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It has been shown that MDMX inhibits the activity of the

tumor suppressor p53 by primarily cooperating with

the p53 feedback regulator MDM2. Here, our study shows

that this inhibition can be overcome by 14-3-3c and Chk1.

14-3-3c was identified as an MDMX-associated protein via

an immuno-affinity purification-coupled mass spectrome-

try. Consistently, 14-3-3c directly interacted with MDMX

in vitro, and this interaction was stimulated by MDMX

phosphorylation in vitro and in cells. Interestingly, in

response to UV irradiation, the wild-type, but not the

kinase-dead mutant, Chk1 phosphorylated MDMX at

serine 367, enhanced the 14-3-3c-MDMX binding and

the cytoplasmic retaining of MDMX. The Chk1 specific

inhibitor UCN-01 repressed all of these effects. Moreover,

overexpression of 14-3-3c, but not its mutant K50E, which

did not bind to MDMX, suppressed MDMX-enhanced p53

ubiquitination, leading to p53 stabilization and activation.

Finally, ablation of 14-3-3c by siRNA reduced UV-induced

p53 level and G1 arrest. Thus, these results demonstrate

14-3-3c and Chk1 as two novel regulators of MDMX in

response to UV irradiation.
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Introduction

In response to stresses, the tumor suppressor p53 protein is

stabilized and activated to induce cell growth arrest and/or

apoptosis, consequently protecting normal cells from under-

going neoplasmic transformation (Vogelstein et al, 2000).

These functions of p53 primarily attribute to its nuclear

transcriptional activity to induce the expression of a broad

panel of genes. Some of these genes encode proteins, such

as p21 or 14-3-3s, responsible for stopping the cell growth

(el-Deiry et al, 1993; Harper et al, 1993; Dulic et al, 1994;

Hermeking et al, 1997; Bunz et al, 1998), and others encode

proteins, such as Bax or PIGs, important for apoptosis

(Miyashita and Reed, 1995; Venot et al, 1998). Also, p53

directly travels to the mitochondria, triggering apoptosis

(Mihara et al, 2003; Chipuk et al, 2004; Leu et al, 2004). To

control these cytotoxic effects of p53, cells have developed a

negative feedback regulatory loop to monitor its level. The

key component of this loop is MDM2 (also called HDM2 in

human) (Barak et al, 1993; Fakharzadeh et al, 1993; Wu et al,

1993). MDM2 mediates p53 proteasomal degradation (Haupt

et al, 1997; Kubbutat et al, 1997) through its E3 ubiquitin

ligase activity (Honda et al, 1997). To warrant the efficient

execution of this feedback regulation, the cells also recruit an

assistant for MDM2.

This assistant protein is MDMX (also called MDM4, or

HDMX for human) (Shvarts et al, 1996). MDMX resembles

MDM2 at the N-terminal p53-binding and the C-terminal ring-

finger domains (Sharp et al, 1999). Like MDM2, MDMX binds

to p53 and inhibits its functions (Jackson and Berberich,

2000; Rallapalli et al, 2003). Similar to the mdm2–p53

double-knockout (KO) phenotype (Jones et al, 1995;

Montes de Oca Luna et al, 1995), deleting the p53 gene also

rescues the lethal phenotype of mdmx null mice (Parant et al,

2001; Migliorini et al, 2002b), suggesting that MDMX is an

essential MDM2 partner. But, unlike MDM2, MDMX tran-

script is not regulated by p53 (Shvarts et al, 1996) and MDMX

by itself is unable to ubiquitinate p53 (Jackson and Berberich,

2000; Stad et al, 2000). Also, MDMX resides mostly in the

cytoplasm (Rallapalli et al, 1999), but can be recruited to the

nucleus by MDM2 (Gu et al, 2002; Migliorini et al, 2002a),

which is induced by g irradiation (Li et al, 2002). MDMX is

thought to enhance MDM2-mediated p53 ubiquitination and

degradation (Ghosh et al, 2003), which are prevented by

siRNAs against MDMX (Gu et al, 2002; Linares et al, 2003).

Hence, to activate p53, stress signals must turn on cellular

mechanisms that surmount the negative control by MDM2

and MDMX.

Indeed, the MDM2–p53 loop is highly tuned through post-

translational regulations in response to stresses (Appella and

Anderson, 2001). For instance, UV activates the ATR kinase,

which phosphorylates p53 at serine 15 or MDM2 at serine 407

(Tibbetts et al, 1999), or Chk1 that in turn phosphorylates

p53 at serine 15 and serine 20 (Shieh et al, 2000), resulting in

p53 activation. Also, 14-3-3s was shown to activate p53 by

binding to and protecting it from MDM2 attack (Yang et al,

2003). 14-3-3s is one of the seven 28–33 kDa 14-3-3 proteins,

which mostly localize in the cytoplasm. These acidic proteins

are ubiquitously expressed and play multiple roles in cellular

signaling, trafficking, apoptosis, cell cycle, and stress re-

sponse. They prefer binding to serine/threonine-phos-

phoryated proteins at the consensus-binding motifs RSXpS/

T/XP (type 1) or RXXXpS/TXP (type 2) (Muslin et al, 1996;

Yaffe et al, 1997), where X stands for any amino acids. Thus,

those post-translational regulations ultimately activate p53 by

blocking the MDM2 feedback loop. Although recent studies

have begun to link post-translational regulations with MDMX
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(Elias et al, 2005; Meulmeester et al, 2005; Pereg et al, 2005),

less is known about how stress signals may activate p53 by

influencing MDMX function and why MDMX mostly resides

in the cytoplasm.

To address these issues, we generated a stable Flag-MDMX

expression cell line using human embryonic kidney (HEK)

epithelial 293 cells. Using this cell line for immuno-affinity

purification followed by mass spectrometry, we identified

14-3-3g as an MDMX-associated protein from the cytoplasmic

extracts. Further analyses verified the association of this

g form with MDMX in cells. This binding is enhanced by

Chk1-mediated phosphorylation of MDMX at serine 367 in

response to UV, resulting in p53 activation.

Results

MDMX associates with 14-3-3c in cells

To identify cellular proteins that may regulate MDMX func-

tion, we carried out an immuno-affinity purification using

anti-Flag antibody-conjugated beads and cytoplasmic extracts

prepared from Flag-MDMX-expressed HEK 293 cells. Proteins

eluted from the beads with Flag peptides were analyzed by

SDS–PAGE and colloidal blue staining. Three major distinct

bands between the 64 and the 26 kDa markers were specifi-

cally pulled down from the Flag-MDMX-expressed 293

cell extracts, but not from the mock-transfected extracts

(Figure 1A). Mass spectrometric analysis of these bands

revealed that the largest band above the 50 kDa marker was

an MDMX fragment, and that several peptide sequences

derived from the two bands above the 26 kDa marker

matched the b, e, g, s, t, and z isoforms of the 14-3-3 family.

This result suggests that MDMX might bind to 14-3-3s.

Sequence analysis of MDMX revealed a potential 14-3-3-

binding domain RRTISAP between amino acids 363 and 369

(Figure 1B). This motif in MDMX is evolutionarily conserved,

but does not exist in the same region of MDM2 (Figure 1B).

To determine which 14-3-3 isoform may bind to MDMX,

we conducted transient transfection assays using 293 and

H1299 cells with the mammalian expression vectors encoding

each of these 14-3-3 isoforms and MDMX followed by

immunoprecipitation (IP)–Western blot (WB). Representative

results using 293 cells are shown in Figure 2A and B.

Interestingly, MDMX bound to 14-3-3g more efficiently than

to the s, t, e, b, or z isoforms, as tested using IP with anti-Flag

(Figure 2A) and anti-GFP (Figure 2B) (see Supplementary

Figure S1 for 14-3-3e; data for b and z isoforms are not

shown). Consistently, endogenous MDMX and 14-3-3g were

coimmunoprecipitated with the anti-14-3-3g or anti-MDMX,

but not anti-His, antibody from 293 cells (Figure 2C). By

contrast, endogenous 14-3-3e did not efficiently bind to

endogenous MDMX (Figure 2C, right panel), neither did

14-3-3s (data not shown). Although 14-3-3e was pulled down

through affinity purification (Figure 1A), this result might be

due to the large quantity of proteins used in the purification.

These results suggest that MDMX prefers binding to 14-3-3g
in cells. Thus, we focused on examining the role of 14-3-3g in

regulating MDMX function in this study.

14-3-3c directly interacts with MDMX in vitro with

a high affinity to MDMX phosphopeptides

To determine whether MDMX binds to 14-3-3g directly, we

performed an in vitro protein–protein interaction assay using

bacterially expressed and purified GST-14-3-3g and his-

MDMX (Figure 3A). Indeed, MDMX bound to GST-14-3-3g
(lane 2), but not GST alone (lane 1). This binding was

reduced by a 15-mer peptide that contains the serine-phos-

phorylated 14-3-3-binding consensus sequence RSASpEP, but

not by its nonphosphorylated counterpart, in a dose-depen-

dent manner (Figure 3A). The same result was obtained

when a serine-phosphorylated 15-mer peptide containing

the sequence 363RRTISpAP369 derived from MDMX was

used under the same experimental setting (Figure 3B). The

interaction between 14-3-3g and MDMX was reduced 490%

when fourfold (molar ratio) of the MDMX phosphopeptide

over MDMX was used (lane 3), suggesting that 14-3-3g dis-

plays a higher affinity to the phosphorylated MDMX peptide.

But, at the same concentrations, the nonphosphorylated

MDMX peptide had no apparent effect (lane 7). These results

suggest that 14-3-3g binds to MDMX in vitro with a high

affinity to the serine-phosphorylated RRTISpAP peptide of

MDMX.
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Figure 1 Identification of 14-3-3s as Flag-MDMX-associated pro-
teins by immunoaffinity purification. (A) Colloidal Blue staining of
proteins eluted from Flag antibody beads loaded with either empty
vector expressing 293 cytoplasmic extracts (lane 2) or the cytoplas-
mic extracts from the 293–Flag–MDMX cell line (lane 1). MDMX-
associated polypeptides were subjected to mass spectrometry.
MDMX and 14-3-3 bands are indicated. The question mark denotes
unidentified polypeptides. *Indicates the short MDMX fragment.
Peptide sequences of 14-3-3 proteins from mass spectrometry are: b,
TAFDEAIAELDTLNEESYK; e, AAFDDAIAELDTLSEESYK; g, AYSEA
HEISK; y/t, QTIDNSQGAYQEAFDISK; z, KGIVDQSQQAYQEAFEISK.
? denotes unknown peptides. (B) MDMX or MDM2 peptide
sequences from different species were aligned using the Mac-
Vector software. A putative 14-3-3-binding motif as indicated was
identified in MDMX, but not in the same region of MDM2.
Consensus sequences were highlighted in gray.
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The RRTISpAP motif and serine 367 of MDMX are crucial

for binding to 14-3-3c
To determine if the RRTISpAP motif and serine 367 in MDMX

are important for 14-3-3g binding, we replaced serine (S) 367

with either glycine (G) or glutamic acid (E), and proline (P)

369 with glycine (G) in the c-myc–MDMX vector. Using these

mutants as well as MDMX and 14-3-3g, we conducted a set of

transient transfection experiments followed by IP with anti-

Flag antibody and WB. Mutation of either S367 or P369 in

MDMX completely abolished the interaction between MDMX

and 14-3-3g (Figure 3C). The negative result with the S367E

mutant was expected, as 14-3-3s prefer contacting with the

phospho group at the target site to the side chain of acidic

residues (Zhang et al, 1997; Ku et al, 1998). Hence, this result

suggests that the RRTISpAP motif and serine 367 are essential

for the binding of MDMX to 14-3-3g.

Next, we wanted to determine if the target-binding domain

of 14-3-3g is also critical for MDMX binding, using a 14-3-3g
mutant with substitution of lysine (K) 50 by glutamic acid

(E). This K50E mutant has been shown to lose the ability to

bind to its target proteins (Zhang et al, 1997). In an experi-

ment similar to that shown in Figure 3C, except the K50E

mutant, we found that this mutant failed to bind MDMX in

cells (Figure 3D). These results indicate that 14-3-3g utilizes

its target-binding domain at the K50 position to contact with

the 363RRTISpAP369 motif of MDMX in cells.

UV stimulates the 14-3-3c–MDMX interaction in the

presence of Chk1

Next we wanted to determine if the 14-3-3g–MDMX inter-

action is affected by stresses. To do so, we irradiated the

transfected 293 cells with 30 J/m2 UV-C or 7 Gy of g irradia-

tion, and harvested them for IP-WB using antibodies, as

shown in Figure 4A. Interestingly, the 14-3-3g-MDMX binding

was enhanced by UV-C (lane 3), but reduced by g irradiation

(lane 4). Consistently, UV-C also led to the cytoplasmic

accumulation of endogenous MDMX, and 14-3-3g existed

primarily in the cytoplasm (Figure 4B and C and also see

Supplementary Figure S2). By contrast, g irradiation resulted

in nuclear accumulation of MDMX (Figure 4B and C), as

expected (Gu et al, 2002; Li et al, 2002; Migliorini et al,

2002a). This result, with the study showing enhancement of

MDMX degradation by g irradiation (Chen et al, 2005), could

explain why g irradiation reduced the interaction of 14-3-3g
with MDMX (Figure 4A). We could not merge the images of

MDMX and 14-3-3g because we only found the monoclonal

antibodies against each of them suitable for immunofluores-

cent staining. These results suggest that UV may activate

a kinase that phosphorylates MDMX at serine 367 and

enhances its binding to 14-3-3g.

Analysis of the RRTISpAP sequence of MDMX revealed

serine 367 as a potential target for Chk1, which is UV-

activated (Liu et al, 2000) and prefers targeting the consensus
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Figure 2 14-3-3g interacts with MDMX in cells. (A) HEK 293 cells (panel A) or H1299 cells (data not shown) were transfected with 3mg of
c-myc–MDMX along or together with 3mg of Flag-14-3-3g, s or t vector. Cell lysates (300 mg) were immunoprecipitated with the anti-Flag
antibody followed by WB, and expression of exogenous proteins was assessed by WB using 50 mg per lane, as indicated. SE: short exposure. LE:
long exposure. (B) MDMX interacts with 14-3-3g in cells. 293 cells were transfected with 3 mg GFP-MDMX vector along or together with 3mg
Flag-14-3-3g, or s vector. Proteins were detected by IP-WB as indicated. Similar assays were carried out using the vector encoding b, e, or z
(data not shown). (C) Endogenous 14-3-3g and MDMX interact with each other in 293 cells. Whole-cell lysates (500mg protein/sample) were
immunoprecipitated with the monoclonal anti-14-3-3g, anti-MDMX, anti-14-3-3e, or anti-4xHis (control, lanes 2 and 4) antibody followed by
WB using antibodies as indicated on the right.
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motif (RXXS) (O’Neill et al, 2002). Next we tested whether

Chk1 enhances the MDMX–14-3-3g interaction by performing

an experiment similar to that in Figure 4A, except that Chk1

and p38MAPK were included. As shown in Figure 5A, over-

expression of Chk1, but not p38MAPK, in UV-irradiated 293

cells enhanced the MDMX–14-3-3g interaction, suggesting

that Chk1, but not p38MAPK, may phosphorylate MDMX.

To confirm this result, we also introduced the Chk1 kinase-

dead mutant into 293 cells followed by UV irradiation. UV

irradiation enhanced the 14-3-3g–MDMX interaction in the

presence of Chk1, but not its KD mutant (Figure 5B). Without

UV irradiation, ectopic Chk1 did not affect this interaction

(data not shown). These results suggest that Chk1 might

be the kinase responsible for the UV-enhanced interaction of

MDMX with 14-3-3g.

To verify this likelihood, we employed a Chk1 inhibitor

called UCN-01 in the same set of experiments. UCN-01 is

a potent kinase inhibitor highly specific for Chk1 (100-fold

higher than for Chk2) (Busby et al, 2000; Graves et al,

2000). We wanted to determine whether UNC-01 inhibits

UV- and Chk1-induced MDMX–14-3-3g interaction in cells.

First, our in vitro kinase assay showed that UNC-01 effec-

tively inhibited Chk1 activity on p53. In all, 300 nM of

the inhibitor led to 80% reduction of p53 phosphorylation
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Figure 3 The 14-3-3-binding motif of MDMX and the target-binding pocket of 14-3-3g are essential for the MDMX–14-3-3g interaction.
(A) Recombinant human MDMX interacts with GST-14-3-3g in vitro, which is competed by phosphorylated 14-3-3-binding peptides. For peptide
competition assays, phosphopeptides (PS) and nonphosphopeptide (P) were used. Purified His-MDMX (2mg proteins) is shown in the right
panel. CS stands for Coomassie staining. *Indicates the minor proteins pulled down. (B) The MDMX phosphopeptide competes with His-
MDMX for 14-3-3g binding in vitro. The assay was conducted as that in panel A (PS-MX, serine 367 phosphorylated MDMX peptide; P-MX, non-
phosphorylated MDMX peptide). (C) Point mutations at the 14-3-3-binding region of MDMX eliminate the association of MDMX with 14-3-3g.
293 cells were transfected with 3mg plasmid encoding MDMX (wild type)-myc or myc-tagged point mutations of MDMX along or together with
3mg plasmid encoding Flag-tagged 14-3-3g. Cell lysates were used for IP–WB and direct WB as that for Figure 2. (D) Point mutation at the
protein-binding domain of 14-3-3g abolishes the 14-3-3g–MDMX interaction. Myc–MDMX (3 mg) vector alone (lane 1) or together with 3mg of
Flag-tagged 14-3-3g (lane 2) or Flag-14-3-3g K50E (lane 3) was used for transfection. Cell lysates were used for IP–WB and direct WB.
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(Supplementary Figure S4a). Next, 300 nM of UCN-01 was

used for in vivo protein–protein interaction assays using IP–

WB. Again, UV irradiation enhanced the MDMX–14-3-3g
interaction in the presence of Chk1, but its inhibitor UCN-

01 markedly reduced this interaction (Figure 5C). Taken

together, these results demonstrate that Chk1 is the kinase

responsible for the UV-induced MDMX–14-3-3g interaction

in cells.

Chk1 phosphorylates serine 367 of MDMX in vitro and

in cells

To test if Chk1 phosphorylates MDMX, we conducted an IP-

kinase assay using the Flag-Chk1-containing 293 cell lysates

as the kinase resource, and using his-MDMX, its mutants

S367G and S367E as substrates. This immunoprecipitated

Flag-Chk1 phosphorylated MDMX, but not its two mutants

in vitro (Figure 6A). Furthermore, we purified GST-Chk1 and

GST-Chk1 KD from baculovirus-infected insect cells through

GSH-agarose beads. This purified Chk1 was active, as Chk1,

but not its kinase-dead mutant, was able to phosphorylate

p53 as well as GST-MDMX in vitro (Supplementary Figure

S3A and B). Hence, Chk1 can indeed phosphorylate MDMX

at serine 367 in vitro.

To determine whether Chk1 also phosphorylates serine

367 of MDMX in cells, we developed a polyclonal antibody

against the serine 367 phosphorylated peptide (Figure 3B).

This antibody was highly specific to this phosphorylated

peptide, as 1:4000 dilution of this antibody clearly detected

1 nmol of the phosphopeptides, but not even 10 nmol of non-

phosphopeptides (Supplementary Figure S3C). We purified

this antibody through the phosphopeptide conjugated col-

umn. Using the purified antibody, we found that it detected

the phosphorylated species of MDMX by Chk1, but not by its

KD mutant, in vitro (Figure 6B). Again, UCN-01 completely

inhibited Chk1-mediated MDMX phosphorylation (lane 5).

Remarkably, this serine 367 antibody detected UV-induced

endogenous MDMX phosphorylation that was inhibited by

UCN-01 (Figure 6C). UV also induced the interaction between

endogenous MDMX and 14-3-3g, which was inhibited by

UCN-01 as well (Figure 6C, lower panels). Consistent with

the result in Figure 4, phosphorylated MDMX as well as total

MDMX appeared to accumulate in the cytoplasm after UV

irradiation (Figure 6D). Chk1 level also increased in the

cytoplasm after UV irradiation in comparison with nonirra-

diated cells (Figure 6D), suggesting that Chk1 might phos-

phorylate MDMX in the cytoplasm. The anti-phosphoserine

367 antibody also detected Chk1-mediated phosphorylation

of ectopic MDMX, but not of its S367G mutant, in UV-

irradiated 293 cells (Figure 6E). 14-3-3g bound to Chk1-

phosphorylated MDMX (Figure 6E). The residual signal of

MDMX in the absence of ectopic Chk1 detected by this serine

367 antibody (lane 1) might be due to MDMX phosphoryla-

tion by UV-activated endogenous Chk1. These results demon-

strate that UV activates Chk1, which in turn phosphorylates

MDMX at serine 367, consequently enhancing the interaction

of 14-3-3g with MDMX in cells.

14-3-3c induces p53 and its activity

To determine the functional consequence of the MDMX–14-3-

3g interaction, human osteosarcoma U2OS (p53-proficient) or

Saos-2 (p53-deficient) cells were transfected with the Flag-14-

3-3g or myc–MDMX- plasmid alone or together and harvested
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Figure 4 UV irradiation induces MDMX–14-3-3g association and
MDMX nuclear export. (A) UVC enhances the interaction of MDMX
with 14-3-3g in cells. HEK 293 cells were transfected with 3mg of
myc–MDMX plasmid alone or together with 3mg of Flag-tagged
14-3-3g plasmid. Transfected cells were treated with 30 J/m2 UVC or
7 Gy ionizing irradiation (IR) at 3 h before harvest. Cell lysates were
used for IP with the anti-Flag antibody followed by WB with anti-
myc and anti-Flag antibodies, as well as for WB using antibodies as
indicated on the right. (B) Subcellular localization of MDMX and
14-3-3g after irradiation. After irradiation as described above, HEK
293 cells were fixed for immunofluorescent staining with the anti-
MDMX antibody 8C6 or the anti-14-3-3g antibody Ab2 and DAPI
staining as indicated. (C) Percentage of cells that displays subcel-
lular distributions of MDMX was plotted. In all, 300 cells of each
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36 h after transfection for WB. In line with the results in

Figures 1–6, ectopic 14-3-3g induced the level of endogenous

p53 as well as p21 in U2OS cells (Figure 7A). As expected

(Finch et al, 2002; Linares et al, 2003), overexpression of

MDMX reduced the level of p53 and p21 (Figure 7A).

Strikingly, 14-3-3g rescued this reduction (lane 4), suggesting

that 14-3-3g can activate p53 by repressing MDMX function.

This p21 induction by 14-3-3g was not evident in Saos-2

cells (Figure 7B), suggesting that the induction seen in U2OS

cells is p53-dependent. Consistently, 14-3-3g also rescued

the repression of p53-dependent transcriptional activity

by MDMX as measured in the lucifierase reporter assay

(Figure 7C). This rescue was not observed when 14-3-3g
K50E, which failed to bind MDMX (Figures 2 and 3), was

used (Figure 7C). Consequently, overexpression of 14-3-3g,

but not its K50E mutant, led to cell growth arrest at G1 phase

in U2OS (Figure 7D and E), but not in Saos-2 cells

(Figure 7F). Remarkably, ablation of 14-3-3g by its siRNA,

but not scramble siRNA, in U2OS cells reduced UV-induced

p53 level and G1 arrest (Figure 8A and B). Taken together,

these results indicate that 14-3-3g plays a key role in

UV-induced p53 activation and G1 arrest by binding to

Chk1-phosphorylated MDMX.

14-3-3c represses MDMX-enhanced p53 ubiquitination

It has been shown that MDMX enhances MDM2-mediated

p53 ubiquitination and degradation, though it alone does not

ubiquitinate p53 (Linares et al, 2003). To determine whether

the induction of p53 by 14-3-3g is due to the inhibition of

MDMX-enhanced p53 ubiquitination by this protein, we

performed an in vivo ubiquitination assay. H1299 cells

(p53-deficient but MDM2-proficient) were transfected with

the plasmids encoding 14-3-3g, K50E, MDMX, p53 and His-

ubiquitin in different combinations as shown in Figure 8A.

Cells were harvested for WB and an in vivo ubiquitination

assay as described in Materials and methods. As expected

(Linares et al, 2003), ectopic MDMX in H1299 enhanced p53

ubiquitination (Figure 8A). Ectopic 14-3-3g, but not its K50E

mutant, inhibited this MDMX-enhanced p53 ubiquitination

(Figure 8A). Of note, 14-3-3g, but not its mutant, also slightly
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decreased p53 ubiquitination in the absence of the exogenous

MDMX (lanes 5 and 7). This result, consistent with the above

results, indicates that 14-3-3g alleviates MDMX-stimulated

p53 ubiquitination by binding to MDMX, as 14-3-3g did not

bind to MDM2 or p53 in the absence of MDMX in cells

(Figure 9B), and nor to MDM2 in vitro (Figure 9C).

Discussion

The oncoprotein MDMX plays an essential role in the MDM2–

p53 feedback loop to further consolidate the inhibitory reg-

ulation of p53 by MDM2 (Marine and Jochemsen, 2005).

Interrupting this loop is crucial for activating p53 and pre-

venting cell transformation (Vousden, 2002). Our study un-

veils 14-3-3g and Chk1 as two novel MDMX regulators to

block this loop.

Our study demonstrates a direct and phosphorylation-

stimulated interaction between 14-3-3g and MDMX in re-

sponse to UV. Previously, 14-3-3s was shown to be induced

by p53 to mediate p53-dependent G2 arrest (Hermeking et al,

1997) and in turn to activate p53 by binding to it (Yang et al,

2003). Unlike 14-3-3s, 14-3-3g did not bind to p53 (Figure 9),
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was plotted on the graph.
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instead strongly bound to MDMX in cells (Figures 2–6).

Consistently, there exists a 14-3-3-binding motif 363RRT

ISpAP369 in MDMX, but not in the same region of MDM2

(Figure 1B). Mutagenesis analyses of S367 or P369 in MDMX

and of K50 in 14-3-3g demonstrate the importance of these

motifs in their interaction as well as functional regulation

(Figures 3–9). Although MDM2 displays two tentative 14-3-3-

binding sites in different regions as detected using the

‘Scansite’ program (Obenauer et al, 2003), our results

demonstrate that 14-3-3g does not bind to MDM2 in vitro

and in cells (Figure 9).

One remaining puzzle is whether 14-3-3g requires homo-

or hetero-dimerization to bind to MDMX. In contrast to 14-3-

3s, which prefers forming homodimers in cells (Benzinger

et al, 2005; Wilker et al, 2005), 14-3-3g may form a hetero-

dimer with other isoforms in order to associate with MDMX,

as more than two isoforms were copurified with Flag-MDMX

from cells (Figure 1A). Also, a report published during the

revision of our article has shown that exogenous MDMX also

associates with the b, e and t isoforms in addition to 14-3-3g
(Okamoto et al, 2005). By contrast, we found that MDMX

binds to the g isoform more efficiently than to other isoforms

(Figure 2 and Supplementary Figure S1; data not shown).

This discrepancy might be due to different cells or washing

conditions used by the two laboratories. Or, it suggests that

14-3-3g might possess a higher affinity to MDMX than others.
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The latter speculation is supported by our observation that

endogenous 14-3-3g, but not 14-3-3e, bound to MDMX with-

out apparent stresses (Figure 2C). Also, ablation of 14-3-3g
by siRNA alleviated UV-induced p53 activation and G1 arrest

(Figure 8), suggesting that 14-3-3g plays a role in UV-induced

p53 activation (Figures 4–8), at least at the early response to

UV irradiation (Supplementary Figure S2).

It has been shown that UV activates several kinases,

including Chk1 that activates p53 (Appella and Anderson,

2001). Interestingly, Chk1, but not its kinase-dead mutant,

also stimulated the 14-3-3g–MDMX interaction in response to

UV (Figure 5B). This stimulation was specific for Chk1, as

p38MAPK did not affect the 14-3-3g–MDMX binding in

response to UV (Figure 5A), and the Chk1-specific inhibitor

UCN-01 effectively inhibited this stimulation (Figures 5C and

6). Also Chk1 phosphorylated MDMX, but not the MDMX

S367G or S367E mutant, in vitro and in cells (Figure 6). These

results demonstrate that Chk1 is a bona fide kinase for serine

367 and enhances the MDMX–14-3-3g binding in response to

UV. But it remains likely that the Chk1–14-3-3g–MDMX path-

way may respond to different stresses and that serine 367

may be phosphorylated by other kinases, such as Chk2 (Chen

et al, 2005), as other DNA-damaging agents were recently

shown to induce the interaction of MDMX with 14-3-3b
(Okamoto et al, 2005).

The functional consequence of the interaction between

14-3-3g and MDMX is p53 activation and G1 arrest (Figure 7).

One mechanism underlying this action is the inhibition of

MDMX-enhanced p53 ubiquitination by 14-3-3g (Figure 9A).

This inhibition might not be due to the competition for

protein binding, as MDM2 and p53 were pulled down with

Flag-14-3-3g in the presence of MDMX by the anti-Flag anti-

body (Figure 9B). It is likely that 14-3-3g might interfere with

the ubiquitin conjugation process by associating with MDMX

as a stereo block. An alternative mechanism would be the

nuclear exclusion of MDMX by associating with cytoplasmic

14-3-3g in response to UV (Figures 1, 4 and 6). By contrast,

g irradiation may reduce this interaction by enhancing the

nuclear import (Figure 4) and MDMX degradation by

MDM2 (Chen et al, 2005). This is not the case after UV

(Figures 4 and 6) as it decreases MDM2 level (Zeng et al,

2000). It still remains unclear if the 14-3-3g–MDMX binding

affects MDMX stability.

In sum, our study suggests a model for the action of 14-3-

3g working with Chk1 on the MDM2–MDMX–p53 pathway in

response to UV irradiation (Figure 9D). This model raises

some important questions. For instance, in which cellular

compartment does Chk1 phosphorylate MDMX? Though

our result suggests that it may occur in the cytoplasm

(Figure 6D), this notion needs to be verified. Also, is 14-3-

3g mutated in human cancers? Addressing these and other

tempting questions as aforementioned would shed light on

our better understanding of the role of 14-3-3g in the MDMX–

MDM2–p53 pathway.

Materials and methods

Cell culture
HEK epithelial 293 cells, human lung non-small-cell carcinoma
H1299 cells, human p53-proficient osteosarcoma U2OS cells,
and human p53-null osteosarcoma Saos-2 cells were cultured as
described previously (Jin et al, 2002; Zeng et al, 2002).

Buffers
See Supplementary data for details.

Antibodies and plasmids
Monoclonal anti-Flag, anti-Flag-M2 agarose and anti-a-tubulin
antibodies were purchased from Sigma. Polyclonal anti-GFP anti-
body, monoclonal anti-14-3-3e antibody (8C3), polyclonal anti-14-3-
3g antibody (C-16), monoclonal anti-Chk1 antibody, polyclonal
anti-p53 antibody (FL393) and monoclonal anti-p53 antibody (DO-
1) were purchased from Santa Cruz Biotechnology. Monoclonal
anti-MDM2 antibodies 4B11 and 2A10 were described previously
(Zeng et al, 1999). Monoclonal anti-p21waf1/cip1 antibody (Ab11),
monoclonal anti-14-3-3s antibody (Ab1) and monoclonal anti-14-3-
3g antibody (Ab2) were purchased from Neomarker Biotech.
Monoclonal anti-myc tag (9E10) antibody was purchased from
Upstate. Monoclonal anti 4xHis antibody was purchased from
Qiagen. pCDNA3-Ha-MDM2 and pCMV-p53 plasmids were de-
scribed previously (Jin et al, 2002). To generate human 14-3-3g
expression construct pcDNA3-2Flag-14-3-3g, the full-length 14-3-3g
cDNA was amplified by reverse transcriptase PCR (RT–PCR) from
HeLa cell mRNA with primers 50-CGCGGATCCATGGTGGACCGC
GAGCAACTG-30 and 50-CCGGAATTCTTAAT-TGTTGCCTTCGCCGC-
30. The PCR product was subcloned into the pcDNA3-2Flag vector.
The mutant K50E vector was generated from pcDNA3-2Flag-14-3-3g
by mutating K50–E50. The human MDMX construct was a gift
from Aart Jochemsen (Leiden University, The Netherlands). The
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Figure 8 Ablation of 14-3-3g by siRNA suppresses UV-induced p53
level and G1 arrest. (A) U2OS cells transfected with scrambled or
14-3-3g siRNAs were irradiated with or without 30 J/m2 UVC for 3 h
before harvest. Cell lyastes (15mg) were used for WB with anti-
bodies as indicated on the right. (B) U2OS cells were treated in the
same way as that for panel A, except that the cells were harvested
for FACS analysis. In all, 50 000 cells were counted in each sample.
Percentages of G1 cells are plotted on the graph and the error bars
indicate standard deviations from three independent experiments.
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pcDNA3–Flag–14-3-3s was a gift from Haian Fu (Emory Uni-
versity). 14-3-3e and b cDNAs were cloned by RT–PCR and inserted
into the pcDNA3–Myc vector. The pcDNA3–myc–14-3-3z was
described previously (Luo et al, 1995). The monoclonal anti-MDMX
antibody (8C6), the Flag–14-3-3t and pcDNA3–c-myc–MDMX-
plasmids were kind gifts from Jiandong Chen (H Lee Moffitt
Comprehensive Cancer Center, Tampa, FL). Point mutation vectors
MDMX–S367G–myc, myc–MDMX–S367E, and myc–MDMX–P367G
were generated from pCDNA3–myc–MDMX vector by replacing
S367 to G or E, and P369 to G, respectively. Mammalian expression
vectors encoding Chk1 or Chk1 KD were obtained from Mathew
Thayer (Oregon Health & Science University, Portland, OR). GST-
Chk1 and GST-Chk1 KD viruses were obtained from Carol Prives
(Columbia University, New York, NY). p38 MAP kinase vector was
described previously (Keller et al, 1999).

Transient transfection and WB analyses
HEK 293, H1299, U2OS or Saos2 cells (70% confluence) were
transfected with combinations of pcDNA3–Flag–14-3-3g, pcDNA3–
myc–MDMX or mutants (see figure legends for the amount of
plasmids used) with TransFectin lipid reagent (Bio-Rad). At 48 h

post-transfection, cells were harvested and lysed in lysis buffer.
Clarified whole-cell lysates (50mg protein) were loaded directly onto
an SDS gel for WB with antibodies as indicated in each figure.

Establishment of Flag-MDMX expression cell lines
HEK 293 cells were transfected with pcDNA3-Flag-MDMX or
pcDNA3 vector. Transfected cells expressing Flag-MDMX were
selected in the presence of neomycin (0.5 mg/ml) and screened by
WB with the anti-Flag antibody.

Affinity purification of human MDMX-associated protein
complexes
Approximately 109 HEK 293 cells were used for the preparation
of nuclear extract and cytoplasm fraction (S100) by a previously
described method (Dignam et al, 1983). The anti-Flag M2 agarose
beads were washed with phosphate-buffered saline (PBS) and
suspended in PBS as 50% slurry. In all, 50 mg of S100 fractions from
either 293–Flag–MDMX cells or empty vector expressing 293 cells
were incubated with 0.2 ml of anti-Flag-M2 beads at 41C for 4 h. The
beads were washed four times in lysis buffer. The bead-bound
proteins were eluted in 0.2 ml of lysis buffer containing 0.4 mg of
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indicated on the top. Ubiquitinated p53 proteins were detected by the anti-p53 (DO-1) antibody. Protein levels were detected as indicated on the
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synthetic Flag peptides/ml. Eluted proteins were loaded onto an
SDS–5–17% gradient polyacrylamide gel for Colloidal Blue staining
after electrophoresis. Specific bands from 293–Flag–MDMX frac-
tions were excised and subjected to mass spectrometry.

In vivo ubiquitination assay
In vivo ubiquitination assay was conducted as described previously
(Jin et al, 2003) (see Supplementary data for details).

Immunofluorescent staining and fluorescent microscopic
analysis
HEK 293 cells were irradiated with 30 J/m2 UVC or 7 Gy of g ray. At
3 h post-treatment, cells were fixed for immunofluorescent staining
with the anti-MDMX antibody 8C6 or monoclonal anti-14-3-3g
antibody Ab2 followed by the Alexa Fluor 546 (red) goat anti-mouse
and the Alexa Fluor 488 (green) goat anti-mouse antibodies
(Molecular Probes, OR), respectively. DNA was stained with DAPI.
Stained cells were analyzed under the Zeiss Axiovert 200 M
fluorescent microscope (Zeiss, Germany).

GST fusion protein–protein association assay
The fusion proteins were expressed in E. coli and purified on a
glutathione-Sepharose 12B column. Protein–protein association
assays were conducted as reported using fusion protein-containing
beads (Zeng et al, 1999). See Supplementary data for details.

Luciferase assays
H1299 cells were transfected with the pCMV-b-galactoside reporter
plasmid (0.1mg) and a luciferase reporter plasmid (0.1mg) driven by
two copies of the p53RE motif derived from the MDM2 promoter
(Wu et al, 1993), together with a combination of different plasmids
(total plasmid DNA 1 mg/well) as indicated in the figure legend
with TransFectin (Bio-Rad). At 48 h post-transfection, cells were
harvested for luciferase assays as described previously (Zeng
et al, 2001, 2002). Luciferase activity was normalized by a factor
of b-galactosidase activity in the same assay.

Chk1 kinase assays
Chk1 kinase assays were conducted as described previously (Zhao
and Piwnica-Worms, 2001). See Supplementary data for IP-kinase
and cold kinase assays.

SiRNA transfection
SiRNA specific to human 14-3-3g (sc-29582) was purchased from
Santa Cruz Biotechnology, Inc. and transfected into U2OS cells
using oligofectAMINE reagent (Invitrogen) as described (Jin et al,
2003). One set of transfected cells was treated with 30 J/m2 UVC 3 h
before harvest. Cells were harvested 48 h post-transfection and
lysed in lysis buffer for SDS–PAGE and WB. The other set of
transfected and UV-irradiated cells were harvested for FACS
analysis.

Subcellular fractionation
See Supplementary data for details.

UCN-01 treatment
UCN-01 was generously provided by Sally Hausman at NIH/NCI.
UCN-01 was dissolved in DMSO and titrated from 100 to 500 nM for
inhibiting p53 phosphorylation by GST-Chk1. Based on the titration
result, 300 nM of UCN-01 or DMSO as a control was used in either
in vitro assay or cultured cells.

FACS analysis
U2OS or Saos2 cells were transfected with plasmids encoding Flag-
14-3-3g, Flag-14-3-3g K50E, or empty vector. Transfected cells were
treated with 150 ng/ml nocodazole for 16 h before harvesting. At
40 h post-transfection, cells were harvested and re-suspended in
100ml of PBS, and transferred to a polystyrene tube for FACS
analysis as detailed in Supplementary data.

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