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CP-31398, a styrylquinazoline, emerged from a high throughput screen for therapeutic agents that restore
a wild-type-associated epitope (monoclonal antibody 1620) on the DNA-binding domain of the p53 protein. We
found that CP-31398 can not only restore p53 function in mutant p53-expressing cells but also significantly
increase the protein level and promote the activity of wild-type p53 in multiple human cell lines, including
ATM-null cells. Cells treated with CP-31398 undergo either cell cycle arrest or apoptosis. Further investigation
showed that CP-31398 blocks the ubiquitination and degradation of p53 but not in human papillomavirus
E6-expressing cells. Of note, CP-31398 does not block the physical association between p53 and MDM2 in vivo.
Moreover, unlike the DNA-damaging agent adriamycin, which induces strong phosphorylation of p53 on
serines 15 and 20, CP-31398 exposure leads to no measurable phosphorylation on these sites. We found that
CP-31398 could also stabilize exogenous p53 in p53 mutant, wild-type, and p53-null human cells, even in
MDM2-null p53�/� mouse embryonic fibroblasts. Our results suggest a model wherein CP-31398-mediated
stabilization of p53 may result from reduced ubiquitination, leading to high levels of transcriptionally active
p53. Further understanding of this mechanism may lead to novel strategies for p53 stabilization and tumor
suppression in cancers, even those with absent ARF or high MDM2 expression.

The tumor suppressor protein p53 is a potent inducer of
apoptosis and cell cycle arrest in response to various cellular
stresses, such as DNA damage, hypoxia, or hyperproliferative
signals (2, 12, 36, 41, 45). Mutations in the p53 genes are found
in about half of all human tumors (22). A large portion of the
remaining tumors, although expressing wild-type p53, is be-
lieved to be defective in the pathway of p53-mediated tumor
suppression due to accelerated degradation or ineffective sta-
bilization of the wild-type p53.

Restoration or enhancement of p53 function in tumor cells
is a logical approach for cancer therapy because it targets the
major difference between normal and cancer cells (44). The
most straightforward strategy is to provide exogenous p53 to
tumor cells. Several clinical trials that use various vectors to
transduce tumor cells with the human p53 cDNA are ongoing
but are limited by transfection efficiency and the rapid degra-
dation of p53 protein. Peptides are also being developed with
the ability to reactivate mutant p53 (15, 37), but little progress
has been made in the clinic because of the cost and difficulty in
large-scale synthesis. Most recently, small molecules, due to
the advantages of possible large-scale chemical synthesis and
easier delivery in vivo, are being pursued as a potentially fea-
sible strategy for cancer therapy (8, 14, 21, 42, 48). Among the
very limited compounds reported, CP-31398 was the first that
emerged from a screen of a chemical library. This prototype
compound can maintain p53 in a conformation that is associ-

ated with active p53. Furthermore, CP-31398 can rescue some
mutant p53s to a wild-type conformation and therefore restore
the p53 functions of cell cycle arrest or apoptosis (14). It was
recently reported that CP-31398 not only can affect cells with
mutant p53 but also can elevate the steady-state wild-type p53
to high levels equivalent to those observed following DNA
damage (40, 42). These findings have recently been confirmed
(31).

The regulation of p53 activity is mainly posttranslational.
Stabilization is an essential step for p53 to function efficiently
in response to cellular stresses or checkpoints. Under physio-
logical conditions, p53 is expressed at low or undetectable
levels with a half-life of approximately 10 to 20 min in most
cells. This rapid degradation is at least in part mediated by the
ubiquitination pathway following the interaction of MDM2
with the N terminus of p53 (2, 6, 13, 19, 25, 32). Interestingly,
it has been recently demonstrated that MDM2 can catalyze
p53 ubiquitination within a conformationally flexible region of
the p53 DNA-binding domain, suggesting a link between ubiq-
uitination and the conformational status of p53 (39). DNA
damage, caused by UV light or ionizing irradiation, results in
stabilization of endogenous p53 through a series of physiolog-
ical responses, including ataxia telangiectasia mutated (ATM)/
ATR activation, phosphorylation of p53 and blockage of the
binding of MDM2 to the p53 N terminus (5, 7, 9, 27, 38).
Activation of some oncogenes like c-myc, ras, or E2F1 also
stabilizes p53 by the ARF-MDM2 pathway, in which case ARF
binds to MDM2 and releases p53 from MDM2 association (23,
24). Another well-known category of p53 stabilizers is protea-
some inhibitors that prevent the degradation of the ubiquiti-
nated p53 (1, 3, 26), as well as other ubiquitinated proteins, by
the 26S proteosomes.
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In the present study, we investigated the mechanism by
which conformational stabilization of p53 by CP-31398 in-
creases the p53 steady-state levels. The mechanism of increas-
ing the cellular p53 concentration is clearly different from that
which follows exposure to DNA-damaging agents, proteasome
inhibitors, or activation of oncogenes. Further understanding
of this mechanism may lead to novel strategies for p53 stabi-
lization and tumor suppression in cancers, even those with
absent ARF or high MDM2 expression.

MATERIALS AND METHODS

Cell lines. Tumor cell lines with wild-type p53 were used, including the H460
non-small-cell lung carcinoma cell line, the PA-1 ovarian cancer cell line, and the
HCT116/p53�/� and the HCT116/p53�/� colon adenocarcinoma cell lines.
H460, PA-1, and U2OS cells were from the American Type Culture Collection
(Rockville, Md.), and HCT116 cells were from Bert Vogelstein (Johns Hopkins
Unversity). The GM01389D ATM lymphoblastoid and the GM02184D control
lymphoblastoid cell lines were obtained from Coriell Cell Repositories (Camden,
N.J.) and grown in RPMI 1640 with 10% fetal bovine serum, 100 �g of penicillin/
ml, and 100 �g of streptomycin/ml. The WI-38 human fibroblast cell was from
the American Type Culture Collection and maintained in Dulbecco’s minimal
essential medium with 10% fetal bovine serum and antibiotics, 100 �g of peni-
cillin/ml and 100 �g of streptomycin/ml. The mouse embryonic fibroblast (MEF)
and MEF p53�/� MDM2�/�, the double knockout of p53 and MDM2, were
kindly provided by Stephen Jones, University of Massachusetts Medical School.

Antibodies. The anti-p53 antibodies Ab-2 (Oncogene), DO-1 (Santa Cruz
Biotechnology, Inc., Santa Cruz, Calif.), and FL293 (Santa Cruz Biotechnology,
Inc.) were used for immunoblotting of p53, detection of ubiquitinated p53, and
p53 immunoprecipitation, respectively. Anti-MDM2 (Ab-1) was from Calbio-
chem/Oncogene Science (Boston, Mass.) and used for MDM2 immunoblotting.
Anti-phospho-p53 antibodies against phosphorylation of ser15, ser20, and ser392
were obtained from Cell Signaling Technology (Beverly, Mass.). A rabbit anti-
phospho-p53 at ser46 was kindly provided by Yoichi Taya (33), National Cancer
Center Research Institute of Japan. Anti-Ub (FL76) from Santa Cruz Biotech-
nolology, Inc., was used for the detection of ubiquitinated proteins.

Adenovirus construction. Ad/GFP-p53 and Ad/His-p53 were constructed by
previously described methods (20). For Ad/GFP-p53 construction, green fluo-
rescent protein (GFP) was fused to the N terminus of p53 and the open reading
frame of the fused protein was inserted into the pAdTrack-CMV vector, which
was kindly provided by Bert Vogelstein (Johns Hopkins University). For Ad/His-
p53 construction, the His-p53 was generated by inserting the p53 cDNA into the
plasmid pcDNA4/HisMax vector (Invitrogen). The fragment of HindIII and
EcoRV from the plasmid pcDNA4/HisMax/p53, containing the QBI SP163
translational enhancer, polyhistidine (His6), and in-frame p53, was inserted into
the pAdTrack-CMV vector. The pAdTrack-CMV constructs were recombined
with pAdEasy-1, provided by Bert Vogelstein, in Escherichia coli BJ5183 cells to
get recombined pADs with the exogenous inserts. The recombined adenoviruses
were replicated and amplified in 293 cells by transfection of the pAD plasmid
DNAs. The amplified viruses were purified by cesium chloride gradient ultra-
centrifugation and stored at �20°C in a buffer containing 25% (vol/vol) glycerol,
10 mM Tris (pH 8.0), 100 mM NaCl, 0.1% bovine serum albumin, and 1 mM
MgCl2. Ad/E6 was previously described (34).

Western and Northern blotting. For Western blotting, cells were collected and
protein concentrations were quantified by the Bio-Rad (Hercules, Calif.) protein
assay prior to sodium dodecyl sulfate-polyacrylamide electrophoresis (SDS-
PAGE). Proteins were transferred to a polyvinylidene difluoride membrane
(Immunobilon-P; Millipore Corporation, Bedford, Mass.) with a semidry trans-
fer apparatus from Bio-Rad Laboratories. The membranes with transferred
proteins were blotted with 10% (wt/vol) nonfat dry milk and then subsequently
subjected to the primary antibody and horseradish peroxidase-labeled secondary
antibody. The signal was visualized by enhanced chemiluminescence (Amersham
Pharmacia Biotech, Little Chalfont, England) and exposed to an X-ray film.

For Northern blotting, total RNA was purified with the RNeasy mini kit
(Qiagen, Valencia, Calif.). After an agarose-formaldehyde gel electrophoresis,
the RNAs were transferred to a nitrocellulose membrane (Zeta-Probe GT
genomic tested blotting membranes; Bio-Rad Laboratories), probed with 32P-
labeled probes of human p53 and MDM2 cDNA, and exposed to an X-ray film.

In vivo ubiquitination assay. Cells were grown in a six-well plate to 80%
confluence. CP-31398 was added at a final concentration of 15 �g/ml and incu-
bated at 37°C for 1 h. Then ALLN, a proteosomal inhibitor (Sigma, St. Louis,

Mo.), was added at a final concentration of 50 �M and incubated for 4 h. The
plate with cells was placed on ice, and boiled SDS sample buffer was added after
washing the plate twice with ice-cold phosphate-buffered saline. Lysates were
collected for SDS-PAGE, and ubiquitinated p53s were detected by immunoblot-
ting with the DO-1 antibody (Santa Cruz Biotechnology, Inc.).

Active caspase 3 assay. Cells in a six-well plate were trypsinized and collected
in 15-ml centrifuge tubes. The collected cells were fixed and stained for active
caspase 3 with a Cytofix/Cytoperm kit from BD Biosciences Pharmingen (San
Diego, Calif.) according to the manufacturer’s instructions. The stained cells
were subjected to flow cytometry (Beckman Coulter Epics Elite) counting for the
active caspase 3-positive cells.

RESULTS

CP-31398 stabilizes wild-type p53 protein independent of
ATM and MDM2. It was previously found that CP-31398 not
only can rescue the DNA-binding activity of the mutant p53 in
SW480 cells and induce cell cycle arrest and/or apoptosis in
cells with mutant p53 but can also increase the steady-state
levels of wild-type p53 and induce cells with wild-type p53 to
undergo cell cycle arrest and/or apoptosis (42). To explore the
mechanism of p53 accumulation, we first confirmed the effect
of CP-31398 on wild-type p53 protein and excluded an effect of
CP-31398 on p53 mRNA levels (Fig. 1). Less than 1 h after
CP-31398 was added to the cell culture medium at a final
concentration of 15 �g/ml, p53 protein levels were elevated in
all the cell lines with wild-type p53 tested. These included
H460 (Fig. 1A), HCT116, U2OS, PA-1, diploid fibroblast
WI38 cells (data not shown), and lymphoblastoid cells (Fig.
1B). The accumulation of p53 in the CP-31398-treated cells
appears to be due to posttranslational regulation because the
half-life of p53 in these cells was significantly prolonged (42)
and no significant change was found in the p53 mRNA levels
(Fig. 1C). As p53 stabilization is essential and important in
p53-mediated cell cycle arrest and apoptosis, we explored fur-
ther the mechanism by which CP-31398 exposure results in
accumulation of wild-type p53. We first speculated that CP-
31398 might act as a DNA-damaging agent as has been re-
cently proposed (35). As ATM represents an important link in
the pathway of DNA-damage-induced p53-dependent check-
point signaling, we treated the ATM�/� cell line GM03189D,
a lymphoblastoid cell line established from a patient with
ataxia telangiectasia, to test this possibility. As shown in Fig.
1B (lower panel), CP-31398 rapidly increased p53 to a high
level in this ATM�/� cell line, while p53 elevation was delayed
following treatment by the DNA-damaging agent adriamycin.
Both CP-31398 and adriamycin induced high levels of p53 in an
ATM�/� cell line (Fig. 1B, upper panel).

Induction of p53 by CP-31398 does not involve phosphory-
lation of ser20 or ser15. Because there are kinases and path-
ways other than ATM that also lead to p53 stabilization (e.g.,
Chk2 or ATR), we investigated the status of p53 phosphory-
lation in CP-31398-exposed cells. We chose several antibodies
against phosphorylated p53, including ones that recognize
phosphorylation at ser15, ser20, ser46, and ser392, respec-
tively, to check whether p53 is phosphorylated at these sites.
H460 cells were treated with CP-31398 or adriamycin (as a
DNA damage control) for 4 h, and cell lysates were subjected
to SDS-PAGE and probed with antiphosphorylated p53 anti-
bodies. As shown in Fig. 2A, CP-31398 exposure did not lead
to phosphorylation of p53 at ser15 and ser20, with minimal
changes at ser46 and ser392, while adriamycin induced efficient
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dose-dependent phosphorylation of p53 at all of these sites. In
order to rule out the possibility of transient phosphorylation of
ser15 or 20, which might occur at an early stage, a time course
of p53 phosphorylation was examined. Phosphorylation of

ser20 appeared at 2 h after treatment with adriamycin (Fig.
2B), phosphorylation of ser15 appeared at 4 h after adriamycin
treatment (data not shown), and no phosphorylation of either
ser15 or 20 was observed after treatment with CP-31398 during

FIG. 1. CP-31398 stabilizes wild-type p53. (A and B) H460 cells, as well as ATM-positive 2184 and ATM-null 3189 lymphoblasts, were treated
with CP-31398 at a final concentration of 15 �g/ml. Adriamycin (ADR) was used as a DNA damage control at a concentration of 0.2 �g/ml. Cells
were collected at the indicated time points and subjected to SDS-PAGE. p53 and MDM2 were detected by anti-p53 (Ab-2; Calbiochem) and
anti-MDM2 (Ab-1; Calbiochem) antibodies, respectively. Actin was probed as a loading control (data not shown). (C) Northern blot of the total
RNA from CP-31398 (CP)-treated H460 cells with the probes of MDM2 and p53, respectively. Lane C, control.
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the time course. The phosphorylation of p53 (5, 9), especially
the phosphorylation of ser20, has been identified as critical for
UV- and irradiation-induced p53 stabilization, as it prevents
the binding of MDM2 to p53. However, phosphorylation of
ser20 as well as ser15 does not appear to be involved in the
accumulation of p53 following CP-31398 exposure. These re-
sults indicate that CP-31398 exposure leads to wild-type p53
protein accumulation by a mechanism different from that fol-
lowing DNA damage and suggests that CP-31398 may not be a
DNA-damaging agent at concentrations required for p53 ac-
tivity.

CP-31398 does not disrupt MDM2 binding to p53. MDM2 is
one of the critical posttranslational regulators of p53 (13, 19,
25). MDM2 binds to the N-terminal transcription activation
domain of p53 and serves as an E3 ligase to target p53 for
ubiquitination and proteasomal degradation. MDM2 is also a
transcriptional target of p53, thereby acting in a negative feed-
back loop to regulate p53 function (4). In the CP-31398-
treated cells, MDM2 levels became elevated in a manner that
correlated with p53 accumulation (Fig. 1A and C). As CP-
31398 exposure did not lead to phosphorylation of p53 at
ser20, we speculated that it might not prevent the binding of

FIG. 2. CP-31398 does not phosphorylate p53 at ser15 or ser20. (A) Adriamycin (ADR) or CP-31398 was added to H460 cell culture at various
concentrations and incubated for 4 h. Cell lysates were subjected to SDS-PAGE and probed with anti-p53 (Ab-2) and anti-phospho-p53 antibodies
against ser15, ser20, ser46, and ser392, respectively. (B) H460 cells were treated with ADR at a concentration of 0.2 �g/ml or CP-31398 at a
concentration of 15 �g/ml. Cells were lysed at different time points after treatment and subjected to SDS-PAGE and immunoblotting with
anti-phospho-ser20 of p53.
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MDM2 to the p53 N terminus. To test this hypothesis and to
determine whether MDM2 still binds to p53 after CP-31398
treatment, we immunoprecipitated p53 with an antibody
against full-length p53 to test whether MDM2 could be coim-
munoprecipitated. As shown in Fig. 3A, more MDM2 was
coimmunoprecipitated with p53 following CP-31398 treat-
ment, whereas no more MDM2 was associated with p53 after
the treatment with adriamycin. To confirm these observations,
we infected H460 lung cancer cells with an adenovirus carrying
a six-His-tagged p53 and treated the infected cells with CP-
31398 or adriamycin. The six-His-tagged p53 was precipitated
with Ni-nitrilotriacetic acid agarose and subjected to SDS-
PAGE. As shown in Fig. 3B, more MDM2 was coprecipitated

after the treatment with CP-31398 while less MDM2 associ-
ated with p53 after the treatment with adriamycin. These ex-
periments revealed that CP-31398 does not disrupt the binding
of MDM2 to p53. It remains unclear why the MDM2-bound
p53 is transcriptionally active and capable of targeting gene
activation.

CP-31398 inhibits the ubiquitination of p53. Because
MDM2 levels rise after CP-31398 exposure and CP-31398 does
not disrupt the association between MDM2 and p53, we hy-
pothesized that CP-31398 may block ubiquitination or degra-
dation of p53 at a step beyond MDM2-p53 interaction. We
found no evidence that CP-31398 is a proteasome inhibitor
because we did not observe any ubiquitinated p53 ladders in
the CP-31398-treated cells with various p53 antibodies (Fig. 1A
and B, 2, 3A, and 4 and data not shown). Since CP-31398 has
been shown to influence the conformation of the DNA-binding
domain and recent evidence suggested that ubiquitination of
p53 occurs within a conformationally flexible region of the
DNA-binding domain (39), we investigated whether CP-31398
could block ubiquitination even in the presence of MDM2. To
analyze p53 ubiquitination in the CP-31398-treated cells, we
exposed the H460 and HCT116 cells to CP-31398 (15 �g/ml)
for 1 h and then ALLN, a proteasome inhibitor, was added at
a final concentration of 50 �M and the cells were incubated for
4 h prior to analysis of the lysates. ALLN blocks the degrada-
tion of ubiquitinated proteins and consequently increases the
level of ubiquitinated proteins that can be detected by immu-
noblotting. The CP-31398- and ALLN-treated cells were lysed
and subjected to SDS-PAGE. p53 and its ubiquitinated forms
were analyzed by immunoblotting with a monoclonal antibody
against p53, DO-1. As shown in Fig. 4A, cells treated with
ALLN alone showed a typical pattern of ubiquitinated p53
ladders above the native p53 band. However, the ubiquitinated
p53 ladders were completely absent in cells treated with either
CP-31398 alone or in combination with ALLN (Fig. 4A). We
further showed that the inhibitory effect of CP-31398 on p53
ubiquitination was dose dependent (Fig. 4B). The inhibitory
effect of CP-31398 appeared at a concentration of 4 �g/ml and
reached its maximum effect at a concentration of 15 �g/ml, at
which point the p53 protein accumulated to a high level.

To test whether the inhibition of ubiquitination by CP-31398
is p53 specific or universal, we blotted total cell lysates with an
anti-ubiquitin antibody. As shown in Fig. 4C, the lanes showed
the expected smearing with some punctuated bands and there
was no obvious change in the CP-31398-treated cells compared
to untreated cells. To confirm further that CP-31398 is not a
universal ubiquitination inhibitor, we checked the levels of
several other rapidly degraded proteins, such as pRB, smad2/3,
and cyclin E, after CP-31398 treatment. As shown in Fig. 4D,
the levels of these randomly picked proteins were not changed
by the treatment with CP-31398. These results indicate that
CP-31398 specifically inhibits p53 ubiquitination, suggesting
that the compound is affecting p53 rather than the ubiquitina-
tion machinery.

We also tested whether CP-31398 can block human papillo-
mavirus (HPV) E6-induced p53 ubiquitination. The E6 pro-
teins of HPV, both type 16 and type 18, are known to bind to
p53 and degrade p53 by recruiting an E6-associated protein,
which exists in most mammalian cells. E6-associated protein,
with a HECT domain possessing ubiquitin ligase activity, can

FIG. 3. CP-31398 does not prevent the binding of MDM2 to p53.
(A) H460 cells were treated with adriamycin (ADR) or CP-31398 (CP)
for 4 h. p53 was immunoprecipitated (IP) with anti-p53 (FL-393; Santa
Cruz Biotech). The immunoprecipitated complexes were subjected to
SDS-PAGE and probed with anti-p53 (Ab-2; Calbiochem) and anti-
MDM2 (Ab-1; Calbiochem) antibodies. (B) H460 cells were infected
with Ad/His-p53 and treated with adriamycin or CP-31398. p53 was
precipitated with Ni-nitrilotriacetic acid resin prior to SDS-PAGE.
MDM2 and p53 were probed with the same antibodies as in panel A.
WB, Western blotting; C, control.
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degrade p53 through the ubiquitin-proteasome pathway. H460
cells were infected with an adenovirus carrying E6 (34) for 12 h
and then treated with CP-31398 together with ALLN. CP-
31398 did not rescue E6-induced p53 degradation (Fig. 5). Of
interest, the proteasome inhibitor ALLN also could not effec-
tively block the observed E6-mediated p53 degradation. This
phenomenon is consistent with the idea there may be a differ-
ence in the pathways between MDM2- and E6-induced p53
ubiquitination and degradation.

CP-31398 stabilizes exogenous p53, even in MDM2�/� cells.
In order to further examine the mechanism by which CP-31398
stabilizes p53, we tested whether CP-31398 could also stabilize
exogenous p53. We infected H460 cells, HCT116/p53�/� cells,
and p53�/� MDM2�/� MEFs with an adenovirus expressing
human p53 for 6 h and then treated the cells with CP-31398 at
a concentration of 15 �g/ml for 4 h. To our surprise, CP-31398
could not only stabilize exogenous p53 in MDM2-containing
cells, such as H460 and HCT116 cells, but also stabilize p53 in
MDM2 knockout cells (Fig. 6A). Moreover, CP-31398 stabi-
lized exogenous p53 by inhibiting its ubiquitination (Fig. 6B).
Taken together, these data suggest that MDM2 is unlikely to
be the primary target involved in the stabilization of p53 fol-
lowing CP-31398 exposure. CP-31398-induced wild-type p53
accumulation appears to occur at a step subsequent to MDM2
binding and is associated with reduced accumulation of ubi-
quitinated p53.

FIG. 4. CP-31398 inhibits the ubiquitination of p53. (A) H460 and
PA-1 cells were treated with CP-31398 (CP) at a concentration of 15
�g/ml for 1 h, and then ALLN was added at a concentration of 50 �M.
Four hours later, cells were lysed for Western blotting with DO-1
against p53. (B) Dose-dependent inhibition of p53 ubiquitination by
CP-31398. (C) Same H460 cell lysates as in panel A, probed with an
anti-ubiquitin antibody (Santa Cruz). (D) Immunoblots against pRB,
smad2/3, and cyclin E in H460 cells after treatment with adriamycin
(ADR) or CP-31398. Lanes C, control.

FIG. 5. CP-31398 (CP) does not block p53 degradation by HPV E6.
H460 and AdH460 Eb-infected cells were treated with CP-31398 at a
concentration of 15 �g/ml for 1 h, and then ALLN was added at a
concentration of 50 �M. Four hours later, cells were lysed for Western
blotting with DO-1 against p53.
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p53 in CP-31398-treated cells preferentially induces KILL-
ER/DR5 versus p21 expression. Since CP-31398-mediated ac-
cumulation of p53 is distinct from that observed following
DNA damage (i.e., the mechanism does not involve phosphor-
ylation of ser15 or ser20 and does not lead to disruption of the
MDM2 binding to p53), we compared the function of p53 in
cells treated with CP-31398 or with a DNA-damaging agent,
adriamycin. The elevation of MDM2, both protein (Fig. 1A)
and mRNA (Fig. 1C), levels in CP-31398- or adriamycin-
treated cells indicates that both agents enhance p53 activity.
We further examined other p53 targets, p21 and KILLER/
DR5, two representative mediators of p53-induced cell cycle

arrest and apoptosis, respectively. We treated H460 and
HCT116 and HCT116/p53�/� cells with CP-31398 or adriamy-
cin for 8 h and then collected the cell lysates for Western
blotting. As shown in Fig. 7A, CP-31398 induced a high level of
KILLER/DR5 while adriamycin did not induce much expres-
sion of DR5. However, although CP-31398 also induced the
expression of p21 compared to the control cells, it was not as
effective as adriamycin at p21 induction in either of the cell
lines tested. CP-31398 induction of KILLER/DR5 and p21 was
p53 dependent because there were only trace level changes in
the expression of the two proteins in the p53�/� HCT116 cells.
High expression of KILLER/DR5 induced by CP-31398 ren-

FIG. 6. CP-31398 stabilizes exogenous p53 by inhibiting its ubiquitination. (A) H460 cells were infected with Ad/p53 at multiplicities of
infection (MOI) of 2.5, 5, and 10 for 12 h. CP-31398 (CP) was then added to the medium at a concentration of 15 �g/ml and incubated for 8 h.
Cells were lysed for SDS-PAGE. p53 was probed with Ab-2. Also shown are p53�/� HCT116 cells and p53�/� MDM2�/� MEF cells infected with
Ad/p53 (MOI-5) and treated with CP-31398. C, control. (B) H460 cells were infected with Ad/p53 at a MOI of 5 (second panel). Twelve hours
after the infection, CP-31398 was added and incubated for 1 h and then ALLN was added at a concentration of 50 �g/ml. Four hours later, cells
were lysed for Western blotting by DO-1 against p53. Also shown are results performed in HCT116/p53�/� cells (third panel) infected and treated
as described for the H460 cells in the second panel.
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dered the cells more sensitive (Fig. 7B) to the cytotoxic ligand
tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL), which binds to the KILLER/DR5 cell death recep-
tor. These results suggest that conformational constraints and
subsequent ubiquitination status of p53 can allow for prefer-
ential activation of various p53-responsive genes.

CP-31398 influences the accumulation and nuclear localiza-
tion of exogenous wild-type p53. As MDM2 and its binding to
p53 were elevated after the CP-31398 treatment, we examined
whether the subcellular localization of p53 may be influenced

because it is reported that MDM2 promotes p53 export from
the nucleus (16, 18). We constructed an adenovirus expressing
GFP-fused p53 at the N terminus for tracking the subcellular
localization of p53. As shown in Fig. 8, after 12 h of infection
with Ad/GFP-p53, the p53 appeared mainly in the cytoplasm of
H460 cells but after 4 h of subsequent treatment with CP-
31398, p53 appeared primarily in the nucleus. In other cell
lines tested, which included HCT116 and WI-38 cells, although
p53 appeared mainly in the nucleus from the very beginning
after Ad/GFP-p53 infection without obvious cytoplasm distri-

FIG. 7. CP-31398 differentially induces p53 target gene expression and enhances sensitivity to TRAIL. (A) Cells were treated with CP-31398
(CP) or adriamycin (ADR) for 8 h and probed with antibodies as indicated. C, control. (B) HCT116/p53�/� and HCT116/p53�/� cells were treated
with CP-31398 or adriamycin for 4 h, then TRAIL was added at a final concentration of 20 ng/ml, and cells were incubated for another 4 h. Cells
were collected for active caspase 3 staining, and positive cells were counted by fluorescence-activated cell sorter analysis.
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bution, the signal, after the treatment of CP-31398, appeared
much brighter in the nucleus (data not shown). The stabiliza-
tion and increased nuclear localization of exogenous p53 in
CP-31398-exposed cells may have applicability to the enhance-
ment of the efficacy of exogenous p53 gene therapy.

DISCUSSION

CP-31398 was identified from a chemical library and repre-
sents a promising strategy for anticancer therapy. Whether the
effect of CP-31398 on cell growth is dependent on p53 has been
controversial. It was previously reported that CP-31398 could
rescue some mutant p53 protein by restoring a wild-type con-
formation and could induce cell cycle arrest or apoptosis by
activating p53 target genes (14, 42). Recently, it was reported
that CP-31398 may not bind to p53 and may inhibit cell growth
independently of p53 (35). A model was suggested in which
CP-31398 may be incorporated into p53 during its biosynthesis
and may not then dissociate from p53. In experiments investi-
gating the mechanism of action of CP-31398, we were sur-
prised to find that CP-31398 can increase wild-type p53 levels
(42). We report here that CP-31398 inhibits the accumulation
of ubiquitinated p53 and stabilizes p53 to a level equivalent to
that of DNA damage but by a different mechanism, which may
be related to the effects of the compound on p53 conformation.

The accumulation of p53 is an early and critical step for p53
activation. Under physiological conditions, p53 is under strict
control with a very short half-life, in part due to the MDM2-
p53 autoregulatory feedback loop (19, 25, 49). MDM2 binds to
the N-terminal transactivation domain of p53 with its p53-
binding domain, and the RING domain of MDM2 catalyses
the ubiquitination of p53 (13). The ubiquitinated p53 is then
degraded by the 26S proteosomes either in the cytoplasm or in

the nucleus (16, 47). MDM2 is also a transcriptional target of
p53 (4). Therefore, to activate p53, the MDM2-p53 feedback
loop must be interrupted. In the case of DNA damage, p53 is
highly phosphorylated by a number of protein kinases includ-
ing ATM/ATR and Chk2 (11). Phosphorylation of ser20 has
been reported to be crucial for the DNA damage-induced
stabilization of p53 (9, 10, 43). Our experiments show that
CP-31398 induced similar levels of p53 stabilization in both
ATM�/� and ATM�/� cells, whereas DNA damage-induced
p53 stabilization was delayed in ATM�/� cells compared to the
ATM�/� control cells. Further experiments showed that the
inhibition of p53 ubiquitination by CP-31398 does not involve
the phosphorylation of ser20, as well as ser15, and does not
prevent the binding of MDM2 to p53. Although the binding of
MDM2 to p53 is essential for MDM2-mediated ubiquitination
of p53, it is not necessarily predicted that the binding will
always lead to ubiquitination. For example, MDM2 can bind to
the p53 family member p73 but cannot ubiquitinate and de-
grade it (50). It is reported that replacement of a sequence of
amino acids of p53 from 92 to 112 with the homologous p73
sequence would block the MDM2-induced p53 ubiquitination
(17). Moreover, stabilization of exogenous p53 in MDM2
knockout cells suggests that MDM2 is unlikely to be the pri-
mary target involved in CP-31398-induced p53 accumulation.
In addition, our recent preliminary experiments show that p63
and p73, two other p53 family members, could also be stabi-
lized by CP-31398 (data not shown). These two p53 family
members are not MDM2 targets for degradation, although
MDM2 can bind to them (17, 29). Our results indicate that
CP-31398 stabilizes p53 through a unique and novel pathway.
Understanding this pathway for p53 stabilization may lead to
new strategies for cell growth inhibition and tumor suppres-
sion.

FIG. 8. CP-31398 promotes p53 nuclear accumulation. H460 cells were infected with Ad/GFP-p53. Twelve hours after the infection, CP-31398
was added at a concentration of 15 �g/ml and incubated for 6 h. Cells were photographed under a phase-contrast laser microscope.
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Of interest, CP-31398 induces an extremely high level of
KILLER/DR5, one of the receptors of TRAIL, which links p53
to the pathway of receptor-mediated apoptosis (46). The in-
duction of DR5 in the CP-31398-treated cells is p53 dependent
because CP-31398 does not significantly induce expression of
DR5 in p53-null cells. As a consequence, CP-31398 enhances
greatly the TRAIL-induced cell death. For comparison, the
DNA-damaging agent adriamycin does not induce significant
expression of DR5 by 8 h and, therefore, it does not signifi-
cantly enhance the TRAIL-induced apoptosis following short
exposure. Also, a p53/DR5-independent pathway may exist in
CP-31398-induced apoptosis because CP-31398 appears to in-
duce slightly more apoptosis than the control and adriamycin-
treated p53-null cells, but this effect is much less than what is
observed in the wild-type p53-containing cells.

In CP-31398-treated cells, p53 accumulates in the nucleus in
all of the cell lines tested following exogenous adenovirus-
mediated expression of a GFP-p53 fusion protein. The en-
hanced fluorescence signal of GFP-p53 in H460 cells clearly
transferred from the cytoplasm to the nucleus after the treat-
ment with CP-31398. Whether the stabilization of p53 could be
due to changes in the subcellular localization of p53 is not
certain. We favor a model wherein the localization of p53 in
the nucleus is due to the conformational stabilization of p53
because CP-31398 blocks the ubiquitination of p53 and C-
terminal ubiquitination of p53 is reported to contribute to its
nuclear export (30). In our studies, increased nuclear localiza-
tion and decreased ubiquitination of p53 occurred despite an
increased MDM2 level and increased binding between p53 and
MDM2.

Our studies provide evidence for a novel mechanism for
wild-type p53 accumulation that occurs at a step subsequent to
MDM2 binding that is associated with reduced accumulation
of ubiquitinated p53. The CP-31398-stabilized p53, associated
with MDM2, is localized in the nucleus and is transcriptionally
active with an apparently altered target gene selectivity. The
precise step at which p53 ubiquitination is blocked remains to
be identified, i.e., CP-31398 may constrain p53 in a conforma-
tion that does not allow for access to the ubiquitination site
within the DNA-binding domain, or CP-31398 may possibly
stimulate the activity of the recently described p53-deubiquiti-
nating enzyme HAUSP (28). The altered selectivity of p53 in
target gene activation is also not yet clear and may involve
altered conformation of p53, altered posttranslational modifi-
cation, or association with histone acetylases. Our results sup-
port the idea that it may be possible to stabilize and alter p53
function by using drugs at a step beyond its interaction with
MDM2. This possibility suggests a novel strategy for drug
development in cancer therapy that may not be hindered by
MDM2 amplification or ARF deletion.
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