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The MDM2 homolog MDMX is an important regulator of

p53 during mouse embryonic development. DNA damage

promotes MDMX phosphorylation, nuclear translocation,

and degradation by MDM2. Here we show that MDMX

copurifies with 14-3-3, and DNA damage stimulates

MDMX binding to 14-3-3. Chk2-mediated phosphorylation

of MDMX on S367 is important for stimulating 14-3-3

binding, MDMX nuclear import by a cryptic nuclear

import signal, and degradation by MDM2. Mutation of

MDMX S367 inhibits ubiquitination and degradation by

MDM2, and prevents MDMX nuclear import. Expression

of 14-3-3 stimulates the degradation of phosphorylated

MDMX. Chk2 and 14-3-3 cooperatively stimulate MDMX

ubiquitination and overcome the inhibition of p53 by

MDMX. These results suggest that MDMX–14-3-3 inter-

action plays a role in p53 response to DNA damage by

regulating MDMX localization and stability.
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Introduction

The p53 tumor suppressor is critical for maintenance of

genomic stability and protection against malignant transfor-

mation. P53 is regulated by multiple signaling pathways and

can respond to a wide range of stress conditions, allowing it

to act as a tumor suppressor in many cell types (Harris and

Levine, 2005). P53 turnover is regulated by MDM2, which

binds p53 and functions as an ubiquitin E3 ligase to promote

p53 degradation by the proteasomes (Zhang and Xiong,

2001). Stress signals such as DNA damage induce p53 accu-

mulation by phosphorylation (Prives and Hall, 1999).

Mitogenic signals activate p53 by induction of the p14ARF

tumor suppressor, which inhibits the ability of MDM2 to

ubiquitinate p53 (Zhang and Xiong, 2001).

Mammalian cells also express an MDM2 homolog called

MDMX (Shvarts et al, 1996). MDMX shares strong homology

to MDM2 at the amino-acid sequence level, and can bind to

p53 and inhibit its transcriptional function. Knockout of

MDM2 in mice results in embryonic lethality due to hyper-

activation of p53 (Montes de Oca Luna et al, 1995). Several

studies showed that MDMX-null mice also die in utero in a

p53-dependent fashion, which can be rescued by crossing

into the p53-null background (Parant et al, 2001; Finch et al,

2002; Migliorini et al, 2002b). Therefore, MDMX is also a

critical regulator of p53.

Although MDMX alone does not promote p53 ubiquitina-

tion or degradation (Stad et al, 2001), recent evidence showed

that MDMX cooperates with MDM2 to promote p53 degrada-

tion (Gu et al, 2002). Human tumor cell lines with wild-type

p53 often overexpress MDMX (Ramos et al, 2001), suggesting

that MDMX may contribute to p53 inactivation during tumor-

igenesis. Therefore, regulation of MDMX expression level

may be an important mechanism of p53 activation during

stress response. Several reports showed that MDMX can be

ubiquitinated and degraded by MDM2 (de Graaf et al, 2003;

Kawai et al, 2003; Pan and Chen, 2003). MDMX and MDM2

form heterodimers through the C-terminal RING domains and

the MDM2 RING domain alone is sufficient to degrade MDMX

(Sharp et al, 1999; Tanimura et al, 1999). DNA damage

induced by ionizing irradiation also promotes MDMX nuclear

translocation and degradation by the proteasomes (Li et al,

2002; Pan and Chen, 2003).

The 14-3-3 family are scaffold proteins that regulate many

cellular functions by interacting with other proteins, often

binding to phosphorylated serine or threonine residues (Fu

et al, 2000; Tzivion et al, 2001). There are seven 14-3-3

isoforms in humans. Most of the isoforms are expressed in

all tissues, although 14-3-3s is restricted to epithelial cells

(Hermeking, 2003). Although highly homologous in se-

quence and structure, different 14-3-3 isoforms have distinct

biological functions, as demonstrated by the phenotypes of

14-3-3e and z disruption in Drosophila (Su et al, 2001). There

is also extensive evidence that 14-3-3s plays significant roles

in regulating cell differentiation and cancer development

(Hermeking, 2003).

Several lines of evidence suggest that 14-3-3 proteins are

involved in regulating p53. Involvement of 14-3-3 in the p53

pathway was first revealed by the ability of p53 to activate

expression of 14-3-3s at the transcriptional level, which can

lead to G2/M cell cycle arrest (Hermeking et al, 1997).

Furthermore, 14-3-3s, g, e, and t isoforms can bind to p53

C-terminus and activate p53 transcriptional activity (Stavridi

et al, 2001; Yang et al, 2003). P53–14-3-3 interaction requires

phosphorylation of S378, and is stimulated by dephosphor-

ylation of the adjacent S376 after DNA damage through

an ATM-dependent mechanism (Waterman et al, 1998).

Mutation of S376 compromises the ability of p53 to induce

p21 expression and G1 arrest after ionizing irradiation

(Stavridi et al, 2001). 14-3-3s interaction with p53 also

inhibits p53 ubiquitination and degradation by MDM2

(Yang et al, 2003), possibly contributing to stabilization of

p53 after DNA damage.

In this report, we present evidence that MDMX interacts

with multiple 14-3-3 isoforms. MDMX–14-3-3 binding is
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stimulated by DNA damage. This is associated with increased

phosphorylation of S367, which is a residue required for

interaction with 14-3-3. S367 is also required for efficient

ubiquitination of MDMX by MDM2, and 14-3-3 stimulates

degradation of MDMX phosphorylated on S367. Chk2 kinase-

mediated phosphorylation of S367 is required for MDMX

nuclear import and efficient degradation after DNA damage.

These results suggest that 14-3-3 proteins participate in

regulating p53 response to DNA damage in part by interacting

with MDMX.

Results

MDMX interacts with 14-3-3

In order to determine whether MDMX interacts with novel

cellular proteins, HeLa cells were stably transfected with

FLAG-tagged MDMX. When FLAG-MDMX was purified by

immunoprecipitation, two proteins reproducibly copurified

with MDMX (Figure 1A). Peptide sequencing by mass spec-

trometry determined the 34 kDa protein as casein kinase 1

alpha, and the 24 kDa protein as 14-3-3t isoform. In a

separate report, we showed that CK1a interaction with the

central region of MDMX promotes phosphorylation of S289

and cooperates with MDMX to inactivate p53 (Chen et al,

2005b). MDMX binding to 14-3-3 appeared to be independent

of CK1a and is the focus of this study.

To confirm that endogenous MDMX interacts with 14-3-3,

MCF7 cells were immunoprecipitated with MDMX mono-

clonal antibody and probed for 14-3-3 using a 14-3-3t specific

antibody. Endogenous MDMX interaction with 14-3-3 was

nearly below our detection limit in the absence of stress.

However, DNA-damaging treatments with camptothecin or

ionizing irradiation significantly stimulated MDMX–14-3-3t
binding (Figure 1B). Furthermore, treatment with the protea-

some inhibitor MG132 also increased MDMX–14-3-3 binding,

suggesting that a population of unstable MDMX may prefer-

entially bind to 14-3-3. DNA damage stimulation of MDMX–

14-3-3 binding has also been reported in a recent publication

(Okamoto et al, 2005).

One of the dominant 14-3-3 isoforms expressed in HeLa is

14-3-3t (Nomura et al, 2003). This may be the reason that

14-3-3t was found in the MDMX complex from this cell line.

To determine whether MDMX also interacts with other 14-3-3

isoforms, MDMX was cotransfected with the entire 14-3-3

panel (t, s, b, g, z, e, Z). The epitope tagged 14-3-3 was

immunoprecipitated and the co-precipitated MDMX was

detected by Western blot. The results showed absence of

binding to 14-3-3s, weak binding to g, and strong binding

to t, b, z, e, and Z (Figure 1C). This result suggested that

MDMX interacts with multiple 14-3-3 isoforms. As such,

siRNA knockdown of 14-3-3t alone did not have observable

effect on MDMX and p53 response to DNA damage (data not

shown).

Identification of 14-3-3 binding site on MDMX

A major function of 14-3-3 is to bind to proteins with

phosphorylated serine and threonine residues. The increased

MDMX binding to 14-3-3 after DNA-damaging treatment

suggested that MDMX phosphorylation is involved in regulat-

ing 14-3-3 binding. We recently found that DNA damage

induces the appearance of MDMX with reduced mobility

on SDS–PAGE. Inhibition of proteasome using MG132 can

further preserve this labile population. Mass spectrometric

analysis identified several phosphorylation sites on MDMX

after DNA damage by g irradiation, including S342, S367,

S391, and S403 (Chen et al, 2005a) (Figure 2A). A recent

report by Pereg et al (2005) also identified phosphorylation

on S342, S367, and S403, and showed that S403 is a target

for ATM after DNA damage.

Of particular interest, S367 is present in a sequence context

favorable for interaction with 14-3-3 after phosphorylation

(xSxPx) (Yaffe et al, 1997). We tested this possibility by

generating S367A and P369S mutations to target the phos-

phorylation site and the adjacent proline residue important

for providing the optimal sequence context. Mutants of

adjacent phosphorylated sites S342A and S403A were also

tested. The MDMX mutants were coexpressed with FLAG-14-

Figure 1 MDMX forms a complex with 14-3-3. (A) Copurification
of 14-3-3 with MDMX. HeLa cells stably transfected with FLAG-
MDMX were immunoprecipitated using anti-FLAG M2 antibody,
the purified MDMX and associated proteins were detected by
Coomassie stain. The two marked bands were identified as CK1a
and 14-3-3t by mass spectrometric peptide sequencing. (B)
Interaction of endogenous 14-3-3 and MDMX. MCF7 cells were
treated with 30mM MG132 for 4 h, 0.5 mM camptothecin for 16 h, or
irradiated with 10 Gy g irradiation for 4 h. Cell lysates were im-
munoprecipitated with MDMX antibody 8C6, followed by anti-14-3-
3t Western blot. (C) Interaction of MDMX with 14-3-3 isoforms.
H1299 cells transiently cotransfected with MDMX and epitope-
tagged 14-3-3 plasmids were immunoprecipitated using anti-FLAG
(for t, s, g), anti-myc (for z, b), and anti-His6 (for e, Z) antibodies.
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3-3t in H1299 cells and analyzed by anti-FLAG IP followed by

MDMX Western blot. The results showed that MDMX binding

to 14-3-3 was abrogated by the S367A mutation and signifi-

cantly reduced by P369S mutation (Figure 2B). Furthermore,

S342A and S403A mutations had no effect on MDMX–14-3-3

binding (Figure 2B and data not shown). These results

suggested that S367 is the major binding site for 14-3-3.

To confirm that phosphorylated S367 is directly involved in

binding to 14-3-3, peptides with phosphorylated or unphos-

phorylated S367 were conjugated to agarose beads. Whole-

cell extract was incubated with peptide-loaded beads and the

amount of 14-3-3t captured was determined by Western blot.

The result showed that peptide with phosphorylated

S367 specifically captured 14-3-3t from the extract.

Unphosphorylated S367 peptide, phosphorylated or unphos-

phorylated S342 peptides showed no binding above back-

ground noise (Figure 2C). These results further demonstrated

that phosphorylated S367 is the 14-3-3 binding site on

MDMX.

S367 is a major phosphorylation site in vivo

If S367 plays a significant role in the regulation of MDMX

after DNA damage, we would expect that this site should be

strongly phosphorylated. Therefore, we determined the rela-

tive modification levels of several MDMX phosphorylation

sites in vivo by metabolic labeling and two-dimensional (2D)

phosphopeptide analysis. 293T cells were transiently trans-

fected with MDMX mutants with serine to alanine mutations

at each phosphorylation site and labeled with 32P-orthophos-

phate. The labeled MDMX was immunoprecipitated, gel

purified, digested with Asp-N endoproteinase, and the pep-

tides were analyzed by 2D peptide mapping. The labeling

of wild-type and MDMX point mutant enabled us to assign

some of the phosphopeptide spots on the 2D peptide map

to particular serine residues (Figure 3). The results showed

that the most intensely labeled MDMX peptide was elimi-

nated by the S367A mutation, suggesting that S367 was the

major phosphorylation site on MDMX under the labeling

condition (Figure 3). Although phosphorylation of S403 was

detectable by mass spectrometry and phosphorylation-speci-

fic antibody, we were not able to definitively assign this site

to a particular spot on the 2D peptide map of Asp-N digestion

(data not shown). This may be due to weak signal or poor

solubility of the phosphopeptide containing S403.

We also tested whether metabolic labeling and 2D peptide

mapping can be used to detect g irradiation-stimulated phos-

phorylation of MDMX. The results indicated that treatment

of cells with 10 Gy g irradiation immediately before the 4 h

labeling with 0.2 mCi/ml 32P-orthophosphate did not have

an effect on the labeling level of S367 relative to other spots

(data not shown), suggesting that the amount of irradiation

received from the 32P-orthophosphate incubation alone was

sufficient to induce high-level modification of S367.

Chk2 phosphorylation of S367 is important for

stimulating 14-3-3 binding

The sequence context of S367 (RRTIS367APVV) fits the con-

sensus substrate motif LxRxxS/T for Chk2 kinase, as identi-

fied by oriented peptide libraries in vitro (O’Neill et al, 2002).

In order to study the regulation of MDMX by phosphoryla-

Figure 2 Identification of 14-3-3 binding site on MDMX. (A)
Location of phosphorylation sites on MDMX. Phosphorylation of
S342, S367, and S403 was detected by mass spectrometry and
verified by phosphorylation-specific antibody analyses in previous
studies. (B) MDMX mutant binding to 14-3-3. H1299 cells were
transiently cotransfected with MDMX mutant and FLAG-14-3-3t
plasmids for 48 h, followed by anti-FLAG IP and MDMX Western
blot. (C) 14-3-3 binding by phosphorylated S367 peptide. MDMX
peptides with or without phosphorylation on S342 and S367 were
chemically crosslinked to agarose beads. The beads were incubated
with whole-cell extract, washed, and bound 14-3-3t detected by
Western blot.

Figure 3 S367 is a major MDMX phosphorylation site in vivo. 293T cells were transiently transfected with MDMX mutants with serine-to-
alanine mutations at the indicated phosphorylation site and labeled with 32P-orthophosphate. The labeled MDMX was immunoprecipitated,
digested with Asp-N endoproteinase, and analyzed by 2D peptide mapping. (A) Wild-type MDMX. (B, C) MDMX point mutants.
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tion, we recently generated phosphorylation-specific anti-

body against S367. Using this antibody, we found that S367

was phosphorylated at a low basal level in undamaged cells,

but significantly phosphorylated after DNA damage by g
irradiation. Furthermore, in vitro kinase reaction showed

that purified Chk2 kinase preferentially phosphorylates

S367 of recombinant MDMX (Chen et al, 2005a). As expected,

DNA damage by g irradiation or UV induced S367 phosphor-

ylation in wild-type HCT116 cells, but not in HCT116-Chk2�/�
cells (Figure 4A) (Jallepalli et al, 2003). Therefore, Chk2

kinase is important for both ionizing irradiation and UV-

induced phosphorylation of S367. Phosphorylation of

MDMX on at least some of the other sites (possibly on S403

by ATM) was still evident after g irradiation in Chk2�/�
cells, generating a visible shift in MDMX mobility as in wild-

type HCT116 cells (Figure 4A).

To test the role of Chk2 in DNA damage-induced MDMX–

14-3-3 binding, HCT116-Chk�/� cells were infected with

lentivirus expressing MDMX to obtain a level necessary for

detection of endogenous 14-3-3 binding. The cells were

treated with 10 Gy irradiation in the presence of MG132 (to

prevent degradation of phosphorylated MDMX); MDMX was

immunoprecipitated and analyzed for the co-precipitation

of 14-3-3. The results showed that loss of Chk2 expression

completely abrogated the stimulation of 14-3-3 binding by

DNA damage (Figure 4B). These results showed that Chk2

phosphorylation of S367 is required for stimulation of

MDMX–14-3-3 binding after DNA damage.

Chk2 phosphorylation of MDMX is required for nuclear

import and degradation

Previous studies revealed that transfected MDMX showed

predominantly cytoplasmic distribution and can be induced

to accumulate in the nucleus by binding to MDM2, or through

an MDM2-independent mechanism after DNA damage

(Stad et al, 2001; Li et al, 2002; Migliorini et al, 2002a). The

increased MDMX–14-3-3 binding after DNA damage sug-

gested that Chk2-regulated 14-3-3 binding plays a role in

MDMX nuclear translocation. To test this hypothesis, we

generated a stable U2OS cell line overexpressing the S367A

mutant. Immunofluorescence staining showed that after g
irradiation, wild-type MDMX underwent nuclear transloca-

tion as reported previously, whereas the S367A mutant

showed significant defect in nuclear translocation

(Figure 5A). However, both wild-type MDMX and S367A

were targeted into the nucleus when cotransfected with

MDM2 (data not shown), indicating that S367A mutation

does not affect MDM2-mediated nuclear import. Therefore,

phosphorylation of S367 is required for the DNA damage-

induced, MDM2-independent nuclear import, possibly

mediated by 14-3-3 binding.

The ability of S367A mutation to block MDMX nuclear

translocation suggested that phosphorylation by Chk2 is

required for DNA damage-regulated MDMX nuclear import.

To test this prediction, wild-type and HCT116-Chk2�/� cells

were stably infected with lentivirus vector expressing MDMX

and treated with g irradiation. Immunofluorescence staining

of MDMX revealed that DNA damage induced MDMX nuclear

import in wild-type HCT116 cells, but not in HCT116-Chk2�/�
cells (Figure 5B). Therefore, Chk2 phosphorylation of MDMX

on S367 is important for its nuclear translocation after DNA

damage.

To further test the role of Chk2 in MDMX nuclear import,

we examined the localization of endogenous MDMX by

nuclear/cytoplasmic fractionation. The results showed that

MDMX in wild-type HCT116 cells was distributed in both the

cytoplasm and nucleus, with moderate preference for the

nucleus (Figure 5C). Nuclear distribution became prominent

4 h after g irradiation when MG132 was also added to prevent

degradation of phosphorylated MDMX. Without MG132 treat-

ment, g irradiation actually reduced the amount of nuclear

MDMX due to degradation (Figure 5C). The nuclear MDMX in

wild-type HCT116 cells showed reduced gel mobility after

irradiation, suggesting that the phosphorylated form was

preferentially transferred to the nucleus (Figure 5C, second

panel). In contrast, MDMX was almost equally distributed

between the cytoplasm and nucleus in Chk2-null cells, and

this pattern was not significantly altered by g irradiation and

Figure 4 Chk2 is required for DNA damage-induced phosphoryla-
tion of S367 and binding to 14-3-3. (A) Wild-type and Chk2-null
HCT116 cells were treated with 10 Gy g irradiation or 20 J/m2 for
4 h in the presence of 30mM MG132 to preserve phosphorylated
MDMX. MDMX was immunoprecipitated with 8C6 and analyzed
using anti-PS367 antibody by Western blot. The membrane was
reprobed with 8C6 to confirm the level of total MDMX. (B) HCT116
cells were stably infected with MDMX lentivirus to facilitate detec-
tion of MDMX binding to endogenous 14-3-3. Cells were treated
with 10 Gy g irradiation for 4 h in the presence of 30mM MG132.
MDMX was immunoprecipitated and analyzed using anti-PS367
antibody (top panel). H1299 cells with very low MDMX level
were used as negative control. MDMX immunoprecipitate was
analyzed for the co-precipitation of 14-3-3t.
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MG132 cotreatment (Figure 5C). For comparison, p53 in

the same experiment was predominantly localized in the

nucleus irrespective of the treatments (Figure 5C).

Additional time-course experiments showed that in the ab-

sence of MG132, MDMX level in both compartments of wild-

type HCT116 cells decreased rapidly after irradiation.

However, in the presence of MG132, cytoplasmic MDMX

decreased, whereas nuclear MDMX remained the same or

increased after irradiation (Supplementary Figure S1). These

results showed that nuclear translocation and degradation

of MDMX after DNA damage require Chk2 activity. Inhibition

of the proteasome caused accumulation of the phosphory-

lated MDMX in the nucleus.

Direct comparison of total MDMX levels in HCT116 with

and without Chk2 also showed that loss of Chk2 prevented

efficient degradation of MDMX after g irradiation. This was

associated with moderately reduced stabilization of p53 and

weaker induction of p21 expression (Figure 5D). These

results suggested that Chk2 is critical for efficient degradation

of MDMX and full activation of p53 after DNA damage,

possibly in part through regulation of MDMX–14-3-3 inter-

action and promoting MDMX nuclear import.

S367 phosphorylated MDMX preferentially localizes

to the nucleus

The correlation between Chk2-mediated S367 phosphoryla-

tion and MDMX nuclear import suggested that phosphory-

lated MDMX should preferentially accumulate in the nucleus.

To test this prediction, HeLa cells stably expressing high

levels of MDMX were stained with MDMX 8C6 antibody

and PS367 antibody. As expected, cytoplasmic MDMX prior

to DNA damage was not stained by the PS367 antibody. After

g irradiation or treatment with camptothecin, the majority of

MDMX accumulated in the nucleus and displayed a strong

nuclear staining by the PS367 antibody (Figure 6A). Transient

transfection of MDMX into U2OS cells resulted in a sub-

population of cells showing diffused cytoplasmic and nuclear

distribution. Double IF staining of these cells also showed

that PS367 antibody preferentially stained the nucleus

(Figure 6B). These results are consistent with the cell fractio-

Figure 5 Chk2 phosphorylation of MDMX is required for nuclear import and degradation. (A) S367A mutant does not undergo nuclear
translocation after DNA damage. U2OS cells stably transfected with wild-type MDMX or S367A mutant were treated with 0.5mM CPT for 18 h
and stained using 8C6. (B) DNA damage does not induce MDMX nuclear import in Chk2-null cells. HCT116 wild-type and Chk2-null cells stably
infected with lentivirus expressing MDMX were treated with 10 Gy irradiation for 18 h and stained with 8C6 antibody. (C) Analysis of
endogenous MDMX distribution by subcellular fractionation. HCT116 cells were treated with 10 Gy g irradiation in the presence or absence of
30mM MG132 for 4 h. Nuclear and cytoplasmic fractions were analyzed by Western blot. To facilitate comparison of ratio, loading of IR-treated
C/N pair was empirically increased to obtain MDMX signal similar to the untreated pair. (D) Chk2-null cells were partially defective for MDMX
degradation. HCT116 cells were treated with indicated doses of g irradiation for 4 h and analyzed by Western blot for different markers.
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nation experiment showing that nuclear MDMX has a slower

electrophoretic mobility after DNA damage (Figure 5C).

Phosphorylated MDMX is rapidly degraded after DNA

damage, whereas mutation of S367 increases MDMX resis-

tance to ubiquitination and degradation by MDM2 (Chen

et al, 2005a). These observations, together with the results

in Figure 5C, suggested that 14-3-3 binding helps to promote

degradation of nuclear MDMX. To test this hypothesis,

MDMX was transiently cotransfected with 14-3-3 into U2OS

cells, which express relatively high levels of endogenous

MDM2. Staining of MDMX by 8C6 antibody showed that

14-3-3 overexpression promoted the elimination of nuclear

MDMX, resulting in more prominent cytoplasmic distribution

(Figure 6B). One interpretation of this result is that 14-3-3

overexpression promotes MDMX nuclear export. However,

PS367 staining also showed a loss of phosphorylated MDMX

after 14-3-3 cotransfection, suggesting that 14-3-3 promotes

degradation of phosphorylated MDMX. Furthermore, when

MDMX and 14-3-3 cotransfected cells were treated with

MG132, accumulation of phosphorylated MDMX was ob-

served (Figure 6B). The diffused localization of phosphory-

lated MDMX after MG132 treatment may be due to

overexpression, which was not seen in the fractionation of

endogenous MDMX (Figure 5C). Overall, the results favor the

interpretation that 14-3-3 binding promotes MDMX nuclear

import and degradation in the nucleus.

MDMX contains a cryptic nuclear import signal that

mediates Chk2-regulated nuclear import

To determine how phosphorylation and 14-3-3 binding

promote MDMX nuclear import, we tested whether MDMX

contains a cryptic nuclear import signal (NLS) that may

be activated by 14-3-3 binding. When GFP was fused to the

N-terminus of full-length MDMX, the fusion protein became

constitutively cytoplasmic even after DNA damage (data not

shown), indicating an interference of nuclear import by

the GFP moiety. However, GFP-MDMX300–490 was constitu-

tively nuclear localized (Figure 7A), suggesting the exposure

of a cryptic NLS in this region. Inspection of MDMX sequence

suggested that the only candidate is a stretch of basic residues

within the RING domain (465RRLKK), which is similar to

the cryptic nucleolar targeting signal on MDM2 (465KKLKK)

(Lohrum et al, 2000). A K468E mutation introduced

into GFP-MDMX300–490 resulted in diffused localization

(Figure 7A), demonstrating that it was required for nuclear

localization. Furthermore, full-length MDMX with K468E

mutation failed to undergo nuclear translocation after DNA

damage (Figure 7B), despite normal levels of S367 phosphor-

ylation and 14-3-3 binding (data not shown). This mutation

had no effect on MDM2-mediated nuclear import of MDMX

in cotransfection assays (data not shown), suggesting that

it is specifically required for the MDM2-independent nuclear

import.

Classic NLS-mediated nuclear import requires binding of

the NLS to a family of cytoplasmic receptors (importin a)

(Weis, 2003). When GST-importin a1, 3, 5, 6, and 7 fusion

proteins were incubated with cell lysate containing MDMX,

importin a3 showed significant binding to MDMX (Liu et al,

2005), which was abrogated by the K468E mutation

(Figure 7C). This result was consistent with a role of the

465RRLKK sequence in mediating MDMX nuclear import.

However, GST-importin a3 pulldown efficiency was not

Figure 6 S367 phosphorylated MDMX preferentially localizes to the nucleus. (A) HeLa cells stably transfected with MDMX were treated with
0.5mM CPT for 18 h and stained using 8C6 or PS367 antibody. (B) 14-3-3 expression promotes elimination of phosphorylated MDMX from the
nucleus. U2OS cells were transiently cotransfected with MDMX and 14-3-3t plasmids for 24 h and treated with 30mM MG132 for 4 h. Cells were
double stained using 8C6 for total MDMX (green) and PS367 antibody for phosphorylated MDMX (red).
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affected by Chk2 phosphorylation of S367 (data not shown),

suggesting that the in vitro binding assay does not recapitu-

late all aspects of the import process. These results showed

that MDMX contains a cryptic NLS sequence that mediates

Chk2 and 14-3-3-regulated nuclear import after DNA damage.

14-3-3 cooperates with Chk2 to promote MDMX

ubiquitination

To further investigate the role of the 14-3-3 binding site

on regulation of MDMX ubiquitination, the effect of Chk2

on wild-type MDMX and the S367 mutant was examined.

HCT116-Chk2�/� cells were transiently transfected with

MDMX, MDM2, His6-ubiquitin, and Chk2 plasmids. MDMX

ubiquitination was determined by Ni-NTA purification of

ubiquitinated proteins, followed by MDMX Western blot.

The results showed that expression of wild-type Chk2, but

not the kinase-deficient Chk2-A347 mutant (Chehab et al,

2000), strongly stimulated the poly-ubiquitination and degra-

dation of MDMX by MDM2 (Figure 8A). In contrast, ubiqui-

tination and degradation of the MDMX-S367A mutant was

not stimulated by Chk2 (Figure 8A). Therefore, phosphoryla-

tion of S367 is important for efficient ubiquitination of MDMX

and is necessary for the regulation by Chk2.

To determine whether 14-3-3 and Chk2-mediated phos-

phorylation cooperate to stimulate the ubiquitination of

MDMX, HCT116-Chk2�/� cells were transfected with His6-

ubiquitin, MDMX, 14-3-3, and Chk2 expression plasmids.

Under dose-limiting conditions where 14-3-3 and Chk2

alone had negligible effects on MDMX ubiquitination by

endogenous MDM2 (50–100 ng plasmid for a 6 cm plate),

coexpression of 14-3-3 and Chk2 significantly enhanced

MDMX ubiquitination and degradation (Figure 8B, lane 5

versus 2 and 3). Furthermore, mutation of S367 abrogated the

cooperative effect of 14-3-3 and Chk2 (Figure 8B, lane 11

versus 9 and 10). Therefore, Chk2-mediated phosphorylation

cooperates with 14-3-3 to stimulate MDMX ubiquitination

and degradation.

To further test whether 14-3-3 stimulates degradation of

MDMX phosphorylated on S367, MDMX and MDM2 were

cotransfected with 14-3-3 in H1299 cells. The transfection

procedure alone induced significant phosphorylation of

MDMX on S367 without DNA-damaging treatments. The

levels of total MDMX level and PS367 MDMX level were

determined by IP–Western blot. The result showed that when

MDM2 level was suboptimal for significant degradation of

total MDMX, 14-3-3 cotransfection selectively stimulated the

degradation of MDMX phosphorylated on S367 (Figure 8C).

Under conditions of MDM2 overexpression, the levels of total

MDMX and phosphorylated MDMX were degraded at a

similar rate (data not shown), possibly because phosphoryla-

tion on S367 was no longer a rate-limiting step. These results

showed that 14-3-3 stimulates MDM2 degradation of MDMX

phosphorylated at S367.

Figure 7 MDMX nuclear import after DNA damage requires a cryptic NLS. (A) GFP–MDMX fusions were stably transfected into U2OS cells and
photographed for localization using fluorescence from the GFP tag. (B) Full-length MDMX with the K468E mutation was transiently transfected
into U2OS cells, treated for 18 h with 0.5mM CPT, and stained using 8C6 antibody. (C) GST-importin-loaded beads were incubated with lysate of
HCT116 cells transiently transfected with wild-type or mutant MDMX. Bound MDMX were detected by Western blot. (D) Diagram of MDMX
indicating the location of the cryptic NLS.
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To further test the effect of Chk2 and 14-3-3 on the ability

of MDMX to inhibit p53 transcriptional activity, HCT116-

Chk2�/� cells were transfected with the p53-responsive

BP100-luciferase reporter (Freedman et al, 1997).

Transfected BP100-luc alone was activated by endogenous

p53 and produced baseline readout of p53 activity.

Cotransfection of MDMX reduced p53 activity by B2-fold

(Figure 9A), which was typical for MDMX and weaker than

the effect of MDM2 in such assay. Coexpression of 14-3-3 and

Chk2 partially overcome the inhibition of p53 activity by

wild-type MDMX, consistent with the ability of this combina-

tion in promoting MDMX degradation. This effect required

active Chk2 and was not seen using kinase-deficient Chk2–

347A mutant (Figure 9A). Importantly, the MDMX 367A

mutant was not regulated by 14-3-3 and Chk2 (Figure 9B),

confirming a requirement for phosphorylation and 14-3-3

binding. These results demonstrated that Chk2 phosphoryla-

tion of MDMX on S367 and recruitment of 14-3-3 cooperates

to abrogate its inhibitory effect on p53.

Discussion

The results described above showed that MDMX specifically

interacts with 14-3-3. S367 is the major 14-3-3 binding site on

MDMX and is significantly phosphorylated after DNA damage

in a Chk2-dependent fashion, resulting in increased 14-3-3

binding. S367 phosphorylation and 14-3-3 binding stimulate

degradation of MDMX by MDM2. Furthermore, phosphoryla-

Figure 9 Chk2 and 14-3-3 cooperate to neutralize MDMX inhibition
of p53. (A) HCT116-Chk2�/� cells were transfected with p53-
responsive BP100-luc reporter to detect endogenous p53 transcrip-
tional activity. The effects of wild-type MDMX, 14-3-3 and Chk2
coexpression on p53 activity were detected by luciferase assay
and normalized to CMV-lacZ transfection efficiency control. (B) A
control experiment identical to (A), except that the MDMX 367A
mutant was used.

Figure 8 Chk2 promotes ubiquitination and degradation of MDMX
through modification of the 14-3-3 binding site. (A) HCT116-
Chk2�/� cells were transiently transfected with MDMX, MDM2,
Chk2, and His6-ubiquitin. MDMX ubiquitination was detected by
Ni-NTA purification, followed by MDMX Western blot. Whole-cell
extract was analyzed for MDMX level by Western blot. Chk2-A347 is
a kinase-deficient mutant. (B) HCT116-Chk2�/� cells were trans-
fected with His6-ubiquitin, MDMX, 14-3-3t, and Chk2 plasmids.
MDMX ubiquitination was detected by Ni-NTA purification, fol-
lowed by MDMX Western blot. 14-3-3DN is a 30–245 fragment
of 14-3-3t lacking the dimerization domain. (C) 14-3-3 stimulates
degradation of PS367 MDMX. H1299 cells were transiently trans-
fected with MDMX, MDM2, and 14-3-3t for 48 h. MDMX was
immunoprecipitated with 8C6 and probed with PS367 antibody
for the phosphorylated form, or with 8C6 for total MDMX level.
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tion of S367 is required for MDMX nuclear import after DNA

damage, possibly by activating a cryptic NLS in the RING

domain. These results suggest that 14-3-3 proteins regulate

MDMX localization and degradation in response to DNA

damage, and this effect may contribute to the efficient

activation of p53.

Recent findings showed that, after DNA damage, ATM is

critical for inducing phosphorylation of MDMX on multiple

sites. ATM directly phosphorylates S403, and is also required

for phosphorylation of S367 and S342 by activating Chk2.

S367 is also the most heavily phosphorylated MDMX residue

after ionizing irradiation, and S367 mutation has the most

significant impact on MDMX ubiquitination and degradation

by MDM2. The recruitment of 14-3-3 by phosphorylated S367

suggests that 14-3-3 is an important regulator of MDMX. It is

worth noting that 14-3-3 was initially copurified with MDMX

from HeLa cells in the absence of DNA damage, suggesting a

basal level of S367 phosphorylation. Chk1 is a likely candi-

date in this process because it has housekeeping functions

and is active in unperturbed cells (Bartek and Lukas, 2003).

However, ionizing irradiation and UV did not stimulate S367

phosphorylation in Chk2-null cells, suggesting that Chk2 is

critical for the DNA damage response.

Our data showed that phosphorylation of S367 by Chk2 is

important for nuclear translocation of MDMX after DNA

damage. Mutation of S367 or loss of Chk2 function prevents

MDMX nuclear import induced by DNA damage. MDMX has

multiple mechanisms for nuclear import. Interaction with

MDM2 can target MDMX into the nucleus using the NLS on

MDM2. As expected, this effect does not require MDMX S367

phosphorylation or the MDMX cryptic NLS. A second

mechanism requires phosphorylation of S367 and possibly

involves 14-3-3 recruitment. 14-3-3 binding to phosphory-

lated S367 may induce conformational change of the RING

domain and activate the cryptic NLS. Phosphorylated MDMX

also binds to MDM2 with higher affinity (Chen et al, 2005a),

consistent with conformational change in the RING domain.

Therefore, MDMX belongs to a rare group of proteins that are

targeted to the nucleus by 14-3-3 binding.

How 14-3-3 binding stimulates MDMX degradation remains

to be further investigated. Nuclear translocation should facil-

itate interaction with MDM2 in the nucleus, resulting in

ubiquitination and degradation of MDMX. Conformational

change induced by phosphorylation and 14-3-3 binding may

increase affinity to MDM2, or increase the ability of MDMX

RING domain to activate MDM2 E3 function after forming the

heterodimer. A recent report showed that the de-ubiquitinat-

ing enzyme HAUSP binds to MDMX and regulates MDMX

stability by de-ubiquitination (Meulmeester et al, 2005).

Interaction between MDMX and HAUSP was reduced after

DNA damage and is thought to contribute to MDMX destabi-

lization. It is possible that 14-3-3 binding displaces HAUSP

and contributes to increased MDMX ubiquitination.

Efficient activation of p53 after DNA damage is likely to be

achieved by phosphorylation of multiple targets, including

p53, MDM2, and MDMX. The results described in this report

add another level of complexity to p53 signaling. Further

elucidation of the physiological functions of S367 phosphor-

ylation will require a knock-in or gene replacement approach.

It will also be important to determine whether other types of

stress also target MDMX or p53 by regulating MDMX–14-3-3

interaction.

Materials and methods

Cell lines and plasmids
H1299, U2OS, MCF-7, and 293T cells were maintained in DMEM
medium with 10% fetal bovine serum. HCT116 and HCT116-
Chk2�/� cells were kindly provided by Dr Bert Vogelstein and
maintained in McCoy 5A medium with 10% fetal bovine serum.
Human MDMX cDNA was kindly provided by Dr Donna George
(Sharp et al, 1999). FLAG-tagged Chk2 wild-type and A347 mutant
were provided by Dr Thanos Halazonetis (Chehab et al, 2000).
Expression plasmid for FLAG-14-3-3t was generated by PCR
amplification of 14-3-3t cDNA from a HeLa cDNA library and
subcloning into pcDNA3. Expression plasmids for 14-3-3b, e and Z
were provided by Dr Haian Fu. 14-3-3g was provided by Dr Hua Lu,
14-3-3s was provided by Dr Mong-Hong Lee, and 14-3-3z was
provided by Dr Anthony J Muslin. GST-importin a constructs were
provided by Dr Nancy Reich. For affinity purification and mass
spectrometric analysis, a FLAG epitope tag was added to the
C-terminus of myc-MDMX by PCR to create double-tagged myc-
MDMX-Flag. All MDM2 and MDMX constructs used in this study
were based on human cDNA clones.

Affinity purification of MDMX-associated protein
HeLa-S cells stably transfected with FLAG-tagged MDMX were
grown as a suspension culture. Cells from 500 ml culture
(B2�108 cells) were lysed in 10 ml lysis buffer (50 mM Tris–HCl
(pH 8.0), 5 mM EDTA, 150 mM NaCl, 0.5% NP40, 1 mM PMSF),
centrifuged for 5 min at 10 000 g, and the insoluble debris were
discarded. The lysate was precleared with 100ml bed volume of
protein A Sepharose beads for 30 min, and then incubated with
50ml bed volume of M2-agarose bead (Sigma) for 4 h at 41C. The
beads were washed extensively with lysis buffer, and MDMX and
its associated proteins were eluted with 70ml of 20 mM Tris (pH 8.0),
2% SDS, and 200mg/ml FLAG epitope peptide (Sigma) for 15 min.
The eluted proteins were fractionated on SDS–PAGE and stained
with Coomassie Blue. Proteins copurified with MDMX were excised
from the gel and subjected to protease digestion and peptide
sequencing by mass spectrometry at the Harvard Microchemistry
Laboratory.

Protein analysis
To detect proteins by Western blot, cells were lysed in lysis buffer
(50 mM Tris–HCl (pH 8.0), 5 mM EDTA, 150 mM NaCl, 0.5% NP40,
1 mM PMSF, 200 nM okadaic acid), centrifuged for 5 min at 10 000 g,
and the insoluble debris were discarded. Cell lysate (10–50mg
protein) was fractionated by SDS–PAGE using a gradient gel
and transferred to Immobilon P filters (Millipore). The filter was
blocked for 1 h with phosphate-buffered saline (PBS) containing
5% non-fat dry milk and 0.1% Tween-20. The following mono-
clonal antibodies were used: 3G9 for MDM2 (Chen et al, 1993); DO-
1 (Pharmingen) for p53 Western blot; 8C6 monoclonal or a rabbit
polyclonal serum for MDMX Western blot and IP (Li et al, 2002),
PS367 antibody for phosphorylated MDMX (Chen et al, 2005a). The
filter was developed using ECL-plus reagent (Amersham).

Immunoprecipitation assay
Cells were lysed in lysis buffer (50 mM Tris–HCl (pH 8.0), 5 mM
EDTA, 150 mM NaCl, 0.5% NP40, 1 mM PMSF), centrifuged for
5 min at 10 000 g, and the insoluble debris were discarded. Cell
lysate (500–1000 mg protein) was immunoprecipitated using 100 ml
8C6 hybridoma supernatant against MDMX and protein G agarose
beads for 4 h at 41C. The beads were washed extensively with lysis
buffer, boiled in SDS sample buffer, fractionated by SDS–PAGE, and
analyzed by anti-14-3-3t Western blot using an isoform-specific
rabbit polyclonal antibody (Santa Cruz Biotechnology).

Capture of 14-3-3 using MDMX phosphopeptides
MDMX peptides (30mg) S342 (HSLSTSDIT), PS342 (HSL(pS)
TSDIT), S367 (RTISAPVVR), and PS367 (RTI(pS)APVVR) were cross-
linked to 30ml of CarboxyLink beads (Pierce) according to the instruc-
tions from the manufacturer. The beads (15ml) were incubated with
200mg lysate of MCF7 cells stably transfected with FLAG-14-3-3t
(expressed at a level similar to endogenous 14-3-3t) for 3 h at 41C,
washed with lysis buffer, and analyzed by anti-FLAG Western blot.
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In vivo ubiquitination assay
HCT116-Chk2�/� cells in 6 cm plates were transfected with
combinations of 0.5 mg His6-ubiquitin expression plasmid, 1mg
MDMX, 0.5 mg MDM2, and 1mg Chk2 expression plasmids using
Lipofectamine Plus reagents (Life Technologies). For detection of
14-3-3 and Chk2 cooperation, 0.5 mg His6-ubiquitin, 1mg MDMX,
0.1 mg Chk2, and 0.05mg 14-3-3t plasmids were cotransfected.
At 24 h after transfection, cells were lysed in buffer A (6 M
guanidinium–HCl, 0.1 M Na2HPO4/NaH2PO4, 0.01 M Tris–HCl (pH
8.0), 5 mM imidazole, 10 mM b-mercaptoethanol) and incubated
with Ni2þ -NTA beads (Qiagen) for 4 h at room temperature. The
beads were washed with buffer A, B (8 M urea, 0.1 M Na2PO4/
NaH2PO4, 0.01 M Tris–HCl (pH 8.0), 10 mM b-mercaptoethanol),
C (8 M urea, 0.1 M Na2PO4/NaH2PO4, 0.01 M Tris–HCl (pH 6.3),
10 mM b-mercaptoethanol), and bound proteins were eluted with
buffer D (200 mM imidazole, 0.15 M Tris–HCl (pH 6.7), 30%
glycerol, 0.72 M b-mercaptoethanol, 5% SDS). The eluted proteins
were analyzed by Western blot for the presence of conjugated
MDMX using 8C6 antibody.

Luciferase assay
HCT116-Chk2�/� cells were plated in 24-well plates (50 000/well)
for 24 h and transfected with a mixture containing 20 ng p53-
responsive BP100-luciferase, 40 ng MDMX, 5 ng CMV-lacZ, 2 ng 14-
3-3t, and 5 ng Chk2 plasmids. Transfection was achieved using
Lipofectamine PLUS reagents (Invitrogen) and cells were analyzed
for luciferase and b galactosidase expression after 24 h. The ratio of
luciferase/b galactosidase activity was used as an indicator of p53
transcriptional activity.

Immunofluorescence staining
Cells cultured on chamber slides were transfected with indicated
combinations of MDMX and 14-3-3t expression plasmids using
Lipofectamine PLUS reagents. At 24 h after transfection, cells were
fixed with acetone-methanol (1:1) for 3 min at room temperature,
blocked with PBSþ 10% normal goat serum (NGS) for 20 min, and
incubated with a mixture of anti-MDMX 8C6 hybridoma super-
natant and rabbit-anti-PS367 antibody in PBSþ 10% NGS for 2 h.
The slides were washed with PBSþ 0.1% Triton X-100, incubated
with rhodamine-goat-anti-rabbit IgG and FITC-goat-anti-mouse IgG
in PBSþ 10% NGS for 1 h, washed with PBSþ 0.1% Triton X-100
and mounted.

Nuclear cytoplasmic fractionation
Approximately 1�107 cells were pelleted and suspended in 500 ml
of 1� Hypotonic buffer (40 mM HEPES (pH 7.9), 2 mM EDTA,
2 mM EGTA, 20 mM NaF, 1 mM DTT, 1 mM PMSF, 1 mM Na3VO4)

containing protease inhibitor cocktail (Sigma). After incubation on
ice for 2 min, cells were homogenized with 10 strokes in a Dounce
homogenizer. Samples were centrifuged at 41C at 1000 g for 5 min.
Supernatant was collected (Cytosolic fraction) and the pellet was
washed with nuclear wash buffer (50 mM NaCl, 10 mM HEPES (pH
8.0), 25% glycerol, 0.1 mM EDTA, 1 mM NaF, 20 mM Na3VO4) and
centrifuged briefly at 41C. The pellet was then lysed on a rotating
wheel at 41C for 20 min in 100 ml of high-salt buffer (840 mM KCl,
40 mM HEPES, 2 mM EDTA, 2 mM EGTA, 40% glycerol, 1 mM DTT)
containing protease inhibitors and phosphatase inhibitors. After
centrifugation at 10 000 g for 20 min, supernatant was collected
(nuclear fraction). Protein concentrations in the cytoplasmic and
nuclear fractions were determined, and identical amounts of protein
were subjected to Western blot analyses.

In vivo phospholabeling and phosphopeptide analysis
To detect MDMX phosphorylation in vivo, 293Tcells in 10 cm plates
were transiently transfected with 10mg MDMX expression plasmids
using the calcium phosphate precipitation method. At 40 h after
transfection, cells were washed with DMEM without phosphate and
incubated with 32P-orthophosphate (0.2 mCi/ml) in DMEM without
phosphate for 4 h. Cell lysate was immunoprecipitated with 8C6 and
analyzed by SDS–PAGE and autoradiography. Nylon membrane
containing radiolabeled MDMX bands were excised and incubated
with 50 ng endoproteinase Asp-N (Sigma) for 16 h in 50 mM
ammonium bicarbonate at 371C. MDMX peptides were oxidized
with performic acid and resolved by electrophoresis on a thin-layer
cellulose plate for 30 min at 1.0 kV in formic acid/glacial acetic
acid/water (1:3.1:35.9; pH 1.9) using the HTLE-7002 apparatus.
This was followed by chromatography in the second dimension in
n-butyl alcohol/pyridine/glacial acetic acid/water (5:3.3:1:4) for
16 h. The phosphopeptides were visualized by autoradiography.

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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