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Understanding how p53 activity is regulated is crucial in elucidating mechanisms of cellular defense against
cancer. Genetic data indicate that Mdmx as well as Mdm2 plays a major role in maintaining p53 activity at low
levels in nonstressed cells. However, biochemical mechanisms of how Mdmx regulates p53 activity are not well
understood. Through identification of Mdmx-binding proteins, we found that 14-3-3 proteins are associated
with Mdmx. Mdmx harbors a consensus sequence for binding of 14-3-3. Serine 367 (S367) is located within the
putative binding sequence for 14-3-3, and its substitution with alanine (S367A) abolishes binding of Mdmx to
14-3-3. Transfection assays indicated that the S367A mutation, in cooperation with Mdm2, enhances the ability
of Mdmx to repress the transcriptional activity of p53. The S367A mutant is more resistant to Mdm2-
dependent ubiquitination and degradation than wild-type Mdmx, and Mdmx phosphorylated at S367 is
preferentially degraded by Mdm2. Several types of DNA damage markedly enhance S367 phosphorylation,
coinciding with increased binding of Mdmx to 14-3-3 and accelerated Mdmx degradation. Furthermore,
promotion of growth of normal human fibroblasts after introduction of Mdmx is enhanced by the S367
mutation. We propose that Mdmx phosphorylation at S367 plays an important role in p53 activation after DNA
damage by triggering Mdm2-dependent degradation of Mdmx.

The major role of the p53 tumor suppressor protein in pre-
venting tumorigenesis is well established (20). Approximately
half of human cancers harbor deletions or inactivating muta-
tions of the p53 gene, and the remainder display thwarted p53
function due to other genetic or functional defects (31, 54).
Therefore, inactivation of the p53 pathway seems to be essen-
tial for development of cancer.

p53 is maintained at low levels in nonstressed cells to allow
normal growth. Once cells are exposed to various forms of
stresses, p53 is stabilized and activated as a sequence-specific
transcription factor (20). Subsequently, activated p53 turns on
multiple target genes, which induce a variety of biological
outcomes such as cell cycle arrest or apoptosis (17). It is likely
that induction of these target genes collectively protects organ-
isms from developing cancer. Therefore, accurate regulation of

p53 activity is crucial to maintain normal growth under non-
stressed conditions and to prevent cells from undergoing on-
cogenic transformation.

A critical regulator of p53 is Mdm2. Mdm2 is the main
protein responsible for maintaining p53 activity at a low level
in nonstressed cells (15, 19, 36). Mdm2 inactivates p53 by
promoting its degradation by functioning as an E3 ubiquitin
ligase, stimulating its nuclear export, and blocking its transcrip-
tional activity (22, 30). Interestingly, the mdm2 gene itself is a
direct transcriptional target of p53, thus forming a negative
feedback loop involving Mdm2 and p53 (5, 56). Mdm2 is over-
expressed in a variety of human cancers, and most of these
cancers retain wild-type p53. Therefore, the mdm2 gene is
regarded as an oncogene that inactivates p53 by its overexpres-
sion (30).

Upon activation of p53 by external or internal stimuli,
inactivation of Mdm2 plays an important role. Internal stim-
uli such as activated oncogenes activate p53 via induction of
the p14ARF tumor suppressor, and it was shown that p14ARF

induces p53 activity by inactivating Mdm2 (44). External
stress, such as DNA damage, activates p53 by phosphorylat-
ing Mdm2 and inhibiting its activity as well as by directly
inducing multiple posttranslational modifications of p53
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itself (24, 26, 45, 49). Thus, Mdm2 is responsible for sensing
a variety of cellular stresses and delicately modulating p53
activity.

The Mdm2-related protein Mdmx is another key negative
regulator of p53 function. The importance of Mdmx on nega-
tive regulation of p53 is underscored by the fact that the em-
bryonic lethal phenotype manifested by mdmx-null mice is
rescued by p53 deficiency (10, 29, 33). Similar to Mdm2, Mdmx
is overexpressed in a wide spectrum of human tumors that
retain wild-type p53 (7, 37, 38). Thus, accumulating data indi-
cate that mdmx is another oncogene that inactivates p53 upon
overexpression.

Mdmx is related to Mdm2 in its structure and, like Mdm2,
can inhibit transcriptional activity of p53 via direct binding at
the N-terminal domain of p53 (46). In contrast to Mdm2, the
mechanism by which Mdmx inhibits p53 activity is not well
understood. Mdmx does not show robust E3 ubiquitin ligase
activity toward p53 and is unable to target p53 for ubiquitin-
dependent proteolytic degradation (14, 47). It was reported
that Mdmx reduces p53 acetylation (7, 39), which may contrib-
ute to p53 inhibition by Mdmx.

It was demonstrated that Mdmx regulates Mdm2 as well as
p53; Mdmx stabilizes Mdm2 and p53 (12, 14, 43, 47) and
augments the ubiquitinase activity of Mdm2 toward p53 (3, 23,
47). On the other hand, a number of reports indicate that
Mdmx in turn is regulated by Mdm2 and p53. Activated p53
stimulates Mdmx cleavage by caspase-3 (11), and Mdm2 tar-
gets Mdmx for ubiquitination and degradation (8, 16, 32). In
addition, Mdm2 and p53 induce nuclear import of Mdmx (12,
21, 28). Thus, intricate feedback loops exist between p53,
Mdm2, and Mdmx (15).

In contrast to Mdm2, it is not clear if inactivation of Mdmx
is involved in p53 accumulation in response to various stimuli.
It was shown that DNA damage induces Mdmx nuclear trans-
location (21) and Mdm2-dependent degradation of Mdmx
(16). However, it remains unclear if nuclear transport or deg-
radation of Mdmx impacts on p53 activity.

In order to gain further insight into the mechanisms of
Mdmx regulation, we searched for a novel protein(s) that phys-
ically interacts with Mdmx. We found that several isoforms of
14-3-3 proteins bind to Mdmx and that binding of 14-3-3 is
regulated by Mdmx phosphorylation at serine 367 (S367). S367
phosphorylation facilitates its degradation by Mdm2, while
mutating S367 to alanine enhances the ability of Mdmx to
inhibit transcriptional activity of p53 and promotes cell growth
of normal fibroblasts. Furthermore, we demonstrate that DNA
damage induces S367 phosphorylation and that the induction
of the phosphorylation is associated with increased binding of
Mdmx to 14-3-3 and shortening of the half-life of Mdmx. We
discuss how DNA damage-induced phosphorylation of Mdmx
at S367 can contribute to p53 activation.

MATERIALS AND METHODS

Plasmids. The expression vectors encoding hemagglutinin (HA)-tagged hu-
man p53 (pCMV-HA p53), Flag-tagged human Mdm2, His-tagged ubiquitin,
pBax-luc, and pAIP1-luc were previously described (30a, 45). To create Flag-
tagged human wild-type Mdmx (Flag-Mdmx), full-length human mdmx cDNA
was amplified by PCR with primers (5�-ATATGGTACCGTGACATCATTTTC-
CACCTCT-3� and 5�-TATAAGCTTTTATGCTATAAAAACCTTAATAA-3�),
digested with KpnI and HindIII, and ligated in frame into the simian virus
40-driven vector with Flag tag (35) digested with KpnI and HindIII. The Flag-

tagged Mdmx mutants with alanine substitutions (Flag-S367A, Flag-D361A, and
Flag-C463A) were created using the Quikchange site-directed mutagenesis kit
(Stratagene) according to the manufacturer’s instructions. The double mutants
of Flag-Mdmx (Flag-S367A/D361A and Flag-S367A/C463A) were created by
sequentially performing site-directed mutagenesis.

To create pCMV-Myc-Hdm2, full-length human mdm2 cDNA was amplified
by PCR with primers (5�-ATAGAATTCTGGTGAGGAGCAGGCAA-3� and
5�-TATCTCGAGCTAGGGGAAATAAGTTAGCA-3�), digested with EcoRI
and XhoI, and inserted in frame into the corresponding sites of pCMV-Myc
(Clontech). To create pCMV-HA-14-3-3ε, full-length human 14-3-3ε cDNA was
amplified by PCR with primers 5�-ATAGAATTCTGGATGATCGAGAGG
ATC and 5�-TATCTCGAGTCACTGATTTTCGTCTTCC-3�, digested with
EcoRI and XhoI, and inserted in frame into the corresponding sites of
pCMV-HA (Clontech). To create pBabe-hygro-Flag-Mdmx-wt and pBabe-
hygro-Flag-Mdmx-S367, Flag-tagged full-length Mdmx or its S367A mutant
was amplified by PCR with primers (5�-TATGGATCCGCCGCCACCATG
GACT-3� and 5�-TATGTCGACTTATGCTATAAAAACCTTAATAA-3�) us-
ing Flag-Mdmx and Flag-S367 as a template, respectively. Subsequently ampli-
fied DNA was digested with BamHI and SalI, and ligated into the corresponding
sites of pBabe-hygro.

Antibodies. The anti-Flag antibody (M2) conjugated with agarose and anti-
Actin antibody were purchased from Sigma. Anti-14-3-3� antibody was pur-
chased from Calbiochem. Anti-HA antibody was purchased from Covance. Anti-
Flag (M2), anti-Myc tag (9E10), anti-14-3-3ε, anti-14-3-3�, anti-14-3-3 (K-19),
and anti-Mdmx antibody (D-19) were purchased from Santa Cruz. Monoclonal
anti-Mdmx antibodies 6B1A, 11F4D, and 12G11G were previously described
(48). Monoclonal antibodies 3G12 and 7C8 were raised against purified gluta-
thione S-transferase (GST)–Mdmx fusion proteins (K. Okamoto, unpublished
data). A mixture of 6B1A, 11F4D, 12G11G, 3G12, and 7C8 was used for Western
blot analysis described for Fig. 3B. Anti-LacZ antibody was purchased from
Abcam. The anti-phospho-S367 polyclonal antibody was raised against a phos-
phopeptide corresponding to the sequences that span serine 367 (RTISAPV-
VRPC [phosphorylated serine is underlined]). The anti-phospho-S367 polyclonal
antibody was further purified as described before (51).

Cells. BJ and WI-38 cells were obtained from the American Type Culture
Collection. p53/Mdmx-deficient mouse embryonic fibroblasts (p53�/�/mdmx�/�

MEFs) were previously described (29). CV-1, H1299, and COS-1 cells were
maintained in Dulbecco’s modified Eagle’s medium (Sigma) supplemented with
10% fetal calf serum (GIBCO BRL). WI-38, BJ, and p53�/�/mdmx�/� MEFs
were maintained in Dulbecco’s modified Eagle’s medium (GIBCO) supple-
mented with 10% fetal calf serum (GIBCO BRL), 2 mM glutamine, and 0.1 mM
�-mercaptoethanol.

DNA transfection. In DNA transfection experiments using H1299, COS-1,
CV-1 and MEF cells, 1 �g of DNA, and 3 �l of Fugene6 reagent (Roche) were
introduced per 1.0 � 105 cells. Cells were then incubated for 48 h (COS-1 and
CV-1) or 24 h (H1299 and MEFs) before harvest.

Retrovirus-mediated gene transfer. pBabe-hygro, pBabe-hygro-Flag-Mdmx-
wt, or pBabe-hygro-Flag-Mdmx-S367 was used for preparation of amphotropic
retroviruses as previously described (25). WI-38 or BJ cells were infected with
retroviruses as described before (42), and hygromycin-resistant cells were se-
lected with medium containing 150 �g/ml hygromycin for 4 days. Selected cells
were then used for growth assays under the 3T3 protocol.

Purification of Mdmx-binding proteins. Flag-Mdmx was introduced into
COS-1 cells by DNA transfection. For transfection in a large scale, 300 �g of
DNA and 900 �l of fugene6 reagent (Roche) were introduced per 3.0 � 107 cells;
48 h after transfection, cells were lysed in MBP buffer (50 mM Tris, pH 7.5,
200 mM NaCl, 0.5% Tween 20, 10% glycerol, and 1 mM EDTA) supplemented
with protease inhibitor cocktail (10 �g/ml antipain, 10 �g/ml leupeptin, 10 �g/ml
pepstatin, 10 �g/ml chymostatin, 10 �g/ml E64, 10 �g/ml phenylmethylsulfonyl
fluoride) and phosphatase inhibitor cocktail (PhI) (0.1 mM Na3VO4, 10 mM
NaF) for 10 min. Lysates were sonicated, centrifuged twice at 20,000 � g for 10
min, and supernatant were agarose conjugated with anti-Flag antibody for 90
min. Anti-Flag immunoprecipitates were then washed two times with MBP buffer
supplemented with protease inhibitor, PhI and 0.8 M NaCl, and four times with
MBP buffer supplemented with protease inhibitor and PhI. Subsequently, Flag-
Mdmx was eluted with Flag peptide (Sigma), and the eluent were concentrated
by acetone precipitation. Flag-tagged proteins and copurified proteins were then
separated by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis
(PAGE) and visualized by Coomassie staining. Proteins that were bound to
Flag-Mdmx were eluted from the gel and used to determine their peptide
sequences by mass spectrometry.

Immunoprecipitation and Western blot analysis. For immunoprecipitation of
cell lysates, cells were washed in phosphate-buffered saline and lysed in 200-NP
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buffer (50 mM Tris-HCl, pH 7.5, 200 mM NaCl, 0.5% Nonidet P-40, 10%
glycerol, 1 mM EDTA, 1 mM dithiothreitol) supplemented with protease inhib-
itor cocktail and PhI cocktail. In addition, the buffer was supplemented with
1 mg/ml N-methylmaleimide (Sigma), except for experiments described for Fig.
1B and 2B. Lysates were then centrifuged at 20,000 � g for 10 min, and super-
natants were incubated with appropriate antibodies in the presence of protein
G-Sepharose (Pharmacia) for 2 h. Immunoprecipitates were then washed four
times with 200-NP buffer.

For Western blotting analysis, immunoprecipitates were boiled in Laemmli
sample buffer, separated by SDS-PAGE, and transferred to polyvinylidene di-
fluoride membranes (Millipore). Membranes were blocked with 10% nonfat
dried milk in TBST (20 mM Tris-HCl [7.5], 140 mM NaCl, 0.1% Tween 20) and
probed with appropriate antibodies. In experiments described for Fig. 6 and 7A,
RIPA buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1% Nonidet P-40, 0.1%
sodium dodecyl sulfate, 0.5% sodium deoxycholic acid, 1 mM dithiothreitol) was
used instead of 200-NP buffer.

Cycloheximide chase assay. H1299 cells were transiently transfected using
Fugene 6. 24 h after transfection, culture medium was replaced by growth
medium supplemented with cycloheximide (50 �g/ml). Cells were harvested at 0,
2, 4, or 6 h after addition of cycloheximide, and lysates from cycloheximide-
treated cells were analyzed by Western blot analyses. Levels of Flag-Mdmx and
LacZ were quantified using NIH image software, and the effect of the the S367A
mutation on these proteins was calculated as described in the legends.

In vivo ubiquitination assay. At 24 h after transfection, cells were treated with
50 �M MG132 for 3 h. Lysis of the cells and the purification of His-tagged
proteins were performed as described before (8). Purified proteins conjugated
with (His)6-ubiquitin were analyzed by Western blot analyses.

In vitro GST pull-down assay. GST and different GST–14-3-3 fusion proteins
were expressed in bacteria and purified on glutathione-Sepharose; 1 �g of GST
fusion protein was incubated with lysates prepared from neocarzinostatin-treated
or untreated MCF-7 cells. The mixture was rotated for 2 h at 4°C and washed
three times with Giordano lysis buffer (27). Proteins copurified on the Sepharose
were separated on SDS-PAGE gels and used for Western blot analyses.

RESULTS

14-3-3 proteins associate with Mdmx. In order to gain in-
sight into the mechanisms by which Mdmx function is regu-
lated, we set out to identify novel Mdmx-binding protein(s).
Constructs expressing wild-type Flag-tagged human Mdmx
(Flag-Mdmx) or Flag-tagged human Mdm2 (Flag-Mdm2) were
transfected into COS-1 cells, and lysates from transfected cells
were used to purify Flag-tagged proteins on agarose conju-
gated with anti-Flag antibody. Subsequently, polypeptides that
were copurified with Flag-tagged proteins were separated on
an SDS-PAGE gel. Silver staining of the gel revealed three
prominent polypeptides (	30 kDa) that were specifically bound
to Mdmx (Fig. 1A).

After large-scale copurification of Mdmx binding proteins,
the identity of these polypeptides was determined by mass
spectrometry. Analyses of oligopeptides derived from these
endogenous proteins revealed that all of these polypeptides
belong to a family of 14-3-3 proteins. The 14-3-3 family is
composed of seven isoforms in mammals (�, �, ε, 
, �, �, and
�), and each member is involved in unique yet overlapping
functions in cells (9, 52). The polypeptide that migrated more
slowly than the others corresponds to 14-3-3ε, while the other
two polypeptides that migrated faster as a doublet correspond
to 14-3-3� and 14-3-3� (Fig. 1A). Binding of these 14-3-3 pro-
teins to Mdmx was further confirmed by Western blot analyses
(Fig. 1B).

Inspection of the amino acid sequences of human and mouse
Mdmx revealed that they both harbor consensus motifs for
binding of 14-3-3 (9, 52) that spans from amino acids 363 to
369 (Fig. 2A). In contrast, Mdm2 does not harbor a 14-3-3

consensus sequence, and failed to bind 14-3-3 proteins (Fig. 1A
and 1B).

When we performed Western blot analyses under the same
conditions as described for Fig. 1B, we also detected associa-
tion of Mdmx with 14-3-3�, 14-3-3�, and 14-3-3� (data not
shown). 14-3-3
 expression was barely detectable, and associ-
ation of Mdmx with 14-3-3
 was not determined (data not
shown). Thus, Mdmx associates with many isoforms of the
14-3-3 family.

Alanine substitution at serine 367 abolishes binding of
Mdmx to 14-3-3. It is well documented that, in many cases, the
conserved serine residue of the 14-3-3-binding consensus se-
quence (Fig. 2A) is phosphorylated in vivo, and that 14-3-3
binds preferentially to target proteins that are phosphorylated
at this serine residue (9, 52). Thus, serine phosphorylation at
the 14-3-3 binding site regulates functions of the target pro-
teins by facilitating association between 14-3-3 and its targets.

In order to determine if binding of 14-3-3 to Mdmx is de-
pendent on integrity of the conserved serine residue (S367) at
the 14-3-3 binding consensus site, we created a mutant form of
Mdmx in which S367 is substituted by alanine (S367A) (Fig. 2A).
We transfected either wild-type Flag-Mdmx or its S367A mu-
tant alone or together with HA-tagged 14-3-3ε (HA–14-3-3ε)
into cells and determined if the S367A mutation inhibits inter-
action between Mdmx and 14-3-3 by Western blot analyses. As
expected, the S367A mutation abolished binding of Flag-
Mdmx to HA–14-3-3ε (Fig. 2B). Next we transfected either
wild-type Flag-Mdmx or the S367A mutant into COS-1 cells,
and examined if the the S367A mutation affects the association
between transfected Mdmx and endogenous 14-3-3 proteins.

FIG. 1. 14-3-3 proteins bind to Mdmx. (A) Flag-Mdmx, Flag-
Mdm2, or a control vector was transfected into COS-1 cells, and lysates
prepared from transfected cells were used to purify Flag-tagged pro-
teins on anti-Flag affinity columns as described in Materials and Meth-
ods. Polypeptides copurified with Flag-tagged proteins were separated
on an SDS-PAGE gel and visualized by silver staining. (B) Polypep-
tides copurified with Flag-tagged proteins as described for panel A
were separated on an SDS-PAGE gel, and Western blot analyses were
performed with anti-Flag antibody (M2), or with anti-14-3-3 antibodies
which detect the indicated isoforms.
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As already presented in Fig. 1A, silver staining of proteins
copurified with Mdmx demonstrated that wild-type Mdmx was
capable of binding to endogenous 14-3-3 proteins (Fig. 2C,
lane 2). In contrast, the S367A mutant was defective in binding
to these proteins (Fig. 2C, lane 3). These data indicate that the
S367A mutation abolishes binding between Mdmx and 14-3-3
proteins.

S367 is phosphorylated in vivo. Abolishment of Mdmx–14-
3-3 interaction by mutation of S367 strongly suggests that
this residue is phosphorylated in vivo. Therefore, we raised
an antibody that specifically reacts with phosphorylated
S367 (anti-P-S367). We validated specificity of the antibody
by its loss of reactivity with Mdmx by the S367A mutation
(Fig. 3A) and after phosphatase treatment of immunopre-
cipitated Mdmx (see Fig. S1 in the supplemental material).
Using anti-P-S367, we determined if S367 of Mdmx is phos-
phorylated by Western blot analyses. We found that, after
retrovirus-mediated transfer of wild-type Flag-Mdmx into
WI-38 cells, the ectopically expressed Mdmx was phosphor-
ylated at S367 and bound to 14-3-3 (Fig. 3A, lane 2). In
contrast, neither S367 phosphorylation nor interaction with
14-3-3 was observed after introduction of the S367A mutant
(Fig. 3A, lane 3).

In addition to WI-38, we also used two different cell lines,

FIG. 2. Alanine substitution at S367 of Mdmx abolishes binding of 14-3-3 proteins to Mdmx. (A) Mdmx harbors an amino acid sequence
that matches known 14-3-3 binding motifs. Previously reported consensus sequences for 14-3-3 binding sites are shown in the upper part of
the figure (RXXXSXP and RSXSXP) (9), and aligned with amino acid sequences from human and mouse Mdmx. Amino acid sequences that
match 14-3-3 binding motifs are underlined. The putative phosphorylation site (serine 367) is indicated by an arrow. (B) Wild-type
Flag-Mdmx, the Flag-S367A mutant Mdmx, or the control vector was transfected into H1299 cells alone or together with HA–14-3-3ε.
Lysates from transfected cells were used to immunoprecipitate Flag-Mdmx proteins with anti-Flag antibody or HA–14-3-3ε proteins with
anti-HA antibody. The anti-Flag immunoprecipitates, the anti-HA immunoprecipitates, or total lysates were then analyzed by Western blot
analyses with anti-Flag antibody or anti-HA antibody. (C) The control vector, wild-type Flag-Mdmx, or the S367A mutant was transfected
into COS-1 cells, and lysates from transfected cells were used to purify Flag-Mdmx on agarose conjugated with anti-Flag antibody as
described for Fig. 1A. Proteins copurified with Flag-Mdmx were visualized by silver staining. Polypeptides corresponding to the 14-3-3
proteins are shown by arrows.

FIG. 3. S367 of Mdmx is phosphorylated in vivo. (A) WI-38 cells
were infected with the control viruses or retroviruses that express
wild-type Flag-Mdmx or the S367A mutant. After selection of infected
cells by hygromycin resistance, lysates from infected cells were used for
immunoprecipitation (IP) with anti-Flag antibody. Total lysates or
the anti-Flag immunoprecipitates were then analyzed by Western blot
analyses with anti-Flag antibody, anti-phospho-S367 antibody, or an
anti-14-3-3 antibody that detects all isoforms (K-19). (B) Lysates from
MCF-7 cells were immunoprecipitated with anti-Mdmx antibody
(D-19; Santa-Cruz) and analyzed by Western blot analyses with a
mixture of monoclonal anti-Mdmx antibodies (see Materials and
Methods) or anti-phospho-S367 antibody.
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COS-1 and CV-1, to examine whether S367 is phosphorylated
after introduction of Mdmx into cells by DNA transfection. In
both cell lines, we found that wild-type Mdmx was phosphor-
ylated on S367, and that the S367A mutation abolished both
S367 phosphorylation and binding to 14-3-3 (data not shown).
Thus, in three different cells, S367 is phosphorylated after
exogenous introduction of Mdmx, and the S367A mutation
abolishes both S367 phosphorylation and binding of Mdmx to
14-3-3. These data indicate that, like other 14-3-3 binding pro-
teins, serine phosphorylation at the binding consensus se-
quence induces binding of 14-3-3 to Mdmx. Of note, aspartate
mutation at S367 (S367D), as well as S367A, abolished binding
of Mdmx to 14-3-3 (see Fig. S2 in the supplemental material).
Presumably conformational change rather than a mere in-
crease of negative charge at the 367 residue is necessary for
binding of 14-3-3 to Mdmx phosphorylated at S367.

In order to determine if endogenous Mdmx is phosphory-
lated at S367 in vivo, we examined S367 phosphorylation in
MCF-7 cells, which express high levels of endogenous Mdmx
(7). Western blot analyses of anti-Mdmx immunoprecipitates

indicated that S367 of endogenous Mdmx was phosphorylated
in MCF-7 (Fig. 3B). Therefore, at least a fraction of S367 is
phosphorylated at S367 under normal growth conditions.

The S367A mutation of Mdmx augments cooperative repres-
sion of p53-dependent transcriptional activation by Mdm2
and Mdmx. It was reported that Mdmx inhibits transcriptional
activation by p53 (14, 46). In order to evaluate the potential
effects of Mdmx S367 phosphorylation on transcriptional acti-
vation by p53, we determined the effect of either wild-type
Mdmx or the S367A mutant on transactivation of the p53-
responsive promoters (Fig. 4). Because it was reported that
Mdm2 cooperates with Mdmx to inhibit transcriptional activity
of p53 (12), we initially performed the transfection experi-
ments both in the presence and the absence of Mdm2 in p53-
deficient cells (H1299).

In order to clearly demonstrate the potential cooperative
effect of Mdm2 and Mdmx on p53 activity, we determined the
maximum amounts of transfected Mdm2 that did not cause
significant reduction of p53 activity in the absence of trans-
fected Mdmx. We found that cotransfection of p53 together

FIG. 4. Cooperative repression of p53 transcriptional activity by Mdmx and Mdm2 is augmented by the S367A mutation. H1299 cells (A, B,
C, and D) or p53�/�/Mdmx�/� MEFs (E and F) were transfected with HA-p53, Renilla luciferase control vector, and firefly luciferase vector linked
to the aip1 (A, B, E, and F) or the bax (C and D) promoter, together with (B, D, and F) or without (A, C, and E) Myc-Mdm2. Increasing amounts
of wild-type Flag-Mdmx or the S367A mutant were cotransfected as indicated at the bottom of each graph. In experiments with Mdm2
cotransfection (B, D, and F), 100 ng (B and D) or 200 ng (F) of Myc-Mdm2 was introduced. In all experiments, 50 ng of HA-p53 was transfected
and the total amount of DNA was adjusted to 2 �g with pBluescript plasmid (Stratagene); 24 h after transfection, cells were lysed and luciferase
activity was measured using the dual-luciferase assay system (Promega). Mean values (standard deviation) from three independent experiments
were determined. Basal promoter activity expressed in the absence of HA-p53 was measured and subtracted in each experiment. Values presented
were calculated as follows: value from cells transfected with indicated amount of Mdmx/value from cells transfected without Mdmx.
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with moderate excess amounts of Mdm2 (p53 to Mdm2, 1:2)
caused only marginal reduction (11%) of luciferase activity
from the p53-responsive promoter (aip1) in H1299 cells. The
amounts of Mdm2 thus determined were used in the cotrans-
fection experiments.

In the presence of cotransfected Mdm2, we observed mod-
erate reduction of luciferase activity from two p53-responsive
promoters (the aip1 and the bax promoters) by wild-type
Mdmx in H1299 cells. Notably, inhibition of luciferase activity
by Mdmx was enhanced approximately by twofold when the
S367A mutation was introduced (Fig. 4B and D), indicating
that the S367A mutation augments the ability of Mdmx to
repress transactivation by p53.

In contrast, in the absence of cotransfected Mdm2, we did
not observe a significant reduction of luciferase activity from
the aip1 or the bax promoter either by wild-type Mdmx or
the S367A mutant under the same experimental conditions
(Fig. 4A and C). These data indicate that Mdm2 and Mdmx
cooperatively repress transcriptional activity of p53, and that
the S367A mutation augments such cooperative repres-
sion of p53.

Next, we examined the effect of the S367A mutation in cells
that are deficient in Mdmx or Mdm2. After cotransfection
under conditions similar to those described for Fig. 4A and B,
we measured luciferase activity from the aip1 promoter in
p53�/�/mdmx�/� MEFs or p53�/�/mdm2�/� fibroblasts. Again

we observed that the S367A mutation enhanced functional
cooperation between Mdmx and Mdm2 to repress transactiva-
tion by p53 in p53�/�/mdmx�/� MEFs (Fig. 4E and F) and
p53�/�/mdm2�/� fibroblasts (data not shown). Thus, enhance-
ment of Mdmx function by the S367A mutation is not medi-
ated by augmenting the activity of endogenous wild-type
Mdmx or endogenous Mdm2, and the S367A mutant per se
possesses higher activity to repress p53 function.

S367A mutant is resistant to Mdm2-dependent degradation
of Mdmx. Enhanced repression of p53 by the S367A mutant
prompted us to investigate its biochemical mechanism. In
order to determine if the S367A mutation affects levels of
introduced p53, Mdm2, or Mdmx, we first performed DNA
transfection under the experimental conditions described for
Fig. 4B and 4D in which the effect of S367 mutation on p53 was
clearly observed, and determined levels of these proteins in
H1299 cells.

In agreement with published data, levels of introduced Mdm2
increased after introduction of wild-type Mdmx (Fig. 5A, lanes
1 and 2). However, the S367A mutation did not cause a further
increase the levels of Mdm2 (Fig. 5A, lanes 2 and 3). Likewise,
the S367 mutation did not affect p53 levels (Fig. 5A, lanes 2
and 3). Therefore, it is not likely that enhanced activity of
Mdmx by the S367A mutation depends on changes in the levels
of Mdm2 or p53.

In contrast, levels of Mdmx with the S367A mutation were

FIG. 5. Characterization of the Mdmx mutants. (A) H1299 cells were transfected with 100 ng of Myc-Mdm2 and 50 ng of HA-p53 together with
200 ng of wild-type Flag-Mdmx, the indicated Flag-Mdmx mutant, or the control vector. Lysates from transfected cells were used for immuno-
precipitation (IP) with anti-Flag antibody, and the anti-Flag immunoprecipitates or total lysates were analyzed by Western blot analyses with
anti-Flag antibody, anti-Myc antibody, or anti-HA antibody. (B) H1299 cells were cotransfected as described for Fig. 4. Increasing amounts of
wild-type Flag-Mdmx or indicated Mdmx mutant were transfected together with Myc-Mdm2, HA-p53, Renilla luciferase control vector, and firefly
luciferase vector linked to the aip1 promoter. Normalized values are calculated from luciferase activity and presented as described for Fig. 4.
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higher than wild-type Mdmx (Fig. 5A, lanes 2 and 3), suggest-
ing that increased levels of Mdmx may explain the stronger
inhibition of the p53 activity by the S367A mutant. Because the
effect of the S367A mutation on transcriptional activity of p53
can be observed only if Mdm2 is cointroduced (Fig. 4), we
examined whether the increased levels of Mdmx by the S367A
mutation are caused by coexpression of Mdm2. We deter-
mined levels of wild-type Mdmx and the S367A mutant in
either the presence or the absence of cotransfected Mdm2.
Mdm2 introduction caused reduction of wild-type Mdmx
(Fig. 6A, lanes 1 and 2), whereas the S367A mutant was resis-
tant to the Mdm2-dependent decrease (Fig. 6A, lanes 3 and 4).
The resistance of the S367A mutant to Mdm2-mediated inhi-
bition of Mdmx was also demonstrated in p53�/�mdmx�/�

MEFs (see Fig. S3 in the supplemental material). Thus, the effects
of the S367A mutation on levels of Mdmx parallel its effects on
the transactivating function of p53, strongly suggesting that the
resistance of the S367A mutant to inhibition by Mdm2 is respon-
sible for the increased ability of the mutant to repress p53.

The RING finger domain of Mdmx is responsible for its
binding to Mdm2 (43, 50) and for its ubiquitination and deg-
radation by Mdm2 (8, 23, 32). We examined if integrity of this
domain is necessary for Mdm2-dependent inhibition of Mdmx
in our experimental conditions. Mutation at C463, in which
cysteine is substituted by alanine (C463A), compromises the
integrity of the RING finger domain of Mdmx (23). Upon
testing the mutant Mdmx (C463A), we found that it markedly
reduced the affinity of Mdmx for Mdm2 (Fig. 5A, lane 4), and
completely neutralized the ability of the S367A mutant to
cooperate with Mdm2 to inhibit transcriptional activity of p53
(Fig. 5B). We also found that the C463A mutant was resistant
to Mdm2-dependent inhibition (Fig. 6A, lanes 5 and 6), Thus,
an intact Mdmx RING finger domain, which is needed for the
Mdmx/Mdm2 interaction, is required for Mdm2-dependent in-
hibition of Mdmx.

S367A mutant is resistant to Mdm2-mediated proteasomal
degradation. It was previously demonstrated that Mdm2 pro-

FIG. 6. S367A is resistant to Mdm2-mediated degradation of Mdmx. (A) We transfected 200 ng of wild-type Flag-Mdmx or its mutants (S367A
or C463A) into H1299 cells together with the LacZ expression vector (pCH110), with or without 100 ng of Myc-Mdm2; 24 h after transfection,
lysates prepared from transfected cells were used for Western blot analyses with anti-Flag antibody, anti-LacZ antibody, or anti-Myc antibody.
(B) Wild-type Flag-Mdmx was transfected into H1299 cells together with the LacZ expression vector, with or without Myc-Mdm2 as described for
panel A; 24 h after transfection, cells were incubated with proteasome inhibitors (30 �M ALLN, 50 �M MG132, plus 50 �M LLnL) or dimethyl
sulfoxide (DMSO) for an additional 5 h. Western blot analyses were performed as described for panel A. (C) S367A mutation stabilizes Mdmx
in the presence of Mdm2. (Upper panel) Wild-type Flag-Mdmx or the S367A mutant was transfected into H1299 cells together with the LacZ
expression vector and Myc-Mdm2 as described for Fig. 6A; 24 h after transfection, 50 �g/ml of cycloheximide (CHX) was added to the medium,
and cells were harvested at the indicated times. Lysates prepared from cycloheximide-treated cells were used for Western blot analyses with
anti-Flag antibody or anti-LacZ antibody. (Bottom panel) Levels of introduced LacZ and Mdmx shown in the upper panel were quantified, and
the wild-type/S367A ratio (values from cells transfected with wild-type Mdmx/values from cells transfected with the S367A mutant) was calculated
at each time point. Each calculated value was normalized such that the wild-type/S367A ratio at 0 h is presented as 1.0.
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motes Mdmx ubiquitination and targets it for proteasomal
degradation (8, 16, 32). In order to determine if the reduction
of levels of wild-type Mdmx by Mdm2 presented in Fig. 6A is
mediated via proteasomal degradation, we introduced wild-
type Mdmx alone or together with Mdm2 in either the absence
or the presence of proteasome inhibitors. As already demon-
strated in Fig. 6A, Mdm2 showed reduced levels of wild-type
Mdmx in the absence of proteasome inhibitors (Fig. 6B, lanes
3 and 4). In contrast, reduction of wild-type Mdmx by Mdm2
was blocked in their presence (Fig. 6B, lanes 1 and 2), indicat-
ing that inhibition of wild-type Mdmx by Mdm2 is mediated by
proteasome-mediated degradation.

It was previously shown that the half-life of wild-type Mdmx
is markedly decreased in the presence of Mdm2 (8). In order
to confirm that Mdm2 promotes degradation of wild-type
Mdmx, the stability of introduced Mdmx was determined by a
cycloheximide chase assay in the presence of Mdm2 (Fig. 6C).
Either wild-type Flag-Mdmx or the S367A mutant was trans-
fected into H1299 cells together with Mdm2 and lacZ, and
transfected cells were further incubated with cycloheximide
for 0 to 6 h. Subsequently, levels of Flag-Mdmx and LacZ in
transfected cells before and after treatment with cycloheximide
were determined by Western blot analyses to evaluate the
stability of Flag-Mdmx and LacZ (8).

The results indicate clearly that the levels of wild-type Mdmx
decreased more rapidly than those of the S367A mutant, while
the stability of LacZ (Fig. 6C) as well as Mdm2 (data not
shown) was similar in these transfections. Combined with the
results described in Fig. 6A and 6B, these results indicate that
the S367A mutation protects Mdmx from Mdm2-dependent
proteasomal degradation.

Mdmx phosphorylated at S367 is preferentially degraded by
Mdm2. The resistance of the S367A mutant to Mdm2-depen-
dent degradation suggests that S367 phosphorylation facilitates
degradation of Mdmx by Mdm2. In order to examine if Mdm2
preferentially targets Mdmx phosphorylated at S367 for deg-
radation, we introduced wild-type Mdmx alone or together
with Mdm2 into H1299 cells, and determined if the fraction of
Mdmx phosphorylated at S367 relatively decreased in the pres-
ence of Mdm2 (Fig. 7A). Approximately equal amounts of
immunoprecipitated Flag-Mdmx were used to compare the
extent of S367 phosphorylation. Concomitantly with degrada-
tion of Mdmx by Mdm2 (Fig. 6A and 6B), the fraction of
Mdmx phosphorylated at S367 decreased markedly (Fig. 7A,
lanes 2 and 3). Furthermore, proteasome inhibitors blocked
Mdm2-dependent reduction of a fraction of Mdmx phosphor-
ylated at S367 (Fig. 7A, lanes 1 and 3). These results indicate
that Mdmx phosphorylated at S367 is a preferred target for

FIG. 7. S367 phosphorylation facilitates Mdm2-dependent degradation of Mdmx, and the S367A mutant is resistant to Mdm2-mediated
ubiquitination. (A) Mdmx phosphorylated at S367 is preferentially degraded by Mdmx. Wild-type Flag-Mdmx was transfected into H1299 cells
alone or together with Myc-Mdm2 as described for Fig. 6B; 24 h after transfection, cells were incubated with proteasome inhibitors as described
for Fig. 6 or dimethyl sulfoxide for an additional 5 h. Subsequently, lysates prepared from transfected cells were used to immunoprecipitate
Flag-Mdmx with anti-Flag antibody. Approximately equal amounts of immunoprecipitated Flag-Mdmx were used for Western blot analyses with
anti-Flag antibody or anti-phospho-S367 antibody. (B) Either wild-type Flag-Mdmx or the S367A mutant was transfected into H1299 cells together
with (His)6-tagged ubiquitin (His-Ub), with or without Myc-Mdm2; 24 h after transfection, cells were incubated with a proteasome inhibitor (50
�M MG132) for an additional 3 h. Subsequently, cells were lysed with a buffer containing 8 M urea, and lysates were used to purify His-ubiquitin
on Ni-NTA-agarose (QIAGEN). Flag-Mdmx or Myc-Mdm2 conjugated with His-ubiquitin was detected by Western blot analyses with anti-Flag
antibody or anti-Myc antibody, respectively.
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Mdm2-dependent proteasomal degradation. Taken together,
our data demonstrate that S367 phosphorylation promotes
Mdm2-dependent degradation of Mdmx.

S367A Mdmx mutant is resistant to Mdm2-dependent ubiq-
uitination. Next, we attempted to determine whether the S367A
mutation inhibits Mdm2-dependent degradation of Mdmx by
blocking Mdmx ubiquitination by Mdm2. Either wild-type or
the S367A mutant versions of Flag-tagged Mdmx were intro-
duced into H1299 cells together with Myc-Mdm2, and the
extent of Mdmx ubiquitination was determined by Western
blot analyses. In order to facilitate detection of ubiquitinated
Mdmx, (His)6-tagged ubiquitin was cotransfected. Subse-
quently we purified His-ubiquitin from lysates prepared from
transfected cells and subjected them to Western blot analyses,
probing with anti-Flag antibodies (Fig. 7B, upper panel). In the
presence of transfected Mdm2, we observed polyubiquitination
of wild-type Mdmx that was detected as slower-migrating
forms of Mdmx (Fig. 7B, lane 3). In contrast, we did not
observe significant polyubiquitination of the S367 mutant un-
der the same conditions (Fig. 7B, lane 4). In the absence of
transfected Mdm2, neither wild-type Mdmx nor the S367A
mutant was ubiquitinated (Fig. 7B, lanes 1 and 2). We also
observed the inhibition of polyubiquitination of Mdmx by S367
mutation if we examined anti-Flag immunoprecipitates after
the cotransfection of Flag-Mdmx, Myc-Mdm2, and His-ubiq-
uitin (see Fig. S4 in the supplemental material). Thus, the S367

mutation blocks Mdm2-mediated ubiquitination of Mdm2.
Note that ubiquitination of Mdm2 itself was not significantly
affected by the S367A mutation, as revealed by Western blot-
ting of Myc-Mdm2 conjugated with His-ubiquitin (Fig. 7B,
lower panel).

Taken together, our results show that S367 phosphorylation
facilitates Mdm2-dependent ubiquitination and degradation
of Mdmx.

S367 phosphorylation is induced by DNA damage. The stim-
ulating effect of the S367A mutation on Mdmx-dependent in-
hibition of p53 activity strongly suggests that S367 phosphory-
lation may function to activate p53. The major stress known to
induce p53 activity in cells is DNA damage. Of note, it was
recently demonstrated that DNA damage profoundly affects
the stability and subcellular localization of Mdmx (16, 21).
Therefore, we examined if treatment of cells with DNA dam-
aging agents can induce S367 phosphorylation in MCF-7 cells,
which express high levels of endogenous Mdmx. Since our data
indicate that Mdmx phosphorylated at S367 is targeted for
proteasomal degradation, MCF-7 cells were pretreated with
MG132 to block potential degradation of the phosphorylated
Mdmx. Subsequently the treated cells were exposed to a vari-
ety of DNA-damaging agents, and lysates prepared from ex-
posed cells were used to determine if S367 phosphorylation
was induced.

Treatment of cells with gamma irradiation or etoposide

FIG. 8. Induction of S367 phosphorylation after DNA damage is associated with increased binding of 14-3-3 to Mdmx and accelerated Mdmx
degradation. (A) MCF-7 cells were preincubated with dimethyl sulfoxide (�MG132) or 20 �M MG132 (�MG132) for 1 hour and then incubated
with 3 �M adriamycin or 20 �M etoposide for the indicated periods. Subsequently lysates prepared from the drug-treated cells were used for
Western blot analyses with anti-Mdmx antibody (D-19; Santa-Cruz) or anti-actin antibody. (B) MCF cells were preincubated with MG132 and
exposed to DNA-damaging compounds as described in A. Cell lysates prepared from the drug-treated cells were used for immunoprecipitation with
anti-Mdmx antibody (D-19). The anti-Mdmx immunoprecipitates or total lysates were used for Western blot analyses with the anti-Mdmx antibody
(D-19), the anti-P-S367 antibody, or anti-14-3-3� antibody (Santa Cruz).
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caused rapid and drastic induction of S367 phosphorylation
(Fig. 8B; see also Fig. S5 in the supplemental material). Treat-
ment with adriamycin or UV also induced S367 phosphoryla-
tion, although the induction was weaker and slower than that
caused by gamma irradiation or etoposide (Fig. 8B; see also
Fig. S5 in the supplemental material). Thus, a variety of DNA
lesions induce S367 phosphorylation of endogenous Mdmx.

Induction of S367 phosphorylation after DNA damage is
associated with increased binding of Mdmx to 14-3-3. The data
presented in Fig. 2 and 3 indicate that S367 phosphorylation of
Mdmx facilitates binding of 14-3-3 to Mdmx. Therefore, we
next examined if the increased binding of 14-3-3 to Mdmx are
associated with induction of S367 phosphorylation observed
after DNA damage. Treatment of MCF-7 cells with adriamycin
or etoposide induced association of 14-3-3 with Mdmx in ac-
cordance with induction of S367 phosphorylation (Fig. 8B).
Thus, induction of S367 phosphorylation after DNA damage is
associated with increased binding of Mdmx to 14-3-3. Further-
more, in vitro GST pulldown assays with various GST–14-3-3
proteins clearly indicated that 14-3-3 preferentially interacted
with Mdmx proteins from lysates prepared from MCF-7 cells
after treatment with neocarzinostatin, a compound that causes
double-strand breaks in DNA (4) (see Fig. S6 in the supple-
mental material). p53 also bound slightly better to 14-3-3 after

DNA damage, in accordance with previously published results
(55). Therefore, DNA damage induces enhanced binding of
Mdmx to 14-3-3 both in vivo and in vitro.

Induction of S367 phosphorylation after DNA damage is
associated with shortening of the half-life of Mdmx. The re-
sults described in Fig. 6 and 7 indicate that S367 phosphory-
lation triggers Mdm2-dependent proteasomal degradation of
Mdmx. Therefore, we next attempted to determine whether
induction of S367 phosphorylation seen after DNA damage is
associated with enhanced degradation of Mdmx. Remarkably,
treatment of MCF-7 cells with adriamycin or etoposide re-
duced levels of Mdmx in the absence of MG132, while the
proteasome inhibitor blocked such reduction (Fig. 8A). It is
likely that reduction of Mdmx levels after etoposide treatment
was caused by enhanced degradation of Mdmx, since etoposide
treatment reduced stability of Mdmx (see Fig. S7 in the sup-
plemental material).

Taken together, treatment of cells with DNA damage in-
duces S367 phosphorylation, binding 14-3-3 to Mdmx, and
degradation of Mdmx with a similar kinetics. Our data support
the model that induced S367 phosphorylation triggers Mdmx
degradation via facilitation of binding of 14-3-3 to Mdmx (see
Fig. 10).

FIG. 9. Introduction of the S367A mutant into normal human fibroblasts causes accelerated cell growth. Young WI-38 cells (A) and
presenescent BJ cells (B) were infected with retroviruses that express wild-type Flag-Mdmx (circles), the S367A mutant (squares), or the control
retroviruses (triangles). After selection of infected cells by hygromycin resistance, cells were grown under the 3T3 protocol. Cells were split every
3 days, and cell numbers were calculated and plotted on a logarithmic scale. Cell counting started at the end of drug selection. Mean values
(standard deviation) from three independent experiments are presented to evaluate growth of the infected cells. The accumulated number of
population doublings is shown on a log scale. Lysates were prepared from infected cells after drug selection, and Western blot analyses were
performed with anti-Flag antibody, antiactin antibody, anti-p53 antibody, and anti-p21 antibody.
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Expression of the S367A mutant causes accelerated cell
growth of normal human fibroblasts. Enhanced suppression of
transcriptional activity of p53 by the S367A mutation suggested
possibility that the S367A mutation may give growth advan-
tages to cells that harbor wild-type p53. To test this, we in-
fected normal human fibroblasts (young WI-38 and presenes-
cent BJ cells) with either control retroviruses or retroviruses
expressing either wild-type or S367A mutant Mdmx (Fig. 9).

In both fibroblast populations, comparison of cells infected
with control viruses and wild-type Mdmx indicated that intro-
duction of wild-type Mdmx gave only marginal growth advan-
tage to these cells. In contrast, WI-38 cells expressing the
S367A mutant grew significantly faster than those introduced
with wild-type Mdmx or the control viruses, while the effect
of the S367A mutation was striking in presenescent BJ cells
(Fig. 9B). Remarkably, levels of p21, one of a key transcrip-
tional target of p53, were clearly reduced by the S367A muta-
tion, while p53 levels were not significantly affected (Fig. 9B).
Our data thus indicate that the S367A mutation promotes cell
growth in normal cells, probably by inhibiting p53 function.

DISCUSSION

Genetic data indicate that Mdmx functions to keep p53
activity at a low level in cells (10, 29, 33). Accordingly, intro-
duction of Mdmx in cells suppresses the transactivating func-
tion of p53 (46). However, how Mdmx functions to inhibit p53
remains obscure, and little is known about how its activity is
regulated. In an attempt to identify new Mdmx-interacting
proteins that may be linked to regulation of Mdmx function,
we found that several isoforms of 14-3-3 (�, �, and ε) bind

Mdmx, and that their association with Mdmx is dependent on
Mdmx phosphorylation at S367.

Through analyses of S367 phosphorylation, several new find-
ings on Mdmx regulation are presented in this paper. First,
S367 phosphorylation facilitates Mdm2-dependent ubiquitina-
tion and degradation of Mdmx. Second, the S367A mutation
enhances the ability of Mdmx to cooperate with Mdm2 to
repress transcriptional activity of p53. Third, S367 phosphory-
lation is induced after DNA damage. Finally, introduction of
the S367A mutant into normal fibroblasts causes enhanced cell
growth. Based on these data, we propose a model for the
mechanism by which S367 phosphorylation of Mdmx regulates
the trans-activating function of p53 (Fig. 10).

Our model depicts how a complicated network formed be-
tween Mdm2, Mdmx, and p53 is regulated by S367 phosphor-
ylation. When Mdmx is not phosphorylated at S367, Mdm2 is
not capable of targeting it for ubiquitination and degradation.
This allows Mdmx to stably exist in cells and, in collaboration
with Mdm2, to suppress p53 function. Once S367 is phosphor-
ylated after DNA damage, Mdmx becomes a substrate for
Mdm2-mediated ubiquitination and degradation. Thus, p53 is
released from suppression by Mdmx and activated.

Mdm2 targets both Mdmx and p53 for degradation. Inter-
estingly, efficient targeting of both substrates by Mdm2 is con-
trolled by phosphorylation of its substrates. Ubiquitination and
degradation of p53 by Mdm2 are inhibited by phosphorylation
at the N-terminal domain of p53 (1, 36), while Mdm2-depen-
dent ubiquitination and degradation of Mdmx are facilitated
by S367 phosphorylation of Mdmx, as presented in this paper.
Thus, in both cases, phosphorylation of the substrates of
Mdm2 leads to p53 activation. p53 phosphorylation at the

FIG. 10. Model of the molecular mechanism of p53 activation by S367 phosphorylation. In cells with low levels of activity of the S367 kinase(s),
Mdm2 and Mdmx cooperatively repress transcriptional activity of p53. After DNA damage induces activation of the S367 kinase(s) and S367
phosphorylation, 14-3-3 binds to Mdmx. Binding of 14-3-3 to Mdmx induces ubiquitination of Mdmx by Mdm2. Ubiquitination of Mdmx causes
its proteasomal degradation and leads to p53 activation.
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N-terminal domain is induced by DNA damage via activation
of ATM/ATR kinases and Chk1/Chk2 kinases (6, 13, 40). In-
terestingly, S367 phosphorylation induced after DNA damage
is blocked by caffeine, an inhibitor of ATM/ATR kinases (41)
(see Fig. S8 in the supplemental material). Of note, Pereg et al.
recently demonstrated that, after DNA damage, phosphoryla-
tion of Mdmx is induced at multiple sites, including S367
(S342, S367, and S403), and that one of the phosphorylation
sites, S403, is a direct target of ATM kinase (34). Therefore, it
is possible that the ATM/ATR kinase pathway plays a major
role in phosphorylation of the N-terminal domain of both p53
and Mdmx at S367.

At this moment, the molecular mechanism of how S367
phosphorylation facilitates Mdm2-mediated ubiquitination is
not clear. We observed that wild-type Mdmx and the S367
mutant showed a similar affinity for Mdm2 in transfected cells
in the presence of MG132 (data not shown). Therefore, it is
not likely that the resistance of the S367A mutant to Mdm2-
mediated ubiquitination is due to reduced interaction between
Mdm2 and the S367A mutant.

Because a direct outcome of S367 phosphorylation is likely
to be binding of 14-3-3 proteins to Mdmx, it is likely that such
binding facilitates Mdmx ubiquitination by Mdm2. 14-3-3 pro-
teins bind a multitude of functionally diverse signaling pro-
teins, and play critical roles in signal transduction pathways
and cell cycle progression (53). One of the many functions
attributed to 14-3-3 is shuttling of its target proteins between
the cytoplasm and nucleus (9, 52, 53). In fact, it was demon-
strated that Mdmx shuttles between these cellular compart-
ments, and that Mdm2 can recruit Mdmx into the nucleus (12,
21, 28). Therefore, it may be possible that degradation of
Mdmx is regulated through its translocation between the cyto-
plasm and the nucleus.

Recently it was demonstrated that Mdmx can be cleaved by
caspase between amino acids 358 and 361, and it was proposed
that this cleavage plays a functional role in p53 regulation (11).
Since the caspase cleavage site is located in the vicinity of S367,
we examined if caspase cleavage of Mdmx is regulated by S367
phosphorylation. The D361A mutation, which renders Mdmx
resistant to caspase cleavage (11), did not inhibit the ability of
the S367A mutant to enhance Mdmx-dependent inhibition of
p53 (Fig. 5B). This is in agreement with the previous report
that the D361A mutation does not affect Mdm2-dependent
degradation of Mdmx (8). Thus, it is not likely that caspase
cleavage of Mdmx is involved in regulation of Mdmx degrada-
tion by Mdm2.

It was reported that p14ARF stimulates Mdm2-dependent
Mdmx ubiquitination and degradation by the proteasome (32).
Interestingly, a splicing variant of Mdmx which lacks the Mdmx
central domain shows increased sensitivity toward Mdm2-
mediated ubiquitination and degradation (8). Thus, stimula-
tion of Mdm2-dependent ubiquitination and degradation of
Mdmx are caused by either S367 phosphorylation, binding of
p14ARF, or deletion of the central domain. It may be possible
that these effectors share the same molecular basis in facilitat-
ing Mdmx ubiquitination. Given that 14-3-3 functions as an
adapter molecule (53) and S367 phosphorylation is required
for interaction between Mdmx and 14-3-3, 14-3-3 binding may
also regulate association between Mdmx and p14ARF or a
protein(s) that interacts with the central domain of Mdmx.

Detailed analyses of these observations may shed light on the
mechanisms by which S367 phosphorylation and 14-3-3 binding
facilitate Mdm2-dependent ubiquitination and degradation
of Mdmx.

In line with our finding that the S367A mutation enhances
the ability of Mdmx to suppress p53, we showed that S367A
causes enhanced growth of normal cells in culture. Interest-
ingly, the effect of the mutant is more striking in presenescent
BJ fibroblasts that show retarded cell growth (Fig. 9B). It was
reported that increased activity of p53 is associated with cell
senescence (2, 18). Therefore, it may be possible that p53 is
more active in presenescent BJ cells, and the potential effect of
the S367A mutant to inhibit p53 becomes more pronounced as
cells enter the presenescent stage and show higher levels of p53
activity. In fact, the S367A mutation decreases levels of p21, a
p53 transcriptional target that plays a crucial role in cell cycle
progression (Fig. 9B). Thus, the S367A mutation may affect
Mdmx function by modulating transcriptional activity of p53 in
BJ cells.

In summary, our data strongly suggest that Mdmx phosphor-
ylation at S367 induced after DNA damage plays an important
role in p53 activation. In future it will be very interesting to
determine the precise mechanism for regulation of S367 phos-
phorylation in response to a variety of cellular stresses that are
known to activate p53.
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