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The p53 tumor suppressor plays a major role in maintaining genomic stability. Its activation and stabili-
zation in response to double strand breaks (DSBs) in DNA are regulated primarily by the ATM protein kinase.
ATM mediates several posttranslational modifications on p53 itself, as well as phosphorylation of p53’s
essential inhibitors, Hdm2 and Hdmx. Recently we showed that ATM- and Hdm2-dependent ubiquitination
and subsequent degradation of Hdmx following DSB induction are mediated by phosphorylation of Hdmx on
S403, S367, and S342, with S403 being targeted directly by ATM. Here we show that S367 phosphorylation is
mediated by the Chk2 protein kinase, a downstream kinase of ATM. This phosphorylation, which is important
for subsequent Hdmx ubiquitination and degradation, creates a binding site for 14-3-3 proteins which controls
nuclear accumulation of Hdmx following DSBs. Phosphorylation of S342 also contributed to optimal 14-3-3
interaction and nuclear accumulation of Hdmx, but phosphorylation of S403 did not. Our data indicate that
binding of a 14-3-3 dimer and subsequent nuclear accumulation are essential steps toward degradation of p53’s
inhibitor, Hdmx, in response to DNA damage. These results demonstrate a sophisticated control by ATM of a
target protein, Hdmx, which itself is one of several ATM targets in the ATM-p53 axis of the DNA damage
response.

Maintenance of genomic stability is highly dependent on the
DNA damage response, an extensive signaling network that is
rapidly activated and modulates numerous cellular processes.
Genetic defects that disturb this network almost invariably
cause severe inherited disorders that are characterized by the
degeneration of specific tissues, sensitivity to various DNA-
damaging agents, chromosomal instability, and cancer predis-
position. Double strand breaks (DSBs), extremely cytotoxic
DNA lesions, are very effective in activating the DNA damage
response (5). The primary mobilizer of the DSB response in
mammalian cells is the nuclear protein kinase ATM, which
phosphorylates key players in the various arms of this network
(24, 49). One of these players is the p53 tumor suppressor, a
sequence-specific transcription factor whose activity is either
disabled or attenuated in the vast majority of human cancers
(18, 42). Following DNA damage, p53 is stabilized and acti-
vated and activates the transcription of many target genes (35).
The major biological outcomes are either activation of cell
cycle checkpoints (27), which are part of the response leading
to cell survival, or induction of apoptosis (51).

In unstressed cells, the half-life and activity of p53 are main-
tained at low levels to allow normal growth. Regulation of p53
stability and activity is governed by its two negative regulators,
Mdm2 and Mdmx (the corresponding human proteins are des-
ignated Hdm2 and Hdmx, respectively). Genetic studies sug-
gest that these proteins act as essential, nonredundant negative
regulators of p53 during embryonic development (30). Mdm2
interacts with p53, inhibits its activity as a transcription factor,
and serves as one of the E3 ubiquitin ligases in p53’s protea-
some-mediated degradation (39). The gene encoding Mdm2 is
transcriptionally activated by p53, creating a negative feedback
loop with an important role in the dynamics of p53 levels after
stress (37, 39). The Mdmx protein was originally identified as a
p53-interacting protein and later as an Mdm2 partner (50, 57).
In contrast to Mdm2, Mdmx does not act as an E3 ubiquitin
ligase; rather, it interacts directly with p53 and inhibits its
transactivation activity (30).

The stabilization and activation of the p53 protein in re-
sponse to DSBs in DNA is regulated by ATM (35). ATM
phosphorylates p53 directly and concomitantly mediates addi-
tional phosphorylations and other posttranslational modifica-
tions along p53 (35). In addition, ATM targets Hdm2 (22, 34),
thereby enhancing its degradation (56). p53’s activation also
depends on Hdm2-mediated degradation of Hdmx (21, 43).
Recently we and others provided evidence that, in response to
DSBs, Hdmx is phosphorylated on S403, S367, and S342, of
which S403 is a direct ATM target (12, 41, 45). Each of these
sites is important for Hdmx-mediated ubiquitination and deg-
radation after DNA damage. We further showed that both
ATM’s activity and the damage-induced phosphorylations of
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Hdmx lead to dissociation of Hdmx and Hdm2 from HAUSP,
their deubiquitinase, resulting in destabilization of Hdmx/
Hdm2 (36). DNA damage was also reported to promote nu-
clear accumulation of Hdmx, but the mechanism underlying
this phenomenon remained unclear (26). Further experiments
established that damage-induced phosphorylation on S367 cre-
ates a binding site for several isoforms of the 14-3-3 protein
(41). 14-3-3 proteins are a ubiquitous family of molecules that
participate in protein kinase signaling pathways within all eu-
karyotic cells. Functioning as phosphoserine/phosphothreo-
nine-binding modules, 14-3-3 proteins participate in phosphor-
ylation-dependent protein-protein interactions that control,
among other processes, the progression through the cell cycle,
initiation and maintenance of DNA damage checkpoints, and
apoptosis (63).

To better understand the mechanism by which Hdmx phos-
phorylation in response to DNA damage controls its degrada-
tion, we focused on S367 and S342 phosphorylations. While all
known DNA damage-induced phosphorylations of Hdmx con-
tribute to its degradation, we find that they do so by different
mechanisms. These results demonstrate a sophisticated ap-
proach of ATM to a single process, degradation of a target
protein, itself just one of several ATM targets in the ATM-p53
axis of the DNA damage response.

(This work was carried out in partial fulfillment of the re-
quirements for the Ph.D. degree of Y. Pereg.).

MATERIALS AND METHODS

Cells. HEK293T, U2-OS, MCF-7, and mouse embryo fibroblast (MEF) cells
were grown in Dulbecco’s modified Eagle medium with 10% fetal bovine serum
and antibiotics.

DNA damaging agents, kinase inhibitors, and LMB. Neocarzinostatin (NCS)
was obtained from Kayaku Chemicals (Tokyo, Japan). The ATM inhibitor Ku-
55933 was a kind gift from Graeme Smith and Steve Jackson (KuDOS Pharma-
ceuticals and Wellcome Trust Cancer Research UK and Gurdon Institute, United
Kingdom, respectively). The Chk2 inhibitor II was obtained from Calbiochem and
leptomycin B (LMB) from Biomol.

Antibodies. Anti-Hdmx antibodies were rabbit polyclonal antibody BL1258
(Bethyl Laboratories, Montgomery, TX), goat polyclonal D19 (Santa Cruz Bio-
technology), mouse monoclonal antibodies 6B1A, 11F4D, and 12G11G, and the
rabbit polyclonal sera p55, p56, and 1328 (41, 53). The anti-pS367-Hdmx anti-
body (BL1563) was generated by Bethyl Laboratories. Anti-Mdm2 antibody was
mouse monoclonal 4B2 (11), often used in combination with mouse monoclonal
SMP14 from Santa Cruz Biotechnology (Santa-Cruz, CA). Anti-ATM antibody
was mouse monoclonal MAT3-4G10/8 (3). The anti-p53 monoclonal antibody
DO-1, the anti-p53 rabbit polyclonal antibody FL393, and the anti-hemagglutinin
(HA) monoclonal antibody F7 were obtained from Santa Cruz Biotechnology.
The rabbit polyclonal anti-HA (A190-108A) antibody was produced by Bethyl
Laboratories, and the mouse monoclonal anti-LacZ antibody (D19-2F3-2) was
obtained from Roche Applied Science (Indianapolis, IN). Anti-pS15-p53, anti-
pT68-Chk2, and anti-pT387-Chk2 were obtained from Cell Signaling Technology
(Beverly, MA) and the monoclonal antitubulin from Sigma-Aldrich. The rabbit
polyclonal anti-HAUSP (BL851) was obtained from Bethyl Laboratories, and
the anti-HAUSP monoclonal antibody 1G7 was a gift from Madelon Maurice
(36). Anti-pS139-H2AX was the polyclonal antibody BL179 (Bethyl Laborato-
ries) or the monoclonal from Upstate Biotechnology, Inc. (Waltham, MA).
Anti-pS957-Smc1 was obtained from Novus Biologicals. The Chk2 monoclonal
antibody 44D4 (66) was used for detection by immunoblot analysis, while for
immunostaining the polyclonal antibody H300 was used (Santa Cruz Biotech-
nology). Anti-green fluorescent protein (GFP) rabbit polyclonal antibody was
obtained from Novus Biologicals, and the monoclonal anti-GFP was obtained
from Roche Applied Science (Indianapolis, IN). Anti-glutathione S-transferase
(GST) rabbit polyclonal was obtained from Invitrogen, rabbit polyclonal serum
recognizing all 14-3-3 isoforms was obtained from Abcam, and the mouse mono-
clonal recognizing 14-3-3 tau was obtained from Biosource. Secondary antibod-

ies, horseradish peroxidase-conjugated or fluorescent conjugated, were obtained
from Jackson ImmunoResearch.

Immunoblotting analysis and immunoprecipitations. Unless otherwise stated,
cell lysates were made in Giordano buffer (50 mM Tris-HCl, pH 7.4, 250 mM
NaCl, 0.1% Triton X-100, 5 mM EDTA), supplemented with a mixture of
protease and phosphatase inhibitors. Cell lysis, Western blotting analysis, and
immunoprecipitations were carried out by standard methods as described pre-
viously (14). Immunoprecipitation of endogenous Hdmx to detect S367-phos-
phorylated Hdmx was performed with a mixture of the monoclonal antibodies
6B1A, 11F4D, and 12G11G (53). To detect endogenous Hdmx/14-3-3 interac-
tion, Hdmx was immunoprecipitated overnight with a mixture of rabbit poly-
clonal antibodies p56 and 1328 (38). Immunoprecipitation of HAUSP was per-
formed overnight with the BL851 rabbit polyclonal antibody on cell lysates made
in Giordano-150 buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.1% Triton
X-100, 5 mM EDTA), as has been described before (36). Immunoblots were
visualized by enhanced chemiluminescence (Super Signal; Pierce) followed ei-
ther by autoradiography or detection with the ChemiGenius XE3 system (Syn-
gene, Cambridge, United Kingdom).

Transfection of cell lines. Cells were seeded in Dulbecco’s modified Eagle
medium for 6 to 24 h and transfected using the FuGENE 6 reagent (Roche
Applied Science) according to the manufacturer’s instructions.

Expression vectors and in vitro mutagenesis. Expression of recombinant GST-
fused Hdmx in Escherichia coli was previously described (7). GST-Hdmx was
purified from crude Escherichia coli lysates with glutathione beads (Amersham
Pharmacia). For ectopic expression of Hdmx in human cell lines, the complete
open reading frame of the protein was amplified by using the bacterial expression
vector as a template, and the product was cloned in the pcDNA3.1 vector
(Invitrogen). In vitro mutagenesis of this construct was carried out by the
QuikChange in vitro mutagenesis system (Stratagene). The expression vector for
Hdm2 was a kind gift of M. Oren (The Weizmann Institute of Science, Rehovot,
Israel), and the His6-ubiquitin plasmid was a gift from David Lane (Dundee,
Scotland). The Flag-Chk2 expression vector was described previously (66). The
GST 14-3-3 expression vectors were a kind gift of Guri Tzivion (47), the yellow
fluorescent protein (YFP)-difopein and YFP-R18(lys) vectors were kindly pro-
vided by Haian Fu (31), and the HA-tagged 14-3-3 vector was a gift of Alastair
Aitken (13). For stable knockdown in MCF-7 cells, appropriate short hairpin
RNA (shRNA) against Chk2 (5�-aaaaaGAGGACTGTCTTATAAAGATTtctct
tgaaAATCTTTATAAGACAGTCCTCggggatct-3�) or ATM (6) or GFP (5�-gat
ccccGGAGCGCACCATCTTCTTCttcaagagaGAAGAAGATGGTGCGCTCCt
ttttggaaa-3�) was expressed in the retroviral vector pRetroSuper (9) (a gift from
R. Agami). The sequences provided are the primer sequences as cloned into the
pRetraSuper vector, with the uppercase letters representing the sequences com-
plementary to the target gene. Cells were infected with retroviral particles ac-
cording to standard protocols and selected with 5 �g/ml puromycin.

Chk2 kinase assay. The assay was performed as described earlier (32). Briefly,
293T cells were transiently transfected with Flag-Chk2 (1 �g). After 24 h, cells
were harvested and lysed, and 1 mg lysate was precleared with 10 �l of Sepha-
rose-protein G and 10 �l of Sepharose-protein A at 4°C for 1 h. Lysates were
conducted with 10 �l of M2 beads at 4°C for 2 h. Beads were washed twice with
lysis buffer and twice with kinase buffer. Kinase reactions were performed by
incubating the beads at 30°C for 30 min.

In vivo ubiquitination assay. In all ubiquitination assays, MCF-7 cells were
plated into 6-cm dishes 20 to 24 h before transfection. Each dish was transfected
with 500 ng of HA-Hdmx, either in the absence or the presence of 200 ng Hdm2,
1 �g of His6-ubiquitin vector, and where indicated with additional expression
vectors. The total amount of DNA always was corrected with the appropriate
empty vector. Twenty-four hours after transfection, cells were preincubated with
20 �M MG132 (Calbiochem) for 30 min., after which cells were either mock
treated or treated with 500 ng/ml NCS for 5 h, still in the presence of MG132.
Cells were then washed twice and scraped in ice-cold phosphate-buffered saline
(PBS). Twenty percent of the cell suspension was lysed in Giordano buffer and
analyzed by Western blotting. Lysis of the remainder of the cells and the sub-
sequent isolation of His-tagged (ubiquitinated) proteins were performed as de-
scribed previously (52). Eluates were analyzed by Western blotting.

GST pull-down. To detect GST 14-3-3-interacting proteins in cells, the fusion
expression vectors were transfected into U2-OS cells (6 �g/9-cm dish). Twenty-
four hours after transfection, cells were preincubated with 20 �M MG132
(Calbiochem) for 30 min, after which cells were either mock treated or treated
with 500 ng/ml NCS for 4 h, still in the presence of MG132. Cells were lysed in
Giordano buffer, supplemented with protease and phosphatase inhibitors. GST
pull-downs were performed for 2 h, tumbling at 4°C, on 750 �g of total protein
extract with glutathione beads (Amersham), after which the cells were washed
three times in Giordano buffer and bound proteins were eluted by boiling in
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Laemmli sample buffer. The eluted proteins were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and subsequently analyzed by West-
ern blotting.

Immunostaining. Cells seeded on glass coverslips were transfected and treated
as indicated. After treatment, cells were fixed in 4% paraformaldehyde in PBS
for 20 min, followed by a 10-min incubation in PBS containing 0.5% Triton
X-100. For staining with the anti-phospho-S367 antibody, coverslips were
blocked for 30 min with 1% bovine serum albumin and 10% normal donkey
serum in PBS, incubated overnight at 4°C with primary antibodies diluted in
primary antibody dilution buffer (Biomeda Corp., Foster City, CA), washed,
incubated with secondary antibody for 30 min, and stained with 4�,6�-diamidino-
2-phenylindole (DAPI). For the analysis of the Hdmx mutants, coverslips were
blocked for 30 to 60 min in PBS–0.05% Tween 20–10% normal goat serum and
subsequently incubated with primary antibodies diluted in blocking buffer for 60
to 90 min at room temperature. After three washes with PBS–0.05% Tween 20,
coverslips were incubated with secondary antibodies diluted in blocking buffer
for 30 min at room temperature. After thorough washing (PBS–0.05% Tween
20), coverslips were mounted in Tris-glycerol buffer containing DAPI. Immuno-
fluorescence analysis was carried out using a Leica TCS SP2 confocal laser
scanning microscope or a Leica DM-RXA epifluorescence microscope.

RESULTS

Chk2-mediated phosphorylation of Hdmx on S367 in re-
sponse to DSBs is essential for Hdmx degradation. Previously
we identified DSB-induced phosphorylations of Hdmx on
S342, S367, and S403, with S403 being a direct ATM target
(45). The sequence surrounding S367 (DCRRTISA) partly
overlaps the Chk2 consensus target phosphorylation site
(LxRxxS) (55). An in vitro kinase assay showed that Hdmx
could be phosphorylated by Chk2. S342A and S367A muta-
tions reduced Chk2-mediated phosphorylation of Hdmx, and a
double S342A S367A mutation almost abolished this phosphor-
ylation (Fig. 1A), suggesting that both sites were phosphory-
lated by Chk2 in vitro. A phospho-specific antibody was suc-
cessfully raised against the S367 site. This antibody reacted
with wild-type but not an S367A mutant Hdmx (Fig. 1B),
attesting to its specificity for this site. Hdmx S342A and S403A
mutants were phosphorylated on S367 in a manner similar to
that of wild-type Hdmx (see Fig. 3B; also data not shown),
implying a lack of interdependency of these phosphorylation
events. Using this antibody, we monitored S367 phosphoryla-
tion of endogenous Hdmx following NCS treatment in stable
Chk2- and ATM knockdown derivatives of MCF-7 cells and
with the use of specific Chk2 and ATM inhibitors (2, 19) (Fig.
1C and D). The results show that phosphorylation of S367 of
Hdmx in response to DSBs is Chk2 and ATM dependent.
Collectively, the data suggest that S367 is a direct Chk2 phos-
phorylation site, and the ATM dependence of this phosphory-
lation is due to the ATM-dependent activation of Chk2 (1).

Data from our laboratory and other laboratories recently
demonstrated that S367 of Hdmx was important for its efficient
DNA damage-induced ubiquitination and degradation (12, 41,
45). Accordingly, DNA damage-induced ubiquitination and
degradation of Hdmx were found to be Chk2 dependent:
knockdown of Chk2 by shRNA or its chemical inhibition
strongly inhibited these processes (Fig. 2A to C and 1C and D).
Importantly, Chk2 reconstitution in cells knocked down for
endogenous Chk2 restored the polyubiquitination pattern of
Hdmx following NCS treatment (Fig. 2D). We recently showed
that the enhanced polyubiquitination of Hdmx upon DNA
damage is, at least partly, due to decreased interaction of
Hdmx with the ubiquitin protease HAUSP (36). Indeed, the

dissociation of HAUSP from Hdmx after NCS treatment was
attenuated in Chk2-deficient cells (Fig. 2E). These results
demonstrate the importance of the ATM-Chk2 axis in damage-
induced Hdmx ubiquitination and degradation.

Phosphorylation of S367 and S342 is important for 14-3-3
binding. We recently showed that DNA damage-induced S367
phosphorylation enhances the binding of several isoforms of
14-3-3 proteins to Hdmx (41). In addition, we and others have
shown previously that phosphorylation of S342 is also essential
for efficient ubiquitination/degradation of Hdmx (12, 45). In-
terestingly, the sequence surrounding S342 matches a 14-3-3
interaction consensus site “derived from natural interactors
which do not exactly match the mode1 and mode2 ligands.”
These interaction sites are usually rather weak and mainly
function in cooperation with a strong interaction site. Further-
more, in such cases dimerization of 14-3-3 is essential for a
good interaction (10, 59). To investigate whether dimerization
is essential for 14-3-3 binding to Hdmx following DNA dam-
age, we expressed in cells GST-14-3-3 proteins, both the wild
type and a dimerization-defective mutant (47). The GST 14-
3-3 N-terminal protein cannot interact with its target and is
used as a negative control. Interaction between 14-3-3 and
Hdmx or p53 was investigated by analyses of bound proteins
after pull-down with glutathione beads. Interestingly, wild-type
14-3-3 pulled down Hdmx, and this interaction was enhanced
by DNA damage, but the dimerization mutant failed to do so
(Fig. 3A). The constitutive binding of 14-3-3 in the untreated
cells probably reflects basal phosphorylation of S367, which we
previously noticed using the anti-pS367 antibody and also by
mass spectrometric analysis (45). p53 is interacting with both
the wild type and the dimerization mutant, indicating that the
p53 protein has only one 14-3-3 binding site, as was reported
(62). We also noticed increased 14-3-3/p53 interaction upon
NCS treatment, confirming earlier results (62).

In view of these results, which underscore the importance of
14-3-3 dimer formation in its binding to Hdmx, we explored the
relative importance of the different identified phosphorylation
sites of Hdmx for 14-3-3 binding. Wild-type and various mutant
HA-Hdmx proteins were transiently expressed in cells and
used to coimmunoprecipitate endogenous 14-3-3. As expected,
mutation of S367 into either alanine or aspartate completely
prevented 14-3-3 interaction, while the S403 mutation did not
affect the binding between 14-3-3 and Hdmx. Notably, also, the
S342A mutant showed reduced interaction with 14-3-3 (Fig.
3B). These results indicate that optimal interaction of 14-3-3
with Hdmx requires dimer formation of 14-3-3 and simulta-
neous binding to both the S367 and the S342 consensus sites.

All consensus motifs for 14-3-3 binding contain a nonphos-
phorylated serine or threonine two positions upstream of the
phospho-serine/threonine (40). Position 365 in the Hdmx se-
quence is occupied by threonine. Interestingly, while a T365A
mutation did not affect 14-3-3 binding to Hdmx, the corre-
sponding aspartate substitution (T365D) abolished this inter-
action (Fig. 3B). The Hdmx mutants that still interacted with
14-3-3 (T365A and S403A) showed a basal phosphorylation of
S367, which increased following DNA damage. On the other
hand, the mutants that completely failed to bind were not
detectably phosphorylated (T365D, S367A, and S367D). The
S342A mutant behaved exceptionally in that it was still phos-
phorylated on S367, but its ability to interact with 14-3-3 was
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significantly reduced, underscoring the independent impor-
tance of this phosphorylation site for the optimal interaction
with 14-3-3. These results and those obtained with the 14-3-3
dimerization mutant (Fig. 3A) indicate that, similarly to many
other binding partners of 14-3-3 proteins (60), Hdmx binds
14-3-3 via two interaction domains containing phosphorylated
serines. The existence of two binding sites for 14-3-3 presents

a molecular basis for preferential binding of a dimeric form of
14-3-3 to Hdmx.

To determine whether indeed Chk2-mediated phosphoryla-
tions of Hdmx mediate the increased interaction with 14-3-3,
transfections with the GST 14-3-3 expression vector were per-
formed with the Chk2 knockdown and control cells as de-
scribed for Fig. 3A. Knockdown of Chk2 slightly reduced

FIG. 1. Chk2 phosphorylates Hdmx in response to DSB. (A) Chk2 phosphorylates Hdmx in vitro. A Chk2 kinase assay was applied to wild-type
and mutant versions of recombinant, full-length GST-Hdmx. A GST-Cdc25C fragment (amino acids 200 to 256) containing a Chk2 target, Ser216,
was used as a positive-control substrate. The recombinant proteins were incubated with immunoprecipitated wild-type Flag-Chk2. Proteins
resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis were visualized by autoradiography and Coomassie staining. Note the
contribution of both S342 and S367 to the phosphorylation signal. (B) Phosphorylation of Hdmx on S367 in cells in response to DNA damage.
HA-tagged Hdmx proteins (1 �g of wild type or S367A mutant) were transfected in U2-OS cells (6-cm dishes). The cells were treated with 200
ng/ml NCS for 30 or 60 min, and cellular extracts were analyzed by immunoblotting with the anti-phospho-S367-Hdmx (� pS367-Hdmx) antibody,
anti-HA (� HA) antibody, and the anti-phospho-S15-p53 (� pS15-p53) antibody. The S367 phospho-specific antibody detects the phosphorylation
of S367 on wild-type but not on S367A mutant Hdmx. Only phosphorylation of the ectopically expressed protein is detected in this experiment,
since the level of endogenous Hdmx is below detection under these conditions. (C) ATM- and Chk2-dependent phosphorylation of endogenous
Hdmx on S367. Chk2 or ATM expression was stably knocked down in MCF-7 cells, with GFP-shRNA serving as a negative control. Endogenous
Hdmx was immunoprecipitated from lysates of mock-treated and NCS-treated cells (100 ng/ml for 15 min). Immunoblotting analysis of the
immunoprecipitates was carried out with the anti-phospho-S367 Hdmx (� pS367-Hdmx) antibody and anti-Hdmx BL1258 (� Hdmx), and the
efficiencies of Chk2 and ATM knockdowns were monitored using the corresponding antibodies (� ATM, anti-ATM; � Chk2, anti-Chk2; �
pS15-p53, anti-phospho-S15-p53. Antitubulin (� tubulin) was used as a loading control. IP, immunoprecipitation. (D) Effects of Chk2 inhibitor II
(2) and the ATM inhibitor Ku-55933 (19) on damage-induced phosphorylation of S367. MCF-7 cells were pretreated with the inhibitors or
mock-treated with dimethyl sulfoxide for 30 min and subsequently with NCS (200 ng/ml for 30 min or 4 h). Endogenous Hdmx was immunopre-
cipitated from the protein lysates and phosphorylation monitored with the anti-phospho-S367 (� pS367) antibody. Endogenous Chk2 was
immunoprecipitated from the protein lysates and phosphorylation monitored with the anti-phospho-T387 (� pT387) antibody. Total cellular lysates
were also analyzed by immunoblotting with the indicated antibodies. The autophosphorylation of Chk2 on T387 and the appearance of the
slower-migrating form of Chk2 served to monitor the activation of Chk2 by ATM and its inhibition by the Chk2 and the ATM inhibitors.
Phosphorylation of the cohesin subunit Smc1 on S957 (23, 65) and Chk2 on T68 (33) served to monitor the ATM-mediated DNA damage response
and its inhibition by the Ku-55933 inhibitor. Antitubulin (� tubulin) was used as a loading control.
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basal interaction between Hdmx and 14-3-3 but strongly
inhibited NCS-induced 14-3-3 binding to Hdmx (Fig. 3C).
Also, NCS-induced increase of the 14-3-3–p53 interaction,
previously shown to be ATM dependent (62), is attenuated

in the Chk2 knockdown cells, which suggests that it is also
Chk2 dependent.

Hdmx degradation is stimulated by 14-3-3 binding. The
results described above indicate a strong correlation between

FIG. 2. ATM- and Chk2-dependent degradation and ubiquitination of Hdmx in response to DSBs. (A) Effect of Chk2 and ATM knockdown
on damage-induced degradation of Hdmx. The MCF-7-derived cells knocked down for Chk2, ATM, or GFP were treated with 250 ng/ml of NCS
for 1 h, and cellular lysates were analyzed by immunoblotting with the indicated antibodies (�ATM, anti-ATM; �Hdmx, anti-Hdmx; �Chk2,
anti-Chk2; �tubulin, antitubulin).(B) Effect of Chk2 knockdown on DNA damage-induced ubiquitination of Hdmx. The shGFP- and shChk2-
MCF-7 cells were transfected with HA-Hdmx and with His6-ubiquitin expression vectors in the absence or presence of Hdm2. Twenty-four hours
after transfection, cells were preincubated with MG132 (20 �M) for 30 min, after which NCS (500 ng/ml) was added. Cells were harvested 5 h later,
and analysis of Hdmx ubiquitination and analysis of total extracts were performed as described in Materials and Methods. Antibodies used were
anti-HA (� HA) to specifically detect transfected Hdmx, anti-Hdm2 mixture 4B2/SMP14 (� Hdm2), anti-phospho-S15 p53 (� pS15-p53) to monitor
DNA damage response, and antitubulin as a loading control. (C) Effect of the Chk2 and ATM inhibitors on damage-induced ubiquitination of
Hdmx. HA-Hdmx, Hdm2, and His6-ubiquitin were coexpressed in MCF-7 cells. MG132 (20 �M) and Chk2 inhibitor II (10 �M) or ATM inhibitor
Ku-55933 (10 �M) were added 24 h after transfection. Thirty minutes later, 500 ng/ml of NCS was added. Cells were harvested 5 h later, and
analysis of Hdmx ubiquitination and analysis of total extracts were performed with the antibodies mentioned in the legend for panel B.
(D) Reconstitution of Hdmx ubiquitination by ectopic expression of Chk2 in the Chk2 knocked-down cells. The shGFP- and shChk2-MCF-7 cells
were transfected with expression vectors encoding HA-Hdmx, Hdm2, and His6-ubiquitin, either in the absence or presence of the Flag-Chk2
expression vector. Treatment of cells, ubiquitination assay, and immunoblotting were done as described for panel B. It can be seen that the
ubiquitination of Hdmx is higher in the control cells (first two lanes) than in the Chk2 knockdown cells (lanes 5 and 6). Coexpression of Chk2
increases the Hdmx ubiquitination in the control cells (lanes 3 and 4) and restores basal and the DNA damage-induced ubiquitination of Hdmx
(lanes 7 and 8). (E) Effect of Chk2 knockdown on Hdmx/HAUSP dissociation following DNA damage. The shGFP and shChk2 cells were seeded
onto 9-cm dishes. Twenty four hours later, cells were pretreated with MG132 (20 �M) for 30 min, after which some of the dishes were mock treated
or treated with 500 ng/ml NCS for 5 h. Subsequently, cells were harvested and the cell extracts used for immunoprecipitations with anti-HAUSP
(� HAUSP) or a nonimmune rabbit serum (NI). Immunoprecipitates and total cell extracts were analyzed by immunoblotting analysis. Hdmx was
detected with D19 goat polyclonal antibody (� Hdmx), total p53 with DO-1 (� p53), and HAUSP with the IG7 monoclonal antibody. The DNA
damage response was monitored with anti-phospho-S15-p53 (� pS15-p53) antibody, and antitubulin (� tubulin) was used as a loading control.
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the induced interaction of Hdmx with 14-3-3 after DNA dam-
age and its degradation. However, no causal relationship has
yet been demonstrated. To address this point, we decided to
make use of a specific peptide, named difopein, that can com-
pete away 14-3-3 from its target proteins, also when expressed
as a fusion protein with YFP (25). To investigate whether the
YFP-difopein could indeed prevent the Hdmx–14-3-3 interac-
tion, we transfected HA-Hdmx into cells with increasing
amounts of YFP-difopein. A mutated version of the peptide,
R18(Lys), was used in the highest concentration as
a negative control. Hdmx was immunoprecipitated from the
cells, and coimmunoprecipitation of 14-3-3 was determined.
Indeed, it was found that increasing levels of YFP-difopein
diminished the binding of 14-3-3 to Hdmx, while R18(Lys) had
only a minor effect (Fig. 4A).

Since the DNA damage-induced phosphorylations and
subsequent 14-3-3 interaction correlated with Hdmx degra-
dation, we wondered whether inhibition of Hdmx–14-3-3
interaction could already stabilize Hdmx. Therefore, we fol-
lowed the expression level of ectopic Hdmx in the presence
of various versions of GST-14-3-3 proteins or the YFP-
difopein/YFP-R18(Lys) proteins. Coexpression with mu-
tants of 14-3-3 incapable of binding with Hdmx but still
containing the dimerization domain, thereby counteracting
endogenous 14-3-3 activity by a dominant-negative effect,
resulted in higher levels of ectopic Hdmx, while wild-type
14-3-3 did not affect Hdmx levels (Fig. 4B). Similar results
were obtained for endogenous Hdmx (Fig. 4C). Similarly,
YFP-difopein increased basal levels of HA-Hdmx but not
YFP-R18(Lys) (Fig. 4D). Even more important, degrada-

FIG. 3. 14-3-3 proteins bind to phosphorylated Hdmx. (A) Hdmx binding to 14-3-3 is induced in response to DSB and is dependent on 14-3-3
dimerization. U2-OS cells (9-cm dishes) were transfected in duplicate with the GST-14-3-3 wild type (W.T), a GST-14-3-3 dimerization mutant
(D.M), and GST-14-3-3 N-terminal (N-Ter) (1–140) constructs. Twenty-four hours later, cells were preincubated with MG132 (20 �M) for 30 min,
and subsequently NCS (500 ng/ml) was added for 4 h. Cells were harvested and lysed in Giordano buffer, and the lysates were used for GST
pull-down and subsequent immunoblotting analysis. Hdmx was detected with BL1258 (� Hdmx), p53 with DO-1 (� p53), and expression of the
GST-14-3-3 constructs with anti-GST (� GST). Anti-phospho-S15-p53 (� pS15-p53) was used to monitor the DNA damage response and
antitubulin (� tubulin) as a loading control. (B) Hdmx–14-3-3 interaction is dependent on S367 and S342. MCF-7 cells, 6-cm dishes, were
transfected in duplicate with the indicated HA-Hdmx constructs (1 �g/dish). Twenty-four hours later, cells were pretreated with MG132 (20 �M)
and subsequently with NCS (500 ng/ml) for 6 h. Cells were harvested and lysed in Giordano (200 mM NaCl) buffer, and lysates were used for
immunoprecipitation (IP) overnight with anti-HA (� HA) polyclonal antibody. Immunoprecipitates and total extracts were analyzed by Western
blotting (WB) with anti-14-3-3 tau (� 14-3-3 tau), anti-HA to detect Hdmx (� Hdmx), anti-p53 (DO-1) (� p53), and antitubulin. DNA damage
response was monitored with anti-phospho-S15-p53. Note that some mutants (S367A, S367D, and T365D), do not detectably coimmunoprecipitate
14-3-3 tau, while the S342A mutant showed reduced efficiency. (C) Increased Hdmx–14-3-3 interaction upon NCS treatment is dependent on Chk2
expression. The shGFP- and shChk2-MCF-7 derivatives, 9-cm dishes, were transfected in duplicate with GST-4-3-3 expression vector. Subsequent
analysis was done as described for panel A.
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tion of transfected Hdmx (Fig. 4D) and endogenous Hdmx
(Fig. 4E and F) after NCS treatment was attenuated in the
presence of the YFP-difopein but not with its defective mutant
YFP-R18(Lys). Taken together, these results strongly indicate
that interaction of 14-3-3 with Hdmx is necessary for efficient
degradation of Hdmx.

Phosphorylation of Hdmx on S367 mediates its nuclear re-
tention in response to DNA damage. 14-3-3 proteins are im-
plicated in regulating the subcellular distribution of many
phosphorylated target proteins. They are also associated with
dynamic nucleocytoplasmic shuttling (28). While in most doc-
umented cases they sequester their substrates in the cytoplasm,
phosphorylation-dependent binding of 14-3-3 to telomerase
was reported to promote its nuclear localization (46), and
DNA damage-induced nuclear accumulation of Chk1 in yeast

was shown to be dependent on interaction with Rad24, a 14-3-3
protein (15). Hdmx was reported to translocate into the nu-
cleus following DNA damage (26). Since phosphorylations of
S367 and S342 mediate Hdmx binding to 14-3-3, we investi-
gated the importance of these sites for DSB-induced spatial
dynamics of Hdmx by following the subcellular distribution of
wild-type and mutant Hdmx proteins upon DSB induction. As
reported, we found an increased nuclear accumulation of
Hdmx upon NCS treatment. Quantification revealed that fol-
lowing treatment for 3 h with 500 ng/ml NCS, over 80% of the
transfected cells showed a predominant nuclear localization of
Hdmx. Similarly, the S403A and T365A mutants, which could
still interact with 14-3-3, accumulated in the nucleus with com-
parable efficiency (Fig. 5A). Incubation with other DSB-induc-
ing agents, like etoposide, gave similar results (data not

FIG. 4. Interaction with 14-3-3 is needed for efficient Hdmx degradation. (A) YFP-difopein prevents Hdmx–14-3-3 interaction. MCF-7 cells
were transfected with HA-Hdmx expression vector in the absence of or with different concentrations of the YFP-difopein vector. YFP-R18(Lys),
with a mutated competitor peptide fused to YFP, was used as a control. In all cases the total amount of DNA was adjusted with the appropriate
vector. Cells were harvested 24 h after transfection, and cell lysates were immunoprecipitated (IP) with anti-Hdmx (� Hdmx). Both immunopre-
cipitates and total cell extracts were analyzed by immunoblotting with anti-HA (� Hdmx), anti-p53 (DO-1) (� p53), anti-14-3-3 tau (� 14-3-3), and
anti-GFP (� GFP) to monitor the expression of the fusion proteins. YFP-difopein clearly diminishes the amount of 14-3-3 protein coimmuno-
precipitated with anti-Hdmx, while YFP-R18(Lys) had no significant effect. (B) Inhibition of 14-3-3 binding increases Hdmx levels. HA-Hdmx (500
ng) and Hdm2 (100 ng) were transiently expressed in MCF-7 cells (6-cm dishes) in combination with various GST 14-3-3 expression vectors (2.5
�g). Forty-eight hours later, cells were harvested and cellular lysates were analyzed by immunoblotting with the indicated antibodies. � tubulin,
antitubulin; N-ter, N terminal; D.M, dimerization mutant; W.T, wild type. (C) Inhibition of 14-3-3 binding increases endogenous Hdmx levels.
MCF-7 cells (6-cm dishes) were transiently transfected with the various GST 14-3-3 expression vectors (2.5 �g). Forty-eight hours later, cells were
harvested and cellular lysates were analyzed by immunoblotting with the indicated antibodies. (D) Effect of inhibition of 14-3-3 binding on Hdmx
degradation in response to DNA damage. HA-Hdmx (500 ng) and Hdm2 (150 ng) were transiently expressed in MCF-7 cells (6-cm dishes) in the
presence of the YFP-difopein (2.5 �g) or YFP-R18(Lys) expression vector. Forty-eight hours later, cells were treated with 500 ng/ml NCS and
harvested 5 h later. Cellular lysates were analyzed by immunoblotting with the indicated antibodies. (E and F) Effect of inhibition of 14-3-3 binding
on endogenous Hdmx degradation in response to DNA damage. U2-OS cells (6-cm dishes) were transfected with either the YFP-difopein or
YFP-R18(Lys) expression vector (4 �g/dish). Forty-eight hours later, cells were treated with 125 or 250 ng/ml NCS and harvested 3 h later. Cellular
lysates were analyzed by immunoblotting with the indicated antibodies (E). U2-OS cells (10-cm dishes) were transfected with either the
YFP-difopein or YFP-R18(Lys) expression vectors (8 �g). Forty-eight hours later, cells were treated with 200 ng/ml NCS and harvested 4 or 6 h
later. Cellular lysates were analyzed by immunoblotting with the indicated antibodies (F).
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FIG. 5. Phosphorylation of Hdmx is required for its nuclear accumulation. (A) Effect of mutating the Hdmx phosphorylations sites on
DSB-induced nuclear accumulation of Hdmx. U2-OS cells were seeded on coverslips in 6-cm dishes 16 to 24 h before transfection. Cells were
transfected with 125 ng of HA-Hdmx expression plasmid per dish, with the total amount of DNA adjusted to 2 �g per dish. Twenty-four hours
after transfection, cells were treated with NCS, either 500 ng/ml (upper panel) or 50 ng/ml (lower panel) for 3 h. Cells were processed for
immunofluorescence and stained with a combination of anti-Hdmx monoclonal antibody (6B1A) and a rabbit polyclonal serum specifically
recognizing �-H2AX to monitor the DNA damage response. Nuclei were stained with DAPI. Pictures were taken with a magnification �63 lens.

6826 PEREG ET AL. MOL. CELL. BIOL.



shown). Significantly, substitution of S367 for alanine or aspar-
tate and aspartate substitution of T365 completely abolished
nuclear accumulation of Hdmx, again correlating with the loss
of 14-3-3 interaction. S342A mutation also reduced this accu-
mulation, albeit to a lesser extent, which was noticed after low
doses of the DNA damaging agent (Fig. 5A). Following treat-
ment for 3 h with 50 ng/ml NCS, staining disclosed that only
about 25% of the cells in the S342A mutant were predomi-
nantly nuclear and 62% were equal nuclear/cytoplasmic,
whereas for the wild-type Hdmx, 66% of the cells were mainly
nuclear and 25% divided equally between the nucleus and the
cytoplasm. Importantly, DSB-induced nuclear accumulation of
wild-type Hdmx was inhibited in the cells stably knocked down
for Chk2 (see Fig. S1 in the supplemental material). Further-
more, pretreatment of cells with Chk2 and ATM inhibitors also
precluded the nuclear accumulation of Hdmx (see Fig. S2 in
the supplemental material).

To examine the direct involvement of 14-3-3 interaction in
Hdmx accumulation, we prevented the Hdmx–14-3-3 interac-
tion by cotransfection with the YFP-difopein expression vector
or with its negative control, YFP-R18(Lys), and nuclear accu-
mulation of wild-type Hdmx was followed after DSB induction.
While nuclear accumulation of HA-Hdmx was still observed
after coexpression of YFP or the YFP-R18(Lys) protein, co-
expression of the YFP-difopein protein inhibited this process
(Fig. 5B).

Damage-induced nuclear accumulation of Hdmx could be
the result of either increased nuclear import of phosphorylated
Hdmx from the cytoplasm or retention of Hdmx molecules that
are phosphorylated in the nucleus. Both ATM and Chk2 are
primarily nuclear kinases in the absence of and following DSB
induction (see Fig. S3 in the supplemental material), as de-
scribed previously (4, 8), making the second option more likely.
To investigate whether Hdmx could enter the nucleus in a
DNA damage- and S367-phosphorylation-independent man-
ner, we expressed both wild-type and S367A HA-Hdmx in
MCF-7 cells that were subsequently mock treated or treated
with LMB, which blocks nuclear export. Intriguingly, both
wild-type and S367A HA-Hdmx accumulated in the nucleus
upon LMB treatment (see Fig. S4 in the supplemental mate-
rial). As expected, we observed increased nuclear p53 levels
(see Fig. S4 in the supplemental material) and nuclear Hdm2
levels (data not shown) upon LMB treatment. This result sug-
gests that the Hdmx S367A mutant protein can enter the nu-
cleus, like the corresponding wild-type protein, but cannot be
retained in the nucleus following DNA damage. Previously, it
was shown that overexpression of Hdm2 recruits Hdmx into

the nucleus (38). It should be noted that coexpression of ec-
topic Hdm2 resulted in increased nuclear localization of both
the wild type and all Hdmx phosphorylation site mutant pro-
teins (data not shown). Since treatment with LMB results in
higher levels of Hdm2, the nuclear accumulation of Hdmx
following this treatment could be Hdm2 dependent. To test
this, we followed the LMB-induced nuclear accumulation of
Hdmx in wild-type versus p53/Mdm2 double-knockout MEFs.
Both wild-type Hdmx and the S367A mutant accumulate in the
nucleus upon LMB treatment in wild-type MEFs. Importantly,
a nuclear accumulation was also found in the p53/Mdm2 dou-
ble-knockout MEFs, although the efficiency appears to be
lower (Fig. 5C). These results suggest that LMB-induced nu-
clear accumulation of Hdmx is partly mediated by increased
p53/Hdm2 levels but can also occur in a p53/Hdm2-indepen-
dent and phosphorylation-independent manner. To further in-
vestigate whether high Hdm2 is sufficient for nuclear accumu-
lation of Hdmx, we treated the transfected cells with nutlin-3,
a potent and selective small-molecule antagonist of Hdm2
which had been shown to result in p53 stabilization and sub-
sequent induction of Hdm2 levels (61). Since NCS treatment
also activates p53, which results at later time points in in-
creased Hdm2 levels, we compared the induction of Hdm2
levels following NCS, nutlin-3, or LMB treatment (see Fig. S5
in the supplemental material). LMB treatment of U2OS cells
led to a slightly greater induction of Hdm2 than NCS treat-
ment, but this slight difference could not explain the difference
in effect regarding nuclear accumulation of Hdmx. Even more
convincing, treatment of the transfected cells with nutlin-3
resulted in a strong increase in Hdm2 levels but no significant
nuclear accumulation of Hdmx. All in all, these results suggest
that increased Hdm2 expression upon DNA damage is not
sufficient to lead to nuclear accumulation of Hdmx but that
DSB-induced nuclear accumulation requires phosphorylation
of Hdmx and interaction with other factors, such as 14-3-3
proteins. If, indeed, 14-3-3 proteins are involved in nuclear
retention of phosphorylated Hdmx, it is possible that some
nuclear accumulation of 14-3-3 occurs after DNA damage. To
investigate this possibility, we examined the localization of
both endogenous and exogenously expressed 14-3-3 tau pro-
tein. Both mock-transfected and HA-14-3-3-transfected cells
were stained with the anti-14-3-3 tau monoclonal antibody.
While 14-3-3 proteins localized mainly in the cytoplasm in
untreated cells, following NCS treatment most cells also ex-
hibited nuclear staining of endogenous and exogenously ex-
pressed 14-3-3 tau (see Fig. S6 in the supplemental material).
It should be noted that the alteration in subcellular localization

(B) Competing 14-3-3 from Hdmx prevents DNA damage-induced nuclear accumulation of Hdmx. U2-OS cells were transfected with HA-Hdmx
as described for panel A, but now in the presence of either YFP, YFP-difopein, or YFP-R18(Lys). Cells were stained with anti-Hdmx monoclonal
antibody (6B1A). (C) LMB-induced Hdmx nuclear accumulation can occur independently of p53/Mdm2. Wild-type or p53�/� Mdm2�/� DKO
MEFs were seeded in 6-cm dishes with coverslips. Cells were transfected with 1 �g of HA-Hdmx expression vectors. Twenty-four hours later, cells
were either mock treated or treated with 10 nM leptomycin B for 8 h. Cells were stained with anti-Hdmx (6B1A) and with anti-p53 (FL393), and
nuclei were counterstained with DAPI. Pictures were taken with a magnification-�63 lens. (D) Specificity of the anti-phospho-S367 antibody.
MCF-7 cells were transfected with 150 ng of HA-Hdmx and 24 h later pretreated with 20 �M of MG132 for 30 min and subsequently with 500
ng/ml of NCS for 3 h. Cells were immunostained with the anti-phospho-S367 antibody (red) and anti-HA (green) in order to visualize total Hdmx.
(E) Effect of Chk2 and ATM knockdown on S367 nuclear phosphorylation. A similar analysis as that for Fig. 5D was carried out with cells
expressing shRNAs targeting Chk2, ATM, or GFP mRNA. Cells were pretreated with 20 �M of MG132 for 30 min, followed by 100 ng/ml of NCS
for 3 h. Bar � 10 �m.
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was not as striking as that seen with Hdmx, at least under these
conditions. A significant cytoplasmic staining of 14-3-3 tau was
always observed after NCS treatment. In the cotransfection
experiment, 14-3-3 tau and Hdmx colocalized in both mock-
treated and NCS-treated cells. These data indicate that 14-3-3
tau proteins are accumulating in the nucleus upon DNA dam-
age, which can explain the importance of 14-3-3–Hdmx inter-
action for the nuclear accumulation of Hdmx. The results men-
tioned above would predict that S367-phosphorylated Hdmx
protein would be strictly nuclear. We monitored the subcellu-
lar localization of S367 phosphorylation by immunostaining
with the anti-pS367 antibody. To prevent the rapid degradation
of phosphorylated Hdmx, the cells were pretreated with the
proteasome inhibitor MG132. The anti-pS367 antibody also
was found to be specific for S367-phosphorylated Hdmx in
these experiments (Fig. 5D) and showed a strictly nuclear
staining that is the same as total Hdmx staining, indicating that
phosphorylation took place in the nucleus. In addition, DSB-
induced accumulation of the S367-phosphorylated Hdmx was
not detectable in cells knocked down for Chk2 or ATM ex-
pression (Fig. 5E). Furthermore, pretreatment of cells with the
specific inhibitors for Chk2 and ATM also prevented the dam-
age-induced nuclear accumulation of S367-phosphorylated
Hdmx (see Fig. S7 in the supplemental material). These results
suggest that Hdmx can enter the nucleus in the absence of
DNA damage/phosphorylation on S367 but that nuclear
Hdmx, which gets phosphorylated in an ATM- and Chk2-
dependent manner following DNA damage, binds to nuclear
14-3-3 proteins and this complex is retained in the nucleus.

DISCUSSION

As the first transducer of the cellular response to DSBs,
ATM typically approaches a downstream target from several
directions. A prime example is ATM’s control of the p53 path-
way: in response to DSBs, ATM not only phosphorylates p53
directly but also orchestrates numerous other posttranslational
modifications on p53 itself, as well as on its regulators, Hdm2
and Hdmx (35). ATM also activates other kinases (e.g., Chk1
and Chk2), which in turn phosphorylate their downstream ef-
fectors (24). In the case of Hdmx, both direct phosphorylation
by ATM (12, 41, 45) and the indirect regulation via Chk2-
mediated phosphorylation are needed to ensure a proper DNA
damage-induced degradation of this protein. In this study we
show that damage-induced phosphorylation of Hdmx by Chk2
leads to creation of binding sites for 14-3-3 proteins, nuclear
accumulation, and proteasomal degradation. Respectively,
Chk2-mediated phosphorylation was previously reported to
mediate the degradation of the phosphatase Cdc25A in re-
sponse to DNA damage, resulting in a rapid G1/S checkpoint
pathway (12). In addition, Chk2-mediated phosphorylation of
the phosphatase Cdc25C also generates a landing pad for 14-
3-3 proteins, leading to its sequestration from its substrates and
maintenance of the G2/M block (17, 32, 44, 67).

Binding of 14-3-3 proteins affects several players in the DNA
damage responses. One of many ATM-mediated modifications
along p53 is dephosphorylation of S376, which creates a bind-
ing site for 14-3-3 proteins at the nearby phospho-S378. Bind-
ing with 14-3-3 was shown to increase the affinity of p53 for
specific DNA sequences (62). A mutant p53 protein, which

cannot interact with 14-3-3 proteins, still retained sequence-
specific DNA binding, but its ability to activate the gene en-
coding p21WAF1 was compromised, as was its ability to induce
a G1 arrest (54). Given the role of Hdmx as an essential
negative regulator of p53’s transactivation activity (30), the
important contribution of 14-3-3 proteins to the destabilization
of Hdmx following DNA damage suggests that binding of these
proteins is important in the activation of p53 as a transcription
factor following DNA damage. A recent study indicated that in
response to UV irradiation, 14-3-3� and Chk1 are also essen-
tial regulators of Mdmx (20). These results combined indicate
that 14-3-3 proteins contribute to p53’s activation both directly
by interacting with p53 and indirectly via control of Hdmx.

Another important player in the destabilization of Hdmx in
response to DNA damage is the HAUSP ubiquitin protease
(36). HAUSP’s ability to deubiquitinate Hdmx and Hdm2 is
reduced following DNA damage as a result of reduced affinity
for these proteins. The dissociation of HAUSP from Hdmx was
shown to be due to a caffeine-sensitive Hdmx phosphorylation
event (36). Here we show that the inhibition of Hdmx-HAUSP
interaction is dependent on Chk2. Since both 14-3-3–Hdmx
and HAUSP-Hdmx interactions are Chk2 dependent, it is
tempting to assume that 14-3-3 binding to Chk2-phosphory-
lated Hdmx directly competes with HAUSP binding. Alterna-
tively, it can be assumed that binding of a 14-3-3 dimer to
different sites on a target protein can strongly affect the struc-
tural organization. Possibly in this case the interaction of di-
meric 14-3-3 with Hdmx changes the conformation of Hdmx in
such a way that HAUSP cannot interact anymore, resulting in
Hdmx destabilization following DNA damage. Another inter-
esting possibility was raised by a recent report that identified
P/AXXS as a consensus binding motif in HAUSP-interacting
sequences in p53 and Mdm2 and determined the structural
basis of their recognition (48). The authors identified six
P/AXXS motifs on Hdmx: one of them, A398HSS401, is iden-
tical to one of the HAUSP binding sites on p53, and, like the
p53 site, is close to a second potential HAUSP binding site
with a PXXS motif. Furthermore, HAUSP binding motifs har-
boring a serine at position 3 may be subject to regulation of this
interaction by phosphorylation, since a phosphoserine at this
position is expected to prevent interaction with Glu162 of
HAUSP (48). Interestingly, we recently identified ATM-medi-
ated phosphorylation of S403 on Hdmx (45), which is located
three positions upstream to such motif. Whether S403 phos-
phorylation is involved in the dissociation of HAUSP from
Hdmx following DNA damage remains to be determined.

In summary, our data support a model (Fig. 6) in which
efficient damage-induced degradation of Hdmx requires this
protein to enter the nucleus, where it is phosphorylated by
ATM and Chk2. These phosphorylations lead to the binding
of Hdmx with several isoforms of the 14-3-3 proteins, sub-
sequent retention of Hdmx in the nucleus, and dissociation
from HAUSP, finally in the end leading to its degradation.
Notably, DNA damage-induced Hdm2 destabilization was
also shown recently to require the activity of the phospha-
tidylinositol 3-kinase kinases, most likely through Hdm2
phosphorylation at multiple sites. It was also suggested that
such degradation occurs in the nucleus, since Hdm2 is
largely nuclear and proteasome inhibition increases its nu-
clear abundance (56). Given that Hdm2 also serves as the
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E3 ubiquitin ligase that mediates the ubiquitination and
degradation of Hdmx in response to DNA damage (21, 43),
it is conceivable that an efficient degradation of Hdmx would
require its recruitment to the nucleus.

The tight regulation of Hdmx by ATM and Chk2 following
DSBs underscores the central role of this protein as an essen-
tial negative regulator of p53. Chk2 and ATM cooperate to
achieve maximal p53-dependent expression of genes that are
involved in sustained cell cycle arrest, certain forms of DNA
repair, or promotion of apoptosis (4). The importance of
Hdmx as a negative regulator of p53 gains support from the
observation that degradation of Hdmx after DNA damage is
essential for a proper p53 response, as evidenced by p53 sta-
bilization, p21 induction, and activation of cell cycle check-
points (21). While this paper was in preparation, another re-
port confirmed that Chk2 and 14-3-3 cooperatively stimulate
Mdmx ubiquitination and overcome the inhibition of p53 by
Mdmx (25). Furthermore, three recent reports showed that
Mdm2 and Mdmx are nonredundantly essential for preventing
p53 activity. Although Mdm2 prevents accumulation of the p53
protein, Mdmx contributes to the overall inhibition of p53
activity independently of Mdm2. These reports proposed a
model in which Mdm2 serves to mainly regulate p53 stability
and Mdmx functions as a major inhibitor of p53 transcriptional
activity (16, 29, 58, 64). Interestingly, a link between prolifer-
ation and S367 phosphorylation had already been made by
Okamoto et al., who showed that S367A mutation enhanced
the ability of Mdmx to suppress p53 and increased the growth
of normal cells in culture (41).

Understanding the tight regulation of p53’s negative regu-
lator, Hdmx, mediated by Chk2 and ATM phosphorylations,
might help unravel the complexity of the p53 axis of the DNA
damage response. Furthermore, the results might point to ways

to manipulate this inhibitor in cancer cells in which p53 inac-
tivation occurs as a result of overexpressed Hdmx.
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