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ABSTRACT Treatment of mouse or human cells with the
protein kinase C (PKC) inhibitors H7 or bisindolylmaleimide
I induced an increase in the lifetime of p53, leading to its
accumulation. In inhibitor-treated cells, p53 translocated to
the nuclei and bound to DNA but was not competent to induce
transcription. However, transactivation could be induced by
subsequent DNA damage. Phorbol ester, a potent activator of
PKC, significantly inhibited the accumulation of p53 after
DNA damage. Therefore, constitutive PKC-dependent phos-
phorylation of p53 itself, or of a protein that interacts with
p53, is required for the rapid degradation of p53 in untreated
cells. Furthermore, an increase in the lifetime of p53 is not
accompanied necessarily by its activation. Treatment with the
PKC inhibitors decreased the overall level of p53 phosphor-
ylation but led to the appearance of a phosphopeptide not seen
in tryptic digests of p53 from untreated cells. Therefore, the
lifetime and activities of p53 are likely to be regulated by
distinct alterations of the phosphorylation pattern of p53,
probably caused by the actions of different kinases.

The tumor suppressor protein p53 plays an important role in
maintaining genetic integrity in mammalian cells (1), and the
gene encoding p53 is inactivated in human tumors (2). p53 is
induced in response to DNA damage (3, 4) or stresses such as
hypoxia (5) or nucleotide deprivation (6). The induction of p53
leads either to arrest at different stages of cell cycle [reviewed
by Agarwal et al. (7)] or to activation of apoptosis [reviewed by
Gottlieb and Oren (8), Ko and Prives (9), and Smith and
Fornace (10)], thus helping to prevent DNA damage and
blocking the propagation of cells that have experienced dam-
age. The two major aspects of the p53 response, activation and
accumulation, are regulated by different mechanisms (11, 12),
so that transactivation by p53 of genes required for cell cycle
arrest is not accompanied necessarily by an increase in the
amount of p53 protein (11).

The accumulation of p53 is caused primarily by an increase
in its half-life (3). p53 degradation is mediated by ubiquitin-
dependent proteolysis (13), but the signals targeting p53 for
ubiquitination and the changes in the protein after DNA
damage that prevent degradation have been obscure until
recently. However, we now know that the binding of mdm2 to
p53 is important not only in regulating transactivation by p53
but also in determining its rate of degradation (14, 15). DNA
damage induces phosphorylation of the N-terminal domain of
p53, thus preventing mdm2 from binding to and stabilizing the
protein (16).

Posttranslational modification is the major mechanism of
p53 regulation. Several different protein kinases can phos-
phorylate distinct domains of p53 in vitro. For example, the
DNA-activated protein kinase mitogen-activated protein ki-

nase, Raf-1, and the casein kinase I-like protein kinase each
phosphorylate different sites in the N-terminal transactivation
domain of p53 [reviewed by Steegenga et al. (17)]. These
phosphorylation events affect the transactivation function of
p53. For example, mutation of three N-terminal serine resi-
dues that are kinase targets to alanines in mouse p53 causes a
significant decrease in suppressor function and reduces trans-
activation (18). Mutation of various serine residues has a
differential effect on the ability of rat p53 to bind to and induce
transcription from various promoters (19), indicating that
specific patterns of serine phosphorylation are likely to occur
in response to different types of stress, leading in turn to
stress-specific patterns of gene expression.

The C-terminal regulatory domain of p53 is a target for
phosphorylation by casein kinase II (20), protein kinase C
(PKC) (21), cdk (22) and p34cdc2 (23). p34cdc2 can bind to
p53 in vivo (23) and phosphorylate it in vitro (22). Phosphor-
ylation by cell cycle-dependent protein kinases suggests the
possibility that the activity of p53 is regulated differentially
during the cell cycle. Phosphorylation by PKC and casein
kinase II in vitro stimulates p53 to bind to DNA (24, 25),
probably by changing the conformation of the protein. How-
ever, the activation of PKC by phorbol ester does not cause a
change in phosphorylation of the C-terminal domain of mouse
p53 (26), indicating that the PKC site may be phosphorylated
constitutively. Experiments with the human p53 mutant S392A
revealed that phosphorylation of the C-terminal domain by
casein kinase II is not required for p53 to transactivate target
genes (27). Taken together, the data suggest that, in vivo, the
C-terminal domain of p53 may have functions in addition to
regulating DNA binding and that constitutive phosphorylation
of this domain may be required to elicit such functions.

In the current work, we examined the role played by PKC in
the rapid turnover of p53 in untreated cells. PKC inhibitors
slow the degradation of p53 and lead to changes in its
phosphorylation, whereas a PKC activator inhibits the DNA
damage-induced accumulation of p53. The most likely possi-
bility is that PKC-dependent phosphorylation of one or more
sites of p53 is required for its rapid degradation.

MATERIALS AND METHODS

Cells and Inhibitors. Mouse (12)1yCA cells carrying a
p53-responsive b-galactosidase reporter construct have been
described (12). All cells were grown in DMEM (GIBCOy
BRL) supplemented by 10% fetal calf serum (GIBCOyBRL).
H7, H8, and phorbol ester were obtained from Sigma, and A3
and bisindolylmaleimide I (Bis) were obtained from Alexis
Biochemicals (San Diego). The human cell lines were WI-38,
from the American Type Culture Collection; HT1080, from
Peter Goodfellow (Imperial Cancer Research Fund, London);
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and HCT116 and RKO from Bert Vogelstein (Johns Hopkins
Oncology Center, Baltimore).

RNA and Protein Assays. Total RNA was extracted by using
the Trizol reagent (GIBCOyBRL) according to the manufac-
turer’s protocol. Western analyses were performed as de-
scribed by Chernov and Stark (12), and p53 was detected with
the mAb PAb421 (a gift of A. Levine, Princeton University,
Princeton). Horseradish peroxidase-conjugated goat anti-
mouse secondary antibody (Bio-Rad) was detected with the
Renaissance chemoluminescence reagent (DuPontyNEN).
Quantitation was obtained by using the NIH IMAGE program.

Electrophoretic Mobility Shift Assays. Nuclear extracts
were prepared, and electrophoretic mobility shift assays were
performed as described by Chernov and Stark (12), using as
the probe an oligonucleotide containing a 26-mer p53 binding
site [AGCTTAGACATGCCTAGACATGCCTA (28)].

Immunostaining. Immunostaining was performed as de-
scribed by Harlow and Lane (29). In brief, cells grown on
coverslips were fixed with methanol:acetone::1:1 for 2 min at
room temperature, followed by incubation for 2 hr at room
temperature with primary PAb421 antibody and then for 30
min with secondary fluorescein-conjugated anti-mouse Ig
(Sigma). Images were obtained with a Nikon Optiphot epi-
f luorescence microscope coupled to a cooled computer-
controlled charge-coupled device camera (Oncor).

Protein Kinase Assays and Phosphopeptide Analysis. Anal-
ysis of PKC activity using histone H1 as a substrate and using
a partially purified cell extract was performed as described by
Gopalakrishna et al. (30). Phosphopeptide analyses were per-
formed as described by Adler et al. (31). After a 1-hr prein-
cubation in phosphate-free medium containing 10% dialyzed
fetal calf serum, cells at '80% confluency were labeled in the
same medium for 7 hr, using 200 mCiyml 32P-labeled or-
thophosphatey150-mm plate. Proteins were extracted in PBS
containing 1% Nonidet P-40, 0.5% sodium deoxycholate, 1
mM Na2VO3, 0.1 phenylmethane sulfonyl f luoride, and 1
mgyml each of the protease inhibitors pepstatin, leupeptin, and
aprotinin. p53 was immunoprecipitated with the PAb421
antibody, and the proteins, separated by SDSyPAGE, were
transferred to a polyvinylidene difluoride membrane. After
exposure of the membrane to film, the radioactive p53 band
was cut out with a razor blade. After oxidation with perfor-
mate, the p53 was digested overnight with tosylamide-2-
phenylethyl chloromethyl ketone-treated trypsin. The peptides
were concentrated by freeze drying, dissolved in loading
buffer, and separated in an isoelectric focusing polyacrylamide
gel (pH 3.5–10) for 2 hr at 600 V and 4°C. The gel was dried
and exposed to film to localize the peptides.

RESULTS

PKC Inhibitors Induce the Accumulation of p53. To inves-
tigate the roles of specific kinases in determining the level and
activity of p53 in vivo, we used the PKC inhibitors H7 (32) and
Bis (33) and the protein kinase A and G inhibitors H8 and A3
(32, 34). We used both mouse (12)1yCA cells, which have
wild-type p53 and have been transfected with a LacZ gene
driven by a p53-dependent promoter (12), and human HT1080
cells, which also have wild-type p53 (unpublished data). The
PKC inhibitors H7 and Bis, but not the protein kinase A and
G inhibitors H8 and A3, induced p53 to a very high level,
comparable to or even higher than (in the case of H7) the level
of p53 in UV-irradiated cells (Fig. 1a). The PKC activity
present in partially purified cell extracts, analyzed by the in
vitro phosphorylation of histone H1, was eliminated after
treating the cells with H7 or Bis for 5 hr (data not shown). The
time course of p53 accumulation was similar for H7-treated
and UV-irradiated cells, but the amount of p53 after 6 hr was
higher in the case of H7 (Fig. 1b). The induction was dose-
dependent (Fig. 1c). We also analyzed the effect of H7 on the

level of p53 in the human cell lines HT1080, HeLa, RKO, and
WI-38 (Fig. 1d) and in the rat fibroblast cell line REF52 (data
not shown). In all of the cells except HeLa, we observed p53
accumulation. The lack of induction in HeLa cells may be
caused by the presence of the papilloma viral protein E6, which
destabilizes p53 (35).

The Accumulation of p53 in Cells Treated with Inhibitors of
PKC Is Caused by Protein Stabilization. Previous studies have
shown that transcriptional activation of the p53 gene is not
involved in the accumulation of p53 induced by DNA damage
(36). We found no increase in the levels of p53 mRNA in H7-
or Bis-treated cells, compared with the untreated controls
(Fig. 2a; data not shown). These data indicate that, as in the
case of p53 induced by DNA damage, transcription of the p53
gene is not induced by H7 or Bis. Because the most likely cause
of p53 accumulation is protein stabilization, we compared the
half-lives of p53 in untreated cells and in cells treated with H7.
Mouse (12)1yCA cells were treated with H7 for 5 hr, and
cycloheximide then was added to inhibit new protein synthesis.
Extracts were prepared at the indicated times, and the levels
of p53 were determined. The half-life of p53 in untreated cells,
'15 min (37), was increased to 1–2 hr in cells treated with H7
(Fig. 2b).

Pretreatment with Phorbol Ester Inhibits the Accumulation
of p53 after DNA Damage. Because treatment with inhibitors
of PKC leads to the stabilization and accumulation of p53, we
also investigated the effects of PKC activation. The activity of
PKC in cells treated with 80 ngyml phorbol ester increases
gradually for 6–8 hr and then decreases (38). Therefore, we
pretreated cells with 80 ngyml phorbol ester for 6 hr and then
irradiated them with UV light, or treated them with Adria-
mycin to damage their DNA. In mouse cells, phorbol ester did
not affect the basal level of p53, whereas in HT1080 cells it
caused a small decrease (Fig. 3). However, in both cases,
pretreatment with phorbol ester significantly inhibited the
accumulation of p53 after exposure to UV light or Adriamycin
(Fig. 3). In accordance with the small effect of phorbol ester

FIG. 1. The effect of kinase inhibitors on the level and activity of
p53 in mouse and human cells. (a) The level of p53 in (12)1yCA cells
treated for 6 hr with different kinase inhibitors. (b) Time course of p53
accumulation in mouse (12)1yCA cells treated with 50 mM H7 or
irradiated with 25 Jym2 UV light. (c) The induction of p53 in mouse
cells treated for 6 hr with different concentrations of H7 or Bis. (d) The
induction of p53 by H7 in human cells.
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on the basal level of p53 in untreated cells, this compound did
not cause any change in the half-life of p53 (data not shown).

Location and DNA Binding Activity of p53 Induced by
Inhibiting PKC. Translocation of p53 from the cytoplasm to
the nucleus and induction of its DNA binding activity [re-
viewed by Gottlieb and Oren (8)] are required for the trans-
activation of target genes in response to DNA damage. In situ
immunostaining of H7-treated cells, using the p53-specific
antibody PAb421, revealed that the accumulated p53 is present
in nuclei (Fig. 4). In contrast to UV-irradiated cells, the
nuclear accumulation of p53 in H7-treated cells can be seen in
almost all of the cells (Fig. 4). We tested the DNA binding
activity of p53 in electrophoretic mobility shift assays with a
labeled p53-specific consensus binding element (28) by using
nuclear extracts of H7- and UV-treated cells 6 hr after

treatment. DNA binding was induced in H7-treated cells, and
the induced band could be super-shifted by the PAb421
antibody (Fig. 5). In accord with the higher level of p53, the
induction of DNA binding was also higher in H7-treated cells,
compared with UV-irradiated cells (Fig. 5).

The p53 Induced by Inhibitors of PKC Does Not Activate
Transcription From p53-Dependent Promoters. To explore
the transcriptional activation of p53-responsive genes, we used

FIG. 3. The effect of phorbol ester on the basal and induced levels
of p53 in mouse and human cells. (12)1yCA or HT1080 cells were
treated with phorbol ester (80 ngyml), UV light (25 Jym2), or
Adriamycin (200 ngyml) or were pretreated with phorbol ester for 6
hr followed by UV light or Adriamycin. Protein extracts were prepared
6 hr after the DNA-damaging treatment.

FIG. 2. Effect of H7 on the level of p53 mRNA and the stability of
the p53 protein. (a) Analysis of p53 mRNA from human cells treated
with different concentrations of H7. Total RNA was extracted 5 hr
after treatment. (b) The effect of H7 on the lifetime of p53 in mouse
cells. (12)1yCA cells were treated with H7 (50 mM) for 6 hr, followed
by incubation in the presence of cycloheximide (CHX). The levels of
p53 protein were analyzed at the times indicated. The amount of
protein at zero time was scored as 100%.

FIG. 4. Nuclear accumulation of p53 in mouse cells treated with
H7. Cells were irradiated with 25 Jym2 UV light or treated with H7 (50
mM). After 6 hr, the cells were fixed and probed with the p53-specific
antibody PAb421 and with fluorescein-conjugated second antibody.
Staining with 49,69-diamidino-2-phenylindole (DAPI) was used to
reveal the nuclei.

FIG. 5. DNA binding activity of p53 in cells treated with H7 or
irradiated with UV light. p53-specific DNA binding activity in nuclear
extracts was analyzed 5 hr after treatment. The last four lanes show the
effect of the p53-specific antibody PAb421.
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LacZ, whose expression in (12)1yCA cells is regulated by a
p53-dependent promoter (12, 39). The cells were treated with
H7 or Bis for 6 hr, a time sufficient to induce substantial
accumulation of p53, followed by analysis of b-galactosidase
activity. As a control, parallel plates were irradiated with UV
light. No increase in b-galactosidase activity was detected in
the inhibitor-treated cells, whereas at the same time, induction
by more than 10-fold was detected in the UV-irradiated cells
(Fig. 6a; data not shown). The same was true for expression of
the p53-responsive gene waf1 (data not shown). To determine
whether the accumulated p53 in cells treated for 6 hr with PKC

inhibitors could be activated, we irradiated the treated cells
with UV light. Significantly more b-galactosidase activity was
present 6 hr after irradiation of inhibitor-treated cells than in
irradiated untreated cells, as expected from the higher levels
of p53 present in the treated cells before irradiation (Fig. 6a)
if all of the accumulated protein could be activated. Longer
exposure to H7 or Bis (12 hr) caused induction of b-galacto-
sidase activity to a level lower than that obtained after UV
irradiation (Fig. 6a; data not shown), probably because of a
secondary stress response or to a nonspecific effect of the
inhibitors. Cotreatment with phorbol ester inhibited the in-
duction of b-galactosidase by UV light or Adriamycin (Fig.
6b), correlating with a smaller increase in the accumulation of
p53 protein, indicating that phorbol ester does not have a direct
effect on p53 activation.

Alteration of p53 Phosphorylation in Cells Treated with
Inhibitors of PKC. To determine the mechanism involved in
stabilizing p53 in cells treated with inhibitors of PKC, we
analyzed the phosphopeptides obtained after tryptic digestion
of p53 labeled with 32P in vivo. (12)1yCA cells were treated
with H7 or Bis and then labeled with [32P]-orthophosphate.
p53 was immunoprecipitated and, after electrophoresis and
transfer to a membrane, its specific activity was determined
(Fig. 7a). As expected, more labeled p53 was precipitated from
the treated cells, and its degree of phosphorylation was lower.
Moreover, when we determined the endogenous kinase activ-
ity in total cell extracts by using in vitro phosphorylation of
histidine-tagged human p53, treatment of the cells with H7 or
Bis led to inhibition of p53 phosphorylation (data not shown).

The immunoprecipitated mouse p53 was digested with
trypsin, and the labeled peptides were separated by isoelectric
focusing in a polyacrylamide gel. Six tryptic peptides, repre-
senting the N- and C-terminal domains (Table 1), contain in

FIG. 6. Effect of H7 or phorbol ester on p53-dependent expression
of b-galactosidase in mouse cells, with or without DNA damage. (a)
(12)1yCA cells were treated with 50 mM H7 or irradiated with UV
light (25 Jym2), and b-galactosidase activity was measured at the times
shown. Alternatively, the cells were treated with H7 for 6 hr and then
irradiated with UV light before analysis 6 hr later. (b) (12)1yCA cells
were treated with phorbol ester (80 ngyml), UV light (25 Jym2), or
Adriamycin (200 ngyml) or pretreated with phorbol ester for 6 hr,
followed by treatment with UV light or Adriamycin. b-galactosidase
activity was analyzed 6 hr after the DNA damaging treatment.

FIG. 7. Phosphorylation of p53 in mouse cells treated with H7 or
Bis or irradiated with UV light. The treated cells were labeled for 5 hr
with [32P]-orthophosphate, and p53 was immunoprecipitated with
PAb421. (a) Specific activities of p53 from untreated or treated cells.
(b) Tryptic peptide analysis of the labeled p53. The phosphopeptides
were separated by isoelectric focusing. Equal amounts of radioactivity
were loaded in each lane.
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vitro phosphorylation sites for several protein kinases [re-
viewed by Steegenga et al. (17)]. A tryptic digest of p53 from
untreated (12)1yCA cells contains a single major band (A) in
the pI region 3–3.5 (Fig. 7b). Based on the relative intensity,
more than one phosphopeptide may migrate in this region.
Treatment with H7 or Bis resulted in a significant decrease in
the intensity of band A, with the simultaneous appearance of
phosphopeptide B, pI ' 3.7 (Fig. 7b). Irradiation with UV light
induced the appearance of phosphopeptide C, pI between 4
and 4.5, and phosphopeptide D, pI between 6.5 and 7.0 (Fig.
7b), which are not found in inhibitor-treated cells. On the other
hand, phosphopeptide B was not detected in the UV-
irradiated samples. The data demonstrate that treatment of
cells with H7 or Bis causes rearrangement of the phosphory-
lated sites of p53, with the appearance of a new phosphopep-
tide (B), and that these effects correlate with the stabilization
of p53. Furthermore, the activation of p53 in UV-treated cells
involves the phosphorylation of sites that are distinct from
those affected by H7 or Bis.

DISCUSSION

Our data demonstrate that phosphorylation plays an impor-
tant role not only in activating p53, but also in regulating its
stability, increasing its level after DNA damage or other stress.
p53 is degraded through ubiquitination and proteosome-
mediated proteolysis (13, 40), but the signals that induce or
inhibit this process have been obscure until recently. We now
know that the interaction of p53 with mdm2 not only regulates
its ability to transactivate target genes (41, 42) but also is
required to induce degradation of the protein (14–16). Hupp
et al. (11) have shown that the induction of p53-dependent
transcription by low doses of UV radiation does not require
accumulation of the protein, and we found previously that
transcriptional induction is inhibited by salicylate without
inhibiting accumulation of the protein (12). The effect of
salicylate is likely due to its ability to inhibit protein phos-
phorylation (43). In the experiments presented here, we show
that the stability of p53 can be regulated by phosphorylation,
independently of transcriptional activation. Treatment of
mouse or human cells with the PKC inhibitors H7 or Bis
induces the accumulation of a latent form of p53, which,
despite its nuclear localization and efficient DNA binding,
does not activate the transcription of target genes. The mech-
anism of the accumulation of p53 is protein stabilization, which
correlates with a decrease in overall phosphorylation, but with
the appearance of a new phosphopeptide. Based on these
observations, we propose that phosphorylation, mediated by
PKC or by another kinase that can be inhibited by H7 or Bis,
stimulates p53 degradation. The most likely target of PKC is

p53 itself, which is consistent with the observed changes in the
phosphorylation of p53. However, we cannot completely rule
out the possibility that the stabilization of p53 caused by PKC
inhibitors is due to decreased phosphorylation of a separate
protein that regulates p53 stability. Other correlations of p53
stability and its state of phosphorylation have tended to
suggest that decreased phosphorylation increases the rate of
p53 degradation. For example, a serine-to-alanine mutation at
position 15 of human p53, which prevents phosphorylation at
this site, increases the rate of degradation (44), and N-terminal
phosphorylation may interfere with the p53–mdm2 interac-
tion, leading to stabilization (16). Because the effects we
observe with PKC inhibitors are in the opposite direction, we
conclude that the situation is complex, with phosphorylation at
different p53 sites, catalyzed by different kinases, leading to
opposite effects on stability.

The p53 that accumulates in cells treated with H7 or Bis is
localized in the nucleus and can bind to DNA, indicating that
the absence of p53-dependent transcriptional activation does
not depend on inhibition of DNA binding activity or on
cytoplasmic retention. Activation of the transcriptional func-
tion of p53 probably requires additional modification of p53 or
the activation of cofactors (45–47). Consistent with this idea,
additional treatment with UV light led to the induction of
p53-dependent transcription to an extent related to the
amount of p53 protein. The effect of H7 on the nuclear
accumulation of p53 is also different from the effect of UV
irradiation. Approximately half of the UV-irradiated cells
accumulated p53 in the nucleus, but almost all of the H7-
treated cells did so (Fig. 4). The nuclear accumulation of p53
after DNA damage may depend on the position of each
individual cell in the cell cycle at the moment of damage (48).

We have found different changes in the phosphorylation of
p53 in UV-irradiated cells compared with cells treated with
PKC inhibitors, in agreement with the different activities of
p53 in these cells. Although the accumulation of p53 is caused
by stabilization in both cases, we did not detect any common
change in the phosphorylation pattern, again indicating that
more than one mechanism may be involved in regulating p53
stability. Consistent with this hypothesis, UV irradiation and
g irradiation have different effects on p53 ubiquitination (49).
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