 60-mm-diameter dishes at 37.5°C were tran-
siently transfected with Fugene-6 (Boehringer); 1 to 4 mg of wild-type p53
plasmid was cotransfected with 0.5 mg of pEGFP-N1 or PGL3-control in the
presence of 12 ml of Fugene-6 as recommended by the manufacturer. Cells were
harvested 36 h after transfection. We found that 30 to 50% of cells were effi-
ciently transfected in these experimental conditions.

Protein concentration and Western blot analysis. Cells were lysed in radio-
immunoprecipitation assay (RIPA) buffer, and protein concentration was esti-
mated by the bicinchoninic acid method (Pierce), using bovine serum albumin as
a standard. Western blot analysis used cell extracts in RIPA buffer mixed with an
equal volume of 1% sodium dodecyl sulfate (SDS) containing 20% glycerol, 50
mM dithiothreitol (DTT), and a trace of bromophenol blue. Samples were
boiled, and 50 mg of protein was loaded on SDS-containing 12% (p21, p27,
tubulin, and Mdm2) or 7.5% (Rb) polyacrylamide gels. Proteins were transferred
to nylon membrane.

Flow cytometry. Cell cycle and cell sorting analysis by flow cytometry was
performed on a FACStar1 (Becton Dickinson). For cell cycle parameter anal-
ysis, cells were collected in phosphate-buffered saline (PBS), rapidly vortexed
with 0.2% Triton X-100, and fixed with 4% formaldehyde. DNA was stained with
Hoechst 33258 (2 mg/ml) just prior to flow cytometry analysis.

Mitotic detachment. Cells were grown at 37.5°C to 80% confluence. The plates
were gently shaken for 5 s. The media containing mitotic cells were pooled and
centrifuged at low speed. Cell pellets were resuspended in culture medium. This
procedure yielded populations that consisted of early G1 and mitotic cells (37).
Mitotic cells were seeded on polylysine (0.1 mg/ml)-coated Permanox slides from
Nunc, Inc.

Immunofluorescence cell staining. Cells were fixed with 4% paraformaldehyde
for 30 min and permeabilized for 3 min with 0.2% Triton X-100. After washing
with PBS, cells were incubated at 4°C overnight in PBS containing 5% goat
serum with either purified wild-type specific monoclonal antibody PAb246 or
purified mutant specific monoclonal antibody PAb240 (1 mg/ml). The cells were
then washed five times with PBS and incubated for 1 h with fluorescein isothio-
cyanate or cyanin 3-conjugated secondary antibodies. Coverslips were mounted
in Aquamount and observed on a Bio-Rad confocal microscope or a Zeiss
Axioplan microscope (340) equipped with an exposure command system MC80;
400 ASA color slides were used.

Nuclear extracts. Nuclear extracts were prepared as previously described (11),
with minor modifications. S100B-REF cells (clone 6b) were grown to 80%
confluence in 100-mm-diameter dishes and labeled in methionine-free medium
supplemented with [35S]Met-Cys mix (50 mCi/ml) for 3 h. Cells were or were not
stimulated with PMA, washed once with PBS, and frozen by putting the culture
dishes on a layer of liquid nitrogen. Cells were immediately thawed in 1 ml of
buffer A (20 mM Tris-HCl [pH 7.6], 0.2% Triton X-100, 12% sucrose, 2 mM
EGTA, 1 mM Pefabloc, 10 mg of aprotinin/ml, 10 mg of leupeptin/ml, 1 mM
microcystin, 1 mM vanadate, 1 mM NaF). Nuclei were pelleted by low-speed
centrifugation and lysed in 200 ml of buffer B (10 mM Tris-HCl [pH 7.5], 0.5 M
NaCl, 1 mM Pefabloc, 10 mg of aprotinin/ml, 10 mg of leupeptin/ml, 1 mM
microcystin, 1 mM vanadate, 1 mM NaF). After centrifugation at 200,000 3 g for
20 min to remove DNA, the supernatant (200 ml) was diluted in 600 ml of buffer
C (20 mM Tris-HCl [pH 7.4], 5 mM MgCl2, 5% glycerol, 0.5% NP-40, 1 mM
Pefabloc, 10 mg of aprotinin/ml, 10 mg of leupeptin/ml, 1 mM microcystin, 1 mM
vanadate, 1 mM NaF). Diluted nuclear extracts were then centrifuged for 15 min
at 20,000 3 g. The supernatants were used either for immunoprecipitation or for
DNA-binding studies.

S100B-MEF cells were labeled with [35S]Met-Cys mix (100 mCi/ml) for 5 h.
Nuclear extracts were prepared as described above except that the freezing step
was omitted.

Immunoprecipitation. Nuclear extracts were incubated with purified p53
monoclonal antibodies (5 mg/ml) and protein G-agarose for 30 min. The immu-
noprecipitates were washed three times with 1 ml of buffer C. 35S-labeled im-
munoprecipitated proteins were resuspended in 1% SDS–10 mM DTT and
analyzed on SDS–12% polyacrylamide gels.

DNA-binding studies. A biotinylated double-stranded oligonucleotide corre-
sponding to the sequence 59-biotin-TTTTTTTGCAGGAATTCGATAGGCAT
GTCTAGGCATGTCTATCAAGCTTATCGAT-39 was synthesized; it com-
prises the consensus binding site for p53 (16). Nuclear extracts were incubated
for 30 min with biotin-DNA probe (0.6 mg/ml), salmon sperm DNA (20 mg/ml),
and streptavidin-agarose. The streptavidine-agarose was then washed three times
with 1 ml of buffer C. 35S-labeled proteins bound to biotin-target DNA were
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resuspended in 1% SDS–10 mM DTT and analyzed on SDS–12% polyacryl-
amide gels.

RESULTS

Contribution of S100B to wild-type p53 accumulation. To
investigate the contribution of S100B to wild-type p53 accu-
mulation, we used hygromycin-resistant p532/2MEF cells ei-
ther expressing or not expressing S100B (52). After a few
passages in culture, p532/2MEF cells stably transfected with
the S100B gene drastically lost S100B expression, suggesting
that S100B synthesis is detrimental for cell growth. S100B-
producing clone J-b cells (52) were therefore subcloned by
limiting dilution, and seven subclones were selected and ana-
lyzed for S100B production. Only one clone (J-b8) still ex-
pressed a significant amount of S100B (Fig. 1A, upper panel).
Other selected clones were characterized by drastic down reg-
ulation of S100B synthesis. We next compared p53 levels in
MEF cells not expressing (MEF2/2) or expressing different
S100B levels (clone J-b3, J-b6, and J-b8 cells). Cells were
transfected with a plasmid encoding wild-type murine p53 un-
der the control of the SV40 enhancer and promoter, which
allow low protein expression. Transfection efficiencies were
evaluated with a plasmid encoding enhanced GFP (EGFP)
under the control of cytomegalovirus (CMV) promoter. Stron-
ger accumulation of p53 was observed in S100B-producing
J-b8 cells than in parental MEF cells or clone J-b3 and clone
J-b6 cells that down regulated S100B expression (Fig. 1A,
lower panel). This observation was confirmed with experiments
utilizing different p53 plasmid concentrations and transfection
efficiencies evaluated either with the plasmid encoding EGFP
under the control of CMV promoter (Fig. 1B, upper panel) or
a plasmid encoding luciferase under the control of the en-
hancer and promoter from SV40 (Fig. 1B, lower panel). We
controlled so that S100B has no effect on CMV and SV40
promoters.

The S100B-dependent accumulation of p53 in MEF cells is
reminiscent of that observed with the ts p53Val135 mutant
(52). Expression of S100B in MEF cells cooperates with the
calcium ionophore ionomycin to induce specific accumulation
of the wild-type p53Val135 conformational species and to res-
cue wild-type p53 functions at the nonpermissive temperature
37.5°C (52). At 37.5°C, a significant amount of the p53Val135
can be folded under a wild-type conformation (37). Hence, one
cannot exclude the possibility that ionomycin activates such a
minor wild-type p53 population independently of S100B. To
investigate whether S100B contributes to the nuclear accumu-
lation and activation of p53Val135 under a wild-type confor-
mation, we reproduced the experiment at 39°C, a temperature
far above the nonpermissive temperature. Ionomycin stimula-
tion produced a drastic accumulation of the p53Val135 protein
(Fig. 2A). Accumulation of p53Val135 correlated with accu-
mulation of the cells in the G1 phase of the cell cycle (Fig. 2C).
Both immunoprecipitation (Fig. 2B) and indirect immunoflu-
orescence analysis (Fig. 2D) revealed that at 39°C, ionomycin
caused specific nuclear accumulation of p53Val135 with a wild-
type conformation (PAb2461), resulting in high wild-type/mu-
tant ratios in the cell nuclei. Note that in control S100B-MEF
cells grown at 39°C, the level of wild-type p53Val135 was below
the detection limit (Fig. 2D). Note also that in control cells, the
PAb240 immunoreactivity accumulated in the cell nuclei. Only
a small number of cells with small rounded nuclei showed
cytoplasmic staining; these cells were most likely in early G1
phase of the cell cycle (see also Fig. 4).

Shifting S100B-MEF cells to the permissive temperature
(32°C) had no significant effect on p53Val135 accumulation
and cell cycle parameters (Fig. 2A and C). These observations
confirm that calcium signalling and S100B are linked to specific
activation of wild-type p53. They also suggest that tempera-
ture-dependent conformational shift at 32°C is not sufficient to
activate wild-type p53Val135 function when the protein is
present at a low concentration.

FIG. 1. S100B stabilizes wild-type p53. (A) The upper panel shows a comparison of S100B contents in MEF2/2 cells and J-b subclones selected by limiting dilution.
Cells were metabolically labeled with [35S]Met-Cys mix, and S100B was immunoprecipitate with rabbit polyclonal anti-S100B antibody as previously described (52). The
asterisk indicates nonspecific binding. The lower panel shows levels of p53 in MEF2/2 cells and J-b3, J-b6, and J-b8 subclones following transient transfection as
determined by Western blotting. Transfection efficiencies were determined by analysis of GFP expression. (B) Levels of p53 in S100B-MEF (clone J-b8) cells and
MEF2/2 cells in transient transfection assays using different p53 plasmid concentrations. Upper panel, transfection efficiencies determined by Western blot analysis of
GFP expression in parallel with that of p53; lower panel, transfection efficiencies determined by analyzing luciferase activities for each cell line, using a plasmid encoding
luciferase (Luc.) under the control of the SV40 enhancer and promoter. Note that p53 expression in S100B-producing J-b8 cells resulted in cell growth arrest with a
high incidence of cell death and decrease in luciferase activities. Hence, loading samples for Western blot analysis of p53 were adjusted to equal luciferase activities
determined in the absence of p53 plasmids.
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cPKC activation mediates nuclear translocation and accu-
mulation of the wild-type p53 in S100B-MEF cells. Previous
studies pointed to a possible role of PKC in the regulation of
p53 nuclear translocation (11). In vitro, p53 is a cPKC sub-
strate that is phosphorylated on at least five serine and threo-
nine residues (4, 12). To investigate a possible contribution of
direct p53 phosphorylation by cPKC on p53 nuclear transloca-
tion, the five putative cPKC phosphorylation sites on wild-type
murine p53 (Ser360, Thr365, Ser370, Ser372, and Thr377)
were mutated to either an Ala residue to prevent phosphory-
lation or an Asp residue to mimic phosphorylation. The accu-

mulations and subcellular localizations of the p53 mutants
were compared in transient transfection assays using S100B-
MEF cells. Mutations had no significant effect on p53 nuclear
accumulation (Fig. 3). However, incubation of S100B-MEF
cells with the cPKC-specific inhibitor Gö6976 (38) prevented
nuclear accumulation of both wild-type p53 and the p53-Asp
mutant (Fig. 3). Together, these observations suggest that
cPKC indirectly regulates wild-type p53 nuclear translocation
(see also Discussion).

The contribution of cPKC activity to wild-type p53 nuclear
translocation in S100B-MEF cells was also shown with S100B-

FIG. 2. Ionomycin stimulation, but not permissive temperature, promotes
specific activation of wild-type p53 in S100B-MEF cells. (A) Comparison of
p53Val135 contents in clone J-b2p53 cells grown at 39°C (lane 1), kept at 32°C
for 22 h (lane 2), or stimulated with ionomycin (Iono) for 22 h at 39°C (lane 3).
(B) Ionomycin stimulation promotes nuclear accumulation of the wild-type
p53Val135 species in S100B-MEF cells grown at 39°C. Clone J-b2p53 cells grown
at 39°C were stimulated for 12 h with 1 mM ionomycin prior to labeling with
[35S]Met-Cys mix (100 mCi/ml) for 5 h. Nuclear extracts were prepared, and
35S-labeled p53Val135 was immunoprecipitated with anti-MyoD immunoglobu-
lin G used as a control (lane 1), the wild-type-specific PAb246 (lane 2), the
mutant-specific PAb240 (lane 3), or the pan-specific PAb421 (lane 4). (C) Flow
cytometry analysis of the DNA content of clone J-b2P53 cells grown at 39°C
(39°C), shifted to 32°C for 24 h (32°C), or grown at 39°C and stimulated with
ionomycin for 36 h (39°C-Iono). (D) Immunofluorescence analysis of PAb246
and PAb240 immunoreactivities in subconfluent clone J-b2p53 cells grown at
39°C not stimulated (control) or stimulated with 1 mM ionomycin (Iono.) for
20 h.
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MEF cells stably expressing the ts p53Val135 mutant. With
these cells, incubation with Gö6976 drastically decreased iono-
mycin-mediated p53 accumulation (Fig. 4A) and totally inhib-
ited ionomycin-mediated wild-type p53Val135 nuclear translo-
cation (Fig. 4B). The strong correlation that exists between
nuclear translocation and accumulation indicates that nuclear
localization contributes to wild-type p53 stabilization.

cPKC activation promotes nuclear translocation of the wild-
type p53Val135 conformational species in S100B-REF cells in
early G1. S100B-REF cells are derived from transformed REF
cells expressing oncogenic Ha-ras and overexpressing
p53Val135 (clone 6 cells) (40) transfected with the S100B gene
(52). The amount of p53Val135 in S100B-REF cells is about
500-fold higher than the amount in S100B-MEF cells, and
overexpression of p53Val135 in S100B-REF cells results in the
presence of a significant amount of wild-type p53Val135 con-
formation species at the nonpermissive temperature (52). The
loss of growth-suppressive function of the wild-type p53Val135
species in exponentially growing S100B-REF cells at 37.5°C is
probably due to nuclear exclusion of the wild-type p53Val135
conformational species during the early G1 phase of the cell
cycle (11, 37) through interaction with a cytoplasmic anchor
protein (20). To confirm a role for cPKC in regulation of
wild-type p53 nuclear translocation, we analyzed the effect of
PMA stimulation on the subcellular localization of the
p53Val135 protein in S100B-REF cells synchronized in early
G1 by mitotic detachment (Fig. 5). PMA stimulation resulted

in a rapid nuclear translocation of the wild-type p53Val135
conformational species (PAb2461), whereas the mutant spe-
cies (PAb2401) remained cytoplasmic. Such conformational
specificity was restricted to cells in early G1. As the cells pro-
gressed through the cell cycle, the mutant p53Val135 confor-
mational species also translocated to the nucleus (not shown;
see also references 11 and 37). Immunoprecipitation studies
with 35S-labeled nuclear extracts confirmed that PMA stimu-
lation of S100B-REF cells produced rapid nuclear transloca-
tion of the wild-type p53Val135 species, with a maximum effect
after 5 min of stimulation (Fig. 6A, lanes 1 and 2; Fig. 6B).
PMA stimulation was also linked with p53 DNA binding acti-
vation. The DNA binding activity of the nuclear p53Val135
was tested in a DNA-binding assay based on the interaction of
35S-labeled p53 with a biotinylated consensus p53 (p53-CON)
target DNA (Fig. 6A, lanes 3 and 4; and Fig. 6C). The speci-
ficity of the interaction between p53 and the biotinylated target
DNA was demonstrated by competition with nonbiotinylated
p53-CON target DNA (Fig. 6A, lanes 3 and 4). PMA stimu-
lation induced a rapid increase in 35S-labeled p53Val135 which
bound to biotinylated p53-CON target DNA (Fig. 6C, lanes 1
to 3). Depletion of the wild-type p53Val135 species from nu-
clear extracts by immunoprecipitation with PAb246 suppressed
the PMA-dependent increase in DNA binding activity (Fig.
6C, lanes 4 and 5).

Dynamic nuclear translocation of the wild-type p53 medi-
ated by PMA stimulation was followed by long-term cytostatic

FIG. 3. Nuclear translocation of p53 is down regulated by Gö6976, a specific cPKC inhibitor. S100B-MEF clone J-b8 cells were cotransfected with EGFP and
plasmids encoding wild-type p53, mutant p53-Ala, or mutant p53-Asp as indicated. After 12 h, cells culture medium was changed to medium without or with 1 mM
Gö6976 as indicated. After 20 h cells were fixed. Immunofluorescence of PAb246 immunoreactivity was analyzed in parallel with DNA staining with Hoechst 33258
and EGFP autofluorescence.

7172 SCOTTO ET AL. MOL. CELL. BIOL.



effects. With parental REF cells, not expressing S100B, single
stimulation with PMA (5 to 50 nM) decreased the rate of DNA
synthesis by 50% (Fig. 7A), but cell cycle parameters were not
significantly modified (Fig. 7B). With S100B-REF cells, single
stimulation with 5 nM PMA induced a total inhibition of DNA
synthesis (Fig. 7A). Fluorescence-activated cell sorting analysis
showed that this inhibition corresponds to a G1 phase growth
arrest (Fig. 7B).

PMA-dependent growth arrest of S100B-REF cells was phe-
notypically indistinguishable from ionomycin-mediated G1 ar-
rest (52). The arrest was characterized by induction of the
p21WAF1 cyclin-dependent kinase inhibitor protein but not the
p27 inhibitor protein, and with dephosphorylation of the Rb
protein (Fig. 7C). Time course analysis of Rb phosphorylation
status revealed a biphasic dephosphorylation of Rb protein,
with a first maximum effect between 2 and 3 h poststimulation,
when the cell cycle parameters were not yet affected by the
treatment. A trivial explanation for this phenomenon is that
PMA activates a phosphatase which dephosphorylates Rb. Al-
ternatively, it is also possible that PMA mediates p53-depen-
dent transactivation of a phosphatase, like Wip1 (17), which

dephosphorylates Rb protein independently of the position of
the cells within the cell cycle.

PMA stimulation of S100B-REF cells was also accompanied
by increased expression of B99 (Fig. 7D), another cellular
protein that is induced by wild-type p53 activity in REF cells
(61). In NIH 3T3 cells, B99 is selectively induced in G2/M
phase of the cell cycle when p53 is activated (61). As expected,
PMA-dependent B99 induction in S100B-REF cells correlates
with progression of the cells from S to G2/M phase, and B99
synthesis decreases when cells accumulate in G1 phase. It is
noteworthy that in contrast to PMA-mediated G1 arrest, B99
synthesis was sustained in S100B-REF cells growth arrested at
32°C (Fig. 7D; compare lanes 7 and 8), suggesting that tem-
perature shift-mediated growth arrest is distinct from PMA-
dependent G1 arrest (see also below and Discussion).

PMA-mediated G1 arrest of S100B-REF cells was totally
abolished by the cPKC-specific inhibitor Gö6976 (Fig. 8A and
B), suggesting that the PMA effect is mediated via activation of
a cPKC isoform. The implication of cPKC isoforms in the
long-term cytostatic effect of PMA was confirmed by the use of
bryostatin, a structurally distinct PKC activator. In many sys-

FIG. 4. Down regulation of cPKC by Gö6976 counteracts nuclear accumu-
lation of the wild-type p53Val135 conformational species in S100B-MEF cells.
(A) Western blot analysis of p53Val135 protein accumulation in clone J-b2p53
cells stimulated with 1 mM ionomycin in the absence (S100B-MEF) or in the
presence of 1 mM Gö6976 (S100B-MEF-Gö6976). p53 was detected by a mixture
of monoclonal antibodies PAb421 and PAb240. The asterisk indicates a cross-
reacting protein that serves as internal loading control. (B) Microscopic analysis
of PAb246 immunoreactivities in S100B-MEF clone J-b2p53 cells grown at
37.5°C and stimulated for 18 h with 1 mM ionomycin in the absence (Iono.) or in
the presence (Iono. Gö6976) of 1 mM Gö6976. Left panels show DNA staining
with Hoechst 33258.
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tems, bryostatin induces only a subset of the responses to PMA
and blocks those which it does not induce (22, 28, 57). The
mechanisms by which bryostatin and PMA induce divergent
long-term responses are linked with differential activation and
down regulation of PKC isoforms (22, 57). With S100B-REF
cells, bryostatin induced only partial inhibition of DNA syn-
thesis at low concentrations (0.5 to 5 nM) (Fig. 8C) and an-
tagonized the long-term cytostatic effect of PMA at higher
concentrations (5 to 20 nM) (Fig. 8C). The divergent long-term
responses of the cells to PMA or bryostatin stimulation corre-
lated with specific down regulation of the calcium-dependent
PKCa and PKCg isoforms by bryostatin but not by PMA (Fig.
8D). In contrast to cPKC, the nPKCε was down regulated by
both PMA and bryostatin (Fig. 8D).

cPKC-dependent G1 arrest but not permissive temperature
restores full G1 checkpoint control in S100B-REF cells. Pa-
rental REF cells showed only moderate apoptosis upon UV
irradiation (52), and apoptosis was not significantly increased if
cells were stimulated with PMA prior to UV irradiation (Fig.
9A). Exponentially growing S100B-REF cells are also insensi-
tive to UV irradiation (52) but showed full apoptotic response
if they were first arrested in G1 upon PMA stimulation (Fig.
9B). Internucleosomal DNA cleavage in apoptotic cells was
confirmed by agarose gel electrophoresis (Fig. 9C, lanes 1 to
3). Apoptosis of S100B-REF cells was rapid and maximal 24 h
after UV irradiation if PMA was removed from the culture
media after irradiation (Fig. 9B). It is important to note that if
irradiated cells were left in the presence of PMA, the kinetics
of apoptosis were considerably retarded, indicating that cell
cycle progression is probably required for this apoptosis. Ap-
optosis still occurred when the transcriptional inhibitor actino-
mycin D was added 1 h before UV irradiation and maintained
after irradiation (Fig. 9C, lane 4). We controlled so that the

cells treated with actinomycin D alone did not undergo apo-
ptosis upon UV irradiation (not shown). p53Val135-depen-
dent apoptosis in the absence of de novo transcription and
translation in response to UV irradiation has also been ob-
served in immortalized somatotropic progenitor cells express-
ing p53Val135 (8). We also compared the apoptotic responses
to UV irradiation of S100B-REF cells whose growth was ar-
rested by shifting the temperature to 32°C and which were or
were not stimulated with PMA (Fig. 9D). No apoptosis was
observed in cells growth arrested at 32°C. Moreover, apoptosis
could not be restored if the growth-arrested cells at 32°C were
subsequently stimulated with PMA. At 32°C, apoptosis could
be observed only when S100B-REF cells were first growth
arrested with PMA prior to UV irradiation (Fig. 9D; Fig. 9C,
lanes 5 and 6). Together these data confirm that S100B and
PMA act in concert to specifically rescue a p53 apoptosis
pathway in REF cells. They also show that temperature shift-
mediated G1 arrest at 32°C protects cells from UV-mediated
apoptosis and is more likely associated with enhanced cell
survival (see also Discussion).

DISCUSSION

The first observation reported in this study is the synchro-
nized and concerted regulation of wild-type p53 nuclear trans-
location, accumulation, and activation by S100B and cPKC. A
direct implication of S100B in wild-type p53 activation was first
suggested by the fact that MEF cells expressing S100B tolerate
only very low expression levels of the p53Val135 protein (52).
Inversely, REF cells expressing a very high level of p53Val135
tolerate only low S100B expression levels (52). Moreover, cal-
cium-dependent accumulation and activation of the wild-type
p53Val135 functions in MEF and REF cells is strictly condi-

FIG. 5. Effect of PMA on cellular localization of wild-type and mutant p53Val135 in S100B-REF cells synchronized in the early G1 phase of the cell cycle. Shown
are the results of confocal microscope analysis of PAb246 and PAb240 immunoreactivities in clone 6b cells synchronized by mitotic detachment and grown for 1 h on
polylysine-coated coverslips allowing cells to pass through mitosis. Cells were either untreated (control) or stimulated with 8 nM PMA for 5 min (PMA).
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tioned by the presence of S100B (52). Although S100B expres-
sion in p532/2MEF cells was found to be sufficient for the
accumulation of wild-type p53 in transient transfection assays
(Fig. 1), in stable transfected MEF clones expressing both
S100B and a low level of the ts p53Val135 mutant, ionomycin
stimulation was required to promote nuclear accumulation of
p53Val135 under a wild-type conformation (Fig. 2). These
apparent discrepancies for calcium requirement in mediating
S100B-dependent wild-type p53 accumulation are not clearly
understood. It could be that in transient transfection assays,
cellular stress associated with transfection conditions causes
changes in intracellular calcium homeostasis similar to that
produced by the calcium ionophore. It is also possible that
calcium binding to S100B is not absolutely required for S100B
to function in regulating wild-type p53. Other ions such as
Zn21, which bind to S100B with much higher affinity (KD, 10
nM) and which induce Ca21-like conformational changes (3),
could also be implicated in regulating S100B functions. Strict
calcium-dependent regulation of the wild-type p53Val135 in
S100B-MEF cells could also be due to the heat sensitivity of
this peculiar p53 mutant and its low expression level. In vitro,
S100B interacts in a calcium-dependent manner with the C-

terminal regulatory domain of p53 (KD, 20 6 10 nM) so as to
protect p53 from thermal denaturation (13). The high-affinity
and specific S100B-binding site on the C-terminal domain of
p53 overlaps the multifunctional domain on p53 implicated in
stabilization against Mdm2-directed degradation (29) and cy-
toplasmic anchorage (34) and is a critical determinant for the
thermostability of p53 (13). Hence, in its calcium-bound state
S100B could transiently interact with the p53Val135 to favor its
nuclear translocation and subsequent accumulation. A corre-
lation has also been observed between expression of S100A4
with enhanced levels of p53 in melanoma cells (55). Moreover,
S100A2, which is 55% homologous to S100B, is a putative
transcriptional target for p53 (58). This raises the possibility
that p53 activation is a property shared by other S100 proteins.
Finally, like calmodulin, S100B is likely to regulate multiple
target proteins. Hence, other potential effector proteins of
S100B, including cytoskeletal proteins and cytoskeleton-asso-
ciated kinases (41) or other signalling pathways, may addition-
ally synergize with S100B in p53 activation. The complexity of
the calcium- and S100B-dependent regulation of wild-type p53
is further illustrated with the finding that cPKC is also impli-
cated in the transduction of the calcium signal linked with p53
nuclear translocation, accumulation, and activation in the G1
phase of the cell cycle. In the case of S100B-MEF cells ex-
pressing the ts p53Val135 mutant, the cPKC inhibitor Gö6967
inhibited nuclear translocation of the wild-type p53Val135
conformational species and severely decreased p53 accumula-
tion mediated by ionomycin (Fig. 4). This finding indicates that
wild-type p53 degradation is probably linked with cytoplasmic
sequestration and that nuclear localization contributes to p53
stabilization. Cytoplasmic sequestration and degradation of
wild-type p53 would allow cells to maintain a low level of p53
in the absence of p53 activation signals. Activation of cPKC by
ionomycin or PMA could either induce phosphorylation of the
cytoplasmic p53 or induce phosphorylation of cytoplasmic an-
choring proteins (19). To resolve these issues, we performed
studies to evaluate the phosphorylation status of the nuclear
wild-type p53 in S100B-REF cells before and after PMA
stimulation. The results showed that short-term (5-min) PMA
stimulation enhanced nuclear accumulation of wild-type
p53Val135 without affecting the phosphorylation status of the
nuclear protein (data not shown). Moreover, mutations within
the five putative PKC phosphorylation sites on murine wild-
type p53 were found to have no significant effect on the nuclear
translocation of the protein in transient transfection assays
(Fig. 3A), suggesting that cPKC activity on p53 nuclear trans-
location is indirect. We consider that it is more likely that
cPKC activity affects the phosphorylation status of cytoplasmic
anchoring proteins (19) or of proteins implicated in p53 nu-
clear transport. It is noteworthy that the high-affinity S100B-
binding domain within p53 (13) corresponds to a cytoplasmic
sequestration domain on p53 (34). Hence, S100B might coop-
erate with cPKC by modulating interactions between p53 and
cytoplasmic anchoring proteins to favor p53 nuclear transloca-
tion. Whether or not direct cPKC phosphorylation of p53 reg-
ulates other functions of p53 is also under investigation. In
support of a more general role for calcium signalling in the
regulation of p53 nuclear translocation in the G1 phase of the
cell cycle, a correlation can be established between the inhibi-
tion of nuclear translocation of p53 in G1 phase by the anti-
apoptotic protein Bcl2 (6, 48) and the capacity of Bcl2 to
negatively regulate free intracellular calcium elevation by mod-
ulation of mitochondria and endoplasmic reticulum calcium
pumps (30, 31, 63). The S100B and calcium-dependent activa-
tion of wild-type p53 which we have observed in MEF and REF
cells could also be of more general occurrence. Many cellular

FIG. 6. PMA stimulates nuclear translocation and DNA binding of wild-type
p53Val135 in S100B-REF cells. (A) Interaction of wild-type p53 with biotinyl-
ated p53-CON target DNA. Clone 6b cell nuclear extracts were prepared, and
35S-labeled p53 was immunoprecipitated with anti-MyoD immunoglobulin G
used as a control (lane 1) or wild-type-specific PAb246 (lane 2). Nuclear extracts
were also incubated with streptavidin-agarose and biotinylated p53-CON DNA
target in the absence (lane 3) or presence (lane 4) of 20 mg of nonbiotinylated
p53-CON DNA used as a specific competitor. (B) PMA stimulates wild-type p53
(PAb2461) nuclear translocation. Clone 6b cells were not stimulated (2) or
were stimulated with 15 nM PMA for 2, 5, 10, and 15 min as indicated. Wild-type
p53 was immunoprecipitated with PAb246. (C) PMA stimulates wild-type p53
binding to biotinylated target DNA. Clone 6b cells were not stimulated (2) or
stimulated with 15 nM PMA for 2 or 5 min as indicated. Lanes 1 to 3, nuclear
extracts were incubated with biotinylated p53-CON DNA target and streptavidin
(Strep.)-agarose. Lanes 4 and 5, nuclear extracts were first incubated with
PAb246 and protein G-agarose; the remaining supernatants were then incubated
with biotinylated p53-DNA target and streptavidin-agarose. Arrows indicate
positions of 35S-labeled p53 which bound to PAb246 or to a biotinylated DNA
probe that was visualized by gel electrophoresis and autoradiography.
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stimulations known to activate p53, such as cell contact (65),
hypoxia (20), and UV irradiation (57), are also able to stimu-
late S100B expression (51, 52, 59, 60). Moreover, like p53,
S100B has been implicated in cell differentiation, cellular sce-
nescence (21, 64), neurodegenerative disorders (26, 54), and
negative tumor growth (24, 25). It is likely that in both normal
cells and tumor cells, in neurodegenerative diseases and senes-
cence, S100B induction could be associated with p53 nuclear
translocation and activation.

The second major observation reported in this study is that
cPKC-mediated p53 nuclear translocation rescues apoptotic
response in S100B-REF cells at both permissive (37.5°C) and
nonpermissive (32°C) temperatures (Fig. 9). In contrast, tem-
perature shift-mediated growth arrest at 32°C is linked with
enhanced cell survival. Much of the existing data implicates
p53 in G1 checkpoint control. However, in some systems, p53-
dependent growth arrest may inhibit apoptosis and favor viable
cell cycle arrest (46, 49). A central question related to p53 and
optimization of anti-cancer therapies is how a cell decides

whether to undergo either a viable growth arrest and/or apo-
ptosis when p53 is activated (56). It has been suggested that the
outcome of wild-type p53 activation could be dependent on the
timing of p53 nuclear translocation. p53-dependent apoptosis
requires nuclear translocation of the protein during a critical
period in early G1 (14, 48). Similarly, we would like to propose
that in S100B-REF cells, S100B and cPKC act in concert to
activate a p53-dependent G1 checkpoint by synchronizing nu-
clear translocation and transcriptional activation of the wild-
type p53 in early G1. At this stage, p53 is probably capable of
the transactivation of genes linked with both growth arrest and
engagement of cells into a preapoptotic program (47). This
model fits with the fact that UV-irradiated S100B-REF cells
proceeding from G1 enter apoptosis in the absence of de novo
transcription (Fig. 9C, lane 4). When shifted to 32°C, REF cells
and S100B-REF cells overexpressing the p53Val135 stop grow-
ing, and this growth arrest protects cells from UV-mediated
apoptosis (Fig. 9D). It is noteworthy that growth arrest at 32°C
also protects cells from apoptosis mediated by the DNA-dam-

FIG. 7. PMA induces G1 phase growth arrest of S100B-REF cells. (A) Effect of PMA concentration on the rate of DNA synthesis of clone 6 (}), clone 6b (E),
and clone 9b (h) cells grown at 37.5°C. Subconfluent cells were treated for 20 h with a single dose of PMA as indicated, and [3H]thymidine uptake was measured during
the last 2 h. (B) Flow cytometry analysis of the DNA content of clone 6 and clone 6b cells stimulated with 8 nM PMA for 8 and 20 h as indicated. (C) Effect of PMA
on cell cycle regulatory proteins in S100B-REF cells. Shown is a time course of p21 protein induction and Rb dephosphorylation in clone 6b after PMA stimulation.
Cells grown at 37.5°C were not stimulated (lane 1) or stimulated with 8 nM PMA for 1 h (lane 2), 2 h (lane 3), 3 h (lane 4), 4 h (lane 5), 8 h (lane 6), and 16 h (lane
7). Total cell extracts were analyzed by Western blotting using anti-b-tubulin, anti-p27, anti-p21, and anti-Rb antibodies as indicated. (D) Time course of B99 protein
induction in clone 6b cells after PMA stimulation (lanes 1 to 7) and comparison with growth-arrested cells at 32°C (lane 8). The asterisk indicates a cross-reacting
protein that serves as internal loading control.

7176 SCOTTO ET AL. MOL. CELL. BIOL.



aging agent doxorubicin (unpublished data). The antiapoptotic
activity of wt p53Val135 at 32°C could be linked to the fact that
p53Val135 accumulates passively in the nucleus in mid or late
G1 subphases, triggering cell growth arrest after the G1 restric-
tion point. The ability of overexpressed p53 to bind to and
inhibit the function of the cellular DNA replication factors
such as RP-A could be one mechanism by which p53Val135
functions to suppress cell growth at 32°C beyond the G1 re-
striction point at the G1/S boundary (15). That arrest can also
involve p53-mediated transactivation of a target gene like p21.
p53-mediated transactivation of p21 after the G1 restriction
point is indeed possible (35). The ability of p21 to inhibit
proliferating cell nuclear antigen, a factor which is involved in

DNA replication, could also be one other mechanism by which
p53Val135 functions in late G1 by preventing cells progression
to S phase (62). That model would also explain why, in contrast
to PMA-mediated G1 arrest, cell growth arrest at 32°C is as-
sociated with enhanced synthesis of the B99 protein (Fig. 7D).
B99, which is normally down regulated in G1, is thought to play
a role in mediating specific activities of wild-type p53 in later
phases of the cell cycle (61).

Conclusion. p53 does not appear to play an essential func-
tion in normal cell growth and development but plays a critical
role in protection from neoplasia (33). One of the principal
mechanisms by which wild-type p53 becomes activated is
through its stabilization. One avenue of anticancer therapy

FIG. 8. cPKC inhibition suppresses the long-term cytostatic effect of PMA. (A) Subconfluent S100B-REF clone 6b cells were treated for a total of 20 h with 15 nM
PMA in the absence or in the presence of the PKC inhibitor Gö6976 (1 mM) as indicated, and [3H]thymidine uptake was measured during the last 2 h. Results are
the averages of values from three experiments performed in duplicate. C, control. (B) Effect of Gö6976 (1 mM) on the cell cycle parameters of clone 6b cells that were
not stimulated or stimulated with 15 nM PMA for 20 h as indicated. (C) Upper panel, effect of bryostatin (Bryo.) concentration on the rate of DNA synthesis of clone
6b cells grown at 37.5°C; lower panel, effect of bryostatin concentration on PMA-mediated inhibition of DNA synthesis of clone 6b cells. Subconfluent cells were treated
for 20 h with a single dose of bryostatin without (upper panel) or with (lower panel) 15 nM PMA as indicated, and [3H]thymidine uptake was measured during the
last 2 h. (D) Comparison of the effects of PMA (PMA) and bryostatin (Bryo.) on down regulation of PKC isoenzymes in clone 6b cells. Cells grown at 37.5°C were
not stimulated (lanes 1 and 5) or stimulated with PMA (15 nM) (lanes 2 to 4) or bryostatin (20 nM) (lanes 6 to 8) for 2 h (lanes 2 and 6), 8 h (lanes 3 and 7), and
22 h (lanes 4 and 8). Lane 9 is bovine brain extract, which was used as control. Total cell extracts (50 mg) were analyzed by Western blotting using anti-PKCa, anti-PKCg,
and anti-PKCε antibodies as indicated.
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might be to exploit mechanisms involved in the normal regu-
lation of p53 conformation and stabilization. We have shown
here that forced S100B expression coupled to cPKC activation
can promote wild-type p53 nuclear translocation and accumu-
lation. Moreover, we have demonstrated that the dominant
negative activity of mutant p53 can be suppressed by forcing
the wild-type p53 to translocate into the cell nuclei prior to
mutant protein. Our results may constitute a basis for the
rational design of p53 coactivators in the development of p53
gene therapy to restore wild-type p53 function in tumor cells
harboring wild-type and mutant p53 alleles.
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