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AMP-activated protein kinase (AMPK) has been shown to activate p53 in response to metabolic stress. However, the underlying
mechanisms remain unclear. Here we show that metabolic stresses induce AMPK-mediated phosphorylation of human MDMX
on Ser342 in vitro and in cells, leading to enhanced association between MDMX and 14-3-3. This markedly inhibits p53 ubiquitylation and significantly stabilizes and activates p53. By striking contrast, no phosphorylation of MDM2 by AMPK was noted.
AMPK-mediated MDMX phosphorylation, MDMX–14-3-3 binding, and p53 activation were drastically reduced in mouse embryo fibroblasts harboring endogenous MDMX with S341A (mouse homologue of human serine 342), S367A, and S402A (mouse
homologue of human serine 403) mutations. Moreover, deficiency of AMPK prevented MDMX–14-3-3 interaction and p53 activation. The activation of p53 through AMPK-mediated MDMX phosphorylation and inactivation was further confirmed by using cell and animal model systems with two AMPK activators, metformin and salicylate (the active form of aspirin). Together,
the results unveil a mechanism by which metabolic stresses activate AMPK, which, in turn, phosphorylates and inactivates
MDMX, resulting in p53 stabilization and activation.

T

he p53 tumor suppressor executes its antitumor functions primarily via its transcriptional activity to induce the expression
of protein-encoding genes responsible for p53-dependent apoptosis, cell growth arrest, differentiation, and senescence (1) as well
as its ability to induce apoptosis and autophagy by transcriptionindependent mechanisms (2). Since these cellular functions are
detrimental to cells, p53 is often tightly monitored by a pair of
partner proteins, MDM2 (called HDM2 in humans) and MDMX
(also called MDM4), in normally growing cells (3–5). MDM2 and
MDMX act as a complex during early embryogenesis (6–10) to
ubiquitylate p53 and mediate its proteosomal turnover as well as
inactivate its activity in a negative-feedback fashion (10–12), and
cooperatively or individually restrain the p53 level to maintain the
normal development and function of different tissues (13–16), by
binding to p53, inhibiting its transcriptional activity and/or enhancing its ubiquitination. Hence, to activate p53, cells need to
trigger different cellular mechanisms or pathways that block the
MDM2-MDMX-p53 feedback loop through modifications of one
of these proteins in response to a variety of stresses (17, 18). For
instance, DNA damage signals can induce p53 by activating the
ATM-Chk2 or ATR-Chk1 pathway that leads to phosphorylation
of p53, MDMX, and MDM2 (19–21). Of relevance to MDMX,
Ser367 phosphorylation by Chk2 or Chk1 triggers interaction between MDMX and 14-3-3, leading to MDMX inactivation and
p53 activation (19, 21, 22). The importance of 14-3-3 binding to
Ser367-phosphorylated MDMX for p53 activation by DNA damage was further emphasized in an animal knock-in study in which
three serines, including Ser341, Ser367, and Ser402 (23), were mutated into alanines. This mutant MDMX exhibits substantially
reduced 14-3-3, decreases p53 activation, and renders mice very
radioresistant (20, 23, 24) and less sensitive to hypoxia (25) signals. Also, oncogenic stress can activate p53 by inducing the ex-
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pression of ARF, enhancing the interaction of ARF with MDM2
and thus inactivating MDM2 activity (26, 27). In addition, ribosomal stress signals have been shown to activate p53 by elevating
the binding of several ribosomal proteins with MDM2 and reducing MDM2 activity (28–32) and MDMX activity (33, 34). Therefore, these studies firmly demonstrate that genotoxic, oncogenic,
ribosomal stress, and hypoxia signals turn on p53 by directly
blocking the inhibitory effects of MDM2 and MDMX.
Previously, metabolic stresses, such as glucose deprivation,
which elevates the intracellular level of AMP, or treatment with
5-aminoimidazole-4-carboxamide-1-␤-D-ribofuranoside (AICAR),
a cell-permeative AMPK inducer, were shown to activate AMPK via
phosphorylation by LKB1 and other kinases (35, 36). AMPK activation also activates p53 to provoke a cell cycle checkpoint (37, 38).
Although AMPK reportedly phosphorylates p53 on serine 15 (39),
this phosphorylation is not likely to be sufficient for p53 activation
(40, 41). Hence, the mechanism by which p53 is activated by metabolic stress remains in question. We therefore set out to investigate the underlying mechanisms using a combined biochemical,
cellular, and genetic approach.
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In vitro phosphopeptide analysis and phosphorylation site mapping. For in vitro MDMX phosphorylation analysis, the kinase reaction
mixture containing 200 ng of protein, 6 mM AMP, 25 mM dithiothreitol
(DTT), 7.5 ng of AMPK, 60 mM NaHEPES, 120 mM NaCl, 0.5 g/ml of
leupeptin, 12 M benzamidine, 0.5 M pepstatin A, 6 mM ATP, and 2 l
of [32P]ATP was incubated for 1 h at room temperature and boiled in 1⫻
SDS loading buffer. The samples were analyzed by SDS-PAGE. Phosphorylated proteins were detected by autoradiography.
For phosphorylation site mapping, His-MDMX was expressed in and
purified from Escherichia coli through nickel beads. Purified His-MDMX
proteins were phosphorylated by AMPK in vitro as described above. The
mixture without AMPK was used as a nonphosphorylated control. Two
hundred nanograms of nonphosphorylated control and 200 ng of phosphorylated MDMX were analyzed using collision-induced dissociation
(CID) fragmentation on an LTQ Velos.
Animal studies. The C57BL/6 MDMX3SA/3SA knock-in (MDMX3SA) mouse line was described previously (23) and maintained with
MDMX3SA/⫹ heterozygotes. Five-month-old male MDMX3SA/3SA and wildtype (WT) littermates were used for the in vivo experiments based on the
previous study (44). Briefly, mice were fasted overnight, followed by a 2-h
refeeding period, and then intraperitoneally injected with 250 mg/kg (of body
weight) of salicylate (dissolved in phosphate-buffered saline [PBS]) or with
PBS as a negative control. After injection, mice were no longer allowed access
to any food, and they were sacrificed by euthanasia 1.5 h later. Blood glucose
levels were analyzed after fasting, after refeeding, and before sacrifice. Liver
tissues were harvested, freshly frozen in liquid nitrogen, and stored at ⫺80°C
for further immunoprecipitation and Western blot analysis.
All animal experiments were conducted in accordance with the National Research Council’s Guide for the Care and Use of Laboratory Animals (45) and were approved by the Institutional Animal Care and Use
Committee at Tulane University School of Medicine.
Statistics. Data were reported as means ⫾ standard errors of the
means (SEM), with n being the sample size. Comparisons among groups
were analyzed by using one-way analysis of variance (ANOVA). Probability values of P ⬍0.05 are considered to be statistically significant.

RESULTS

Metabolic stress activates AMPK and induces p53 protein levels
through inhibition of p53 ubiquitylation. We confirmed that
AMPK activation by glucose deprivation (GD) or AICAR is correlated with p53 induction and apoptosis in multiple human cancer cell lines (HCT116, H460, and U2OS) as detected by Western
blotting (WB) analysis (Fig. 1A and B and data not shown). Next,
we tested whether AMPK activation affects p53 stability since previous studies only assessed p53 S15 phosphorylation and mRNA
induction in response to AMPK activation (39, 46). Indeed, both
AICAR treatment and glucose deprivation of HCT116 (Fig. 1C) or
U2OS (see Fig. S1 in the supplemental material) cells significantly
extended the half-life of p53. Because glucose deprivation may
induce ribosomal stress in addition to metabolic stress (47, 48)
(data not shown), we decided to use AICAR as a potentially more
restrictive stressor in the following experiments. Consistent with
the results in Fig. 1C, AICAR treatment of HCT116 markedly
reduced ubiquitylation of either exogenous p53 by ectopically expressed MDM2/MDMX or endogenous p53 by endogenous
MDM2/MDMX (Fig. 1D and E). These results, also obtained with
other human cancer cells (data not shown), demonstrate that
AICAR activation of AMPK can increase p53 stability and protein
levels by inhibiting MDM2/MDMX-mediated p53 ubiquitylation.
As described below, it is highly unlikely that AICAR-mediated p53
activation involves DNA damage induction.
AMPK phosphorylates serine 342 of MDMX in vitro and in
cells. Since phosphorylation of MDM2 and MDMX is an impor-
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Cell lines and drugs. Human osteosarcoma cells (U2OS), human embryonic kidney (HEK) epithelial cells (HEK293), human lung adenocarcinoma cells (H1299), and human colon cancer cells (HCT116) were grown
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum (FBS), 10 U/ml of penicillin, and 0.1 mg/ml of
streptomycin at 37°C in 5% CO2. Wild-type (WT) mouse embryonic
fibroblasts (MEFs), MDMX triple-mutant (MDMX-3SA) MEFs (23), and
AMPK␣1⫺/⫺ ␣2⫺/⫺ double-knockout (AMPK␣⫺/⫺) MEFs (42) were
cultured in DMEM supplemented with 15% FBS, 100 U/ml of penicillin,
0.1 mg/ml of streptomycin, 1⫻ MEM nonessential amino acids (Cellgro),
and 1⫻ ␤-mercaptoethanol (Millipore). AICAR, metformin (MET), and
sodium salicylate (salicylate [SAL]) were purchased from Sigma-Aldrich
and dissolved in dimethyl sulfoxide (DMSO) (AICAR, 1 M) or in water
(metformin, 1 M, and salicylate, 2 M). AMP-activated protein kinase
(AMPK) was purchased from Upstate (catalog number 14-305).
Antibodies, reagents, and plasmids. Polyclonal anti-p-ACC, anti-pAMPK, anti-cleaved procyclic acidic repetitive protein (PARP), and antip53 (1C12) were purchased from Cell Signaling. Monoclonal anti-p53
(DO-1) was from Santa Cruz. Of note, the anti-p53 antibodies were specific to p53, as they did not detect any band in p53-null cells, and also the
anti-PARP antibody was specific to the short cleaved PARP fragment
(data not shown). Antiactin, polyclonal anti-p21 (M-19), goat polyclonal
anti-MDMX (D-19), and rabbit polyclonal anti-14-3-3␥ (C-16) antibodies were purchased from Santa Cruz. Mouse monoclonal anti-14-3-3␥
(CG31) was from Neomarker. Mouse monoclonal anti-MDM2 antibodies 4B11 and 2A10 were described previously (43). Mouse monoclonal
anti-MDMX (8C6), mouse monoclonal anti-MDMX (7A8), and rabbit
polyclonal anti-p-S342 antibodies and pcDNA3– c-myc–MDMX, c-mycMDMX–S367A, HA–MDMX-S342A, and HA–MDMX-S342A/S367A
plasmids were gifts from Jiandong Chen (H. Lee Moffitt Comprehensive
Cancer Center, Tampa, FL). AMPK␣1 small interfering RNAs (siRNAs) were
purchased from Life Technologies (108454 and s100), as were AMPK␣2
siRNAs (50583 and s11058), which were used for Fig. 4 and for Fig. S4 in the
supplemental material. Mutation vectors c-myc–MDMX-S403A, c-myc–
MDMX-S342A/S403A, and c-myc–MDMX-S342A/S367A/S403A were generated from c-myc–MDMX, c-myc-S342A, c-myc-S342A/S367A vectors by
changing S403 to A, respectively. His-MDMX, His–MDMX-S342A, His–
MDMX-S367A, His–MDMX-S403A, His–MDMX-S342A/S367A, His–
MDMX-S342A/S403A, and His–MDMX-S342A/S367A/S403A were generated from c-myc–MDMX, HA–MDMX-S342A, c-myc–MDMX-S367A,
c-myc–MDMX-S403A,HA–MDMX-S342A/S367A,c-myc–MDMX-S342A/
S403A, and c-myc–MDMX-S342A/S367A/S403A by subcloning the insertion into His (3.0) vectors. A human ACC alpha fragment was cloned into
pGEXKG at the XbaI and HindIII sites with the 5= primer TCTAGATGA
ACCATCTCCCTTGGCC and the 3= primer AAGCTTAAGATCTTTTA
TTTCCCCCAAAGCG by PCR from a mammalian expression plasmid,
and this expression vector was named GST-ACC.
Transient transfection. Cells were transfected with combined plasmids using TransFectin lipid reagent (Bio-Rad) and posttransfection
treated (see figure legends for the amount of plasmids used, treatment
method, and time points). Cells were harvested, lysed in lysis buffer (50
mM Tris-HCl [pH 8.0], 5 mM EDTA, 150 mM NaCl, 0.5% NP-40, 1 mM
phenylmethylsulfonyl fluoride [PMSF]), and centrifuged for 5 min at
13,200 rpm. Supernatants were taken out for straight Western blotting
(WB) or immunoprecipitation assay.
Immunoprecipitation assay. Cell lysates were incubated with antibodies (lysate amounts, antibodies, and protein agarose are indicated
in figure legends) for 3 h at 4°C and then with protein agarose beads for
1 more hour. The beads were washed twice intensively with lysis buffer
and once with 1⫻ SNNTE buffer (50 mM Tris-HCl [pH 8.0], 5 mM
EDTA, 500 mM NaCl, 1% NP-40, 5% sucrose, and 1 mM PMSF), then
boiled in 1⫻ SDS loading buffer, and analyzed by SDS-PAGE and WB
with anti-p-S342 antibodies as well as other antibodies as indicated in
figure legends.
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through inhibition of p53 ubiquitylation. (A and B) HCT116 cells were cultured in glucose-depleted DMEM or treated with AICAR (1 mM) and harvested at different time points as indicated (6 h in panel B). Thirty-microgram
quantities of cell lysates were loaded for WB analysis with the indicated antibodies. (C) HCT116 cells [HCT116(⫹/⫹)] were cultured in glucose-depleted
DMEM or treated with AICAR (1 mM) for 6 h, followed by cycloheximide
(CHX; 50 g/l) treatment. Cell lysates (30 g) were loaded for WB analysis
with anti-p53 (DO-1) and anti-␤-actin antibodies. Quantitative results were
analyzed with ImageJ software and plotted with Excel. (D and E) H1299 cells
were transfected with the indicated plasmids. The transfected cells were treated
with MG132 (20 M) and AICAR (1mM) for 6 h before they were harvested.
The expression of total p53, MDM2, MDMX, and actin proteins is shown.
Ubiquitinated p53 (Ub-p53) proteins were detected with anti-p53 (DO-1)
antibody. Ni-NTA, nickel-nitrilotriacetic acid.

tant antecedent of p53 activation, we tested whether AMPK also
mediates phosphorylation and inactivation of MDM2 and/or
MDMX. We conducted an in vitro kinase assay using AMPK and
purified His-MDM2 or His-MDMX as substrates. Surprisingly,
AMPK appeared to selectively phosphorylate MDMX, as no
MDM2 phosphorylation was observed under identical conditions
(Fig. 2A). We then used this in vitro kinase assay to identify
MDMX residues between amino acids 324 and 432 as containing
the AMPK target sites (Fig. 2B). Interestingly, three serines, S342,
S367, and S403, within this domain were previously shown to be
phosphorylated by ATM-Chk2 and ATR-Chk1 in response to
DNA damage signals (19, 21, 22). To determine whether AMPK
also targets the same residues, we again conducted the same
AMPK kinase assay using purified MDMX proteins with single
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FIG 1 Metabolic stress activates AMPK and induces p53 protein levels

and multiple mutations at these three residues. Interestingly,
S342, rather than S367 or S403, appeared to be the predominant
AMPK target, as the S342A mutation almost completely abolished
AMPK-mediated MDMX phosphorylation in vitro (Fig. 2C). We
verified this result by mass spectrometric (MS) analysis of AMPKphosphorylated MDMX in vitro, which revealed that S342 is the
major phosphorylated site in the peptide 337-LTHSLSpTSDITAI
PEK-352 (Fig. 2D). We further confirmed this MS result by WB
analysis (Fig. 2E) using antibodies specific to phosphorylated S342
MDMX (24) and with another AMPK substrate, acetyl coenzyme
A (acetyl-CoA) carboxylase (ACC), phosphorylated at Ser79 as a
positive control (Fig. 2E). Moreover, while the S367A mutation
did not affect AMPK-mediated MDMX phosphorylation, the
S342A mutation effectively eliminated phosphorylation (Fig. 2F).
Ectopically expressed MDMX S367A, but not S342A, was still
phosphorylated by endogenous AMPK in response to AICAR
treatment in H1299 cells, as detected using anti-S342 antibodies
but not anti-S367 antibodies (Fig. 2G) (19, 22). AICAR treatment
of mouse embryo fibroblasts (MEFs) also induced phosphorylation of endogenous MDMX S342 but not S367 (Fig. 3D and 4C).
Together, these results demonstrate that AMPK can directly phosphorylate S342 of MDMX in vitro and in the cellular response to
AICAR treatment.
As AICAR also affects purine biosynthesis (49), we investigated
whether the above effects resulted from induction of a DNA damage response. The following data indicate that this is highly unlikely. First, AICAR treatment did not result in induction of DNA
damage-associated ␥-H2AX foci (see Fig. S2A and B in the supplemental material). Second, MDMX S367 is phosphorylated in
response to DNA damage (21, 22, 24), but AICAR treatment did
not result in detectable MDMX S367 phosphorylation (Fig. 2G
and 3D). Finally, AICAR induced p53 in human cells defective in
ATM (AT⫺/⫺ cells) (see Fig. S2C in the supplemental material),
and this result is consistent with a previous report showing that
p53 is activated by AICAR even when ATM is inhibited by KU55933 (50).
Mutations of MDMX impair AMPK-mediated MDMX phosphorylation, MDMX–14-3-3 interactions, and p53 activation.
Since MDMX phosphorylation at both S367 and S342 is critical
for MDMX binding to 14-3-3 (21, 22, 24), we determined if either
or both of these two residues affect MDMX binding to 14-3-3 in
response to AICAR treatment. First, we observed that AICAR indeed induced the binding of ectopic MDMX to each of the exogenous 14-3-3 isoforms, except 14-3-3, as tested in H1299 cells
(see Fig. S3 in the supplemental material). This result is consistent
with previous reports (19, 21, 22, 24). Then, we tested if either
S342A or S367A mutant MDMX affects this AICAR-responsive
interaction between MDMX and 14-3-3. S342A drastically reduced its ability to bind to 14-3-3␥ (of note, we mainly tested
14-3-3␥ in this study because its other isoforms bind to MDMX
similarly). Even though S367 was not phosphorylated by AMPK in
response to AICAR (Fig. 2 to 4), the S367A mutation also abolished the interaction of MDMX with 14-3-3␥ (Fig. 3A). These
results were consistent with the previous studies showing that
both S367 and S342 are critical for MDMX-14-3-3 binding (19,
21, 22, 24) and also suggested that phosphorylation at either of the
two serine residues is sufficient to initiate the effective interaction
of MDMX with 14-3-3 in response to different stress signals.
We extended these analyses to endogenous MDMX–14-3-3 interactions. As shown in Fig. 3B, MDMX–14-3-3 binding was

AMPK Activation of p53 via Inhibition of MDMX

with purified AMPK as described in Materials and Methods. Phosphorylated proteins were detected by autoradiography. (B) A series of MDMX deletions (d)
were incubated with purified AMPK and detected by autoradiography. (C) Wild-type MDMX and the indicated mutants (m) were incubated with purified
AMPK and detected by autoradiography. (D) AMPK and 200 ng of purified His-MDMX proteins were subjected to an in vitro kinase assay and analyzed by mass
spectrometry. The spectrum shows that serine 342 is phosphorylated in the peptide 337-LTHSLSpTSDITAIPEK-352. b ions, fragmentation ions containing the
amino terminus of the peptide; y ions, fragmentation ions containing the carboxy terminus of the peptide. (E and F) Five hundred nanograms each of the
indicated proteins was incubated with AMPK. Proteins were then loaded for WB analysis and detected by the indicated antibodies. (G) H1299 cells were
transfected with indicated plasmids. At 42 h posttransfection, cells were treated with AICAR (1 mM) for 6 h. Thirty-microgram quantities of whole-cell lysates
were loaded for WB analysis with the indicated antibodies.

markedly enhanced when wild-type (WT) mouse embryo fibroblasts (MEFs) were treated with AICAR, whereas this binding was
completely inhibited when MEFs expressing endogenous alleles
mutated to encode MDMX-3SA (S341A, S367A, and S402A) (23)
were used regardless of AICAR treatment. Consistent with this
result, p53 and p21 levels as well as S342 phosphorylation, but not
S367 phosphorylation, were induced by AICAR treatment of WT
but not 3SA MEFs (Fig. 3C and D). The induction of p53 levels in
WT but not 3SA MEFs was due to increased p53 half-life (Fig. 3E).
Taken together, these results demonstrate that AICAR can activate
AMPK, which, in turn, phosphorylates S342 of MDMX to increase
the interaction of S342-phosphorylated MDMX with 14-3-3,
which decreases MDM2/MDMX ubiquitin ligase activity (22, 24).
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As a result, p53 is stabilized and activated as a transcriptional
factor.
AICAR-mediated MDMX–14-3-3 interaction enhancement
is dependent on AMPK. Next, we determined if the AICAR–
MDMX–14-3-3–p53 pathway is truly dependent on AMPK activity. To do so, we knocked down endogenous AMPK levels in
HCT116 cells and confirmed that p53 induction by AICAR was
significantly impaired (Fig. 4A) (39, 46). Then, we tested if AICAR
can induce MDMX–14-3-3 interaction when AMPK is depleted.
Consistent with the above result (Fig. 4A), knockdown of endogenous AMPK using a specific siRNA prevented the interaction
between endogenous MDMX and 14-3-3 proteins, while coimmunoprecipitation revealed that this interaction was induced by
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FIG 2 AMPK phosphorylates serine 342 of MDMX in vitro and in cells. (A) Five hundred nanograms of His-MDMX, His-MDM2, and GST-ACC was incubated

He et al.

AICAR in cells transfected with a scrambled siRNA control (Fig.
4B). Another set of specific AMPK␣1/␣2 siRNAs was used to further confirm the involvement of AMPK in AICAR-induced binding of MDMX to 14-3-3 (see Fig. S4 in the supplemental material).
Again, in accordance with these results (Fig. 4A and B; see also Fig.
S4 in the supplemental material), the increase in p53 level, MDMX
S342 phosphorylation, ACC (a classical substrate of AMPK [51])
phosphorylation, and interaction of MDMX with 14-3-3 were all
severely impaired in ampk-alpha1 and alpha2 double-knockout
MEFs, compared to those in WT MEFs (Fig. 4C and D). Furthermore, AICAR-induced G2 arrest in WT MEFs was no longer evident in either 3SA or ampk-null MEFs (Fig. 5), which was p53
dependent, as this G2 arrest was not evident in p53 knockout
(p53⫺/⫺) MEFs (see Fig. S5 in the supplemental material). Hence,
these results demonstrate that AMPK is essential for AICAR-me-
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diated induction of MDMX phosphorylation at S342, MDMX–
14-3-3 binding, p53 activation, and cell cycle arrest.
AMPK-mediated MDMX phosphorylation and binding to
14-3-3 account for p53 activation by metformin and/or salicylate in cells and in animals. As an essential regulator of the metabolic system, AMPK has been a worthwhile therapeutic target for
some disorders, such as type 2 diabetes (52–54). To determine if
AMPK-mediated MDMX phosphorylation and subsequent p53
activation can also apply to the actions of some related clinical
drugs, we performed further cell culture and animal experiments
using two classic drugs, metformin and salicylate (the active form
of aspirin), which have been demonstrated to activate AMPK (44,
55, 56). Cells were treated with metformin or salicylate based on
previous studies (44, 57, 58). As expected, both metformin and
salicylate activated AMPK and p53 in a time-dependent manner

Molecular and Cellular Biology

Downloaded from http://mcb.asm.org/ on March 13, 2014 by UNIV OF CALIF SAN DIEGO

FIG 3 Mutations of MDMX impair AMPK-mediated MDMX phosphorylation and p53 activation. (A) H1299 cells were transfected with the indicated plasmids.
Five-hundred-microgram quantities of cell lysates were used for immunoprecipitation (IP) with anti-Flag antibodies, and precipitates were analyzed by WB with
anti-Myc antibodies. Fifty-microgram quantities of cell lysates were loaded for straight WB analysis with the indicated antibodies. (B) Wild-type MEFs and
MDMX-3SA mutant MEFs were treated with AICAR (1 mM) for 6 h. One-milligram quantities of cell lysates were used for IP with anti-MDMX polyclonal
antibodies (Bethyl Laboratories), and precipitates were analyzed by WB with polyclonal anti-14-3-3␥ antibodies (c-16). Eighty-microgram quantities of
whole-cell lysates were analyzed by straight WB. (C and D) MEFs were treated with AICAR (1 mM) for 6 h before harvest. Eighty-microgram quantities of cell
lysates were analyzed by WB with the indicated antibodies. (E) MEFs were treated with AICAR (1 mM) for 6 h, followed by CHX (50 g/l) treatment.
Eighty-microgram quantities of cell lysates were analyzed by WB with the indicated antibodies. Quantitative results were analyzed with ImageJ software and
plotted with Excel.

AMPK Activation of p53 via Inhibition of MDMX

and 50583) and scramble siRNA using BIONTEX siRNA transfection reagent according to the manufacturer’s instructions. At 48 h posttransfection, cells were
treated with AICAR (1 mM) for 6 h before harvest. Eighty-microgram quantities of whole-cell lysates were used for WB analysis with the indicated antibodies (A)
and co-IP (B) with anti-14-3-3␥ polyclonal antibodies (c-16) followed by WB analysis with polyclonal anti-14-3-3␥ and anti-MDMX antibodies (Bethyl
Laboratories). (C and D) Wild-type MEFs and AMPK␣1 and AMPK␣2 double-knockout cells were treated with AICAR (1 mM) for 6 h before harvest.
Eighty-microgram quantities of whole-cell lysates were used for WB analysis (C) with the indicated antibodies and for co-IP (D) with anti-14-3-3␥ polyclonal
antibody (c-16) followed by WB analysis with polyclonal anti-14-3-3␥ and anti-MDMX antibodies.

in HCT116 colon cancer cells and reached the peak at 6 to 12 h
(Fig. 6A). Also, these drugs induced a remarkably enhanced binding of MDMX to 14-3-3 (Fig. 6B). The AMPK–MDMX–14-3-3–
p53 pathway was activated as well by treatment with metformin

FIG 5 AMPK induces cell cycle arrest in wild-type MEFs but not in 3SA cells
or AMPK KO cells. Three types of MEFs (wild type, 3SA, and AMPK KO) were
treated with AICAR (1 mM) or DMSO as a negative control for 24 h and
stained with propidium iodide for cell cycle analysis by fluorescence-activated
cell sorting (A). For statistical analysis, P values were evaluated by one-way
ANOVA (B).
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for 12 h in WT MEFs. However, the induction of p53 level was
moderate, and no obvious binding between MDMX and 14-3-3
was detected in the metformin-treated MDMX-3SA MEFs (Fig.
6C). These results indicate that metformin and salicylate can activate p53 through AMPK-mediated MDMX phosphorylation
and binding to 14-3-3.
We wanted to determine whether the above results obtained
with in vitro models could be extended to more physiological settings. We therefore treated wild-type or MDMX-3SA mice with
salicylate. Before drug administration, mice (3 per group) underwent a fasting-refeeding period (see Materials and Methods) to
ensure initiation of the study with consistent and low levels of
endogenous AMPK. As indicated in Fig. 6D, salicylate induced
AMPK activation in both WT and MDMX-3SA mouse liver tissues. However, p53 levels were dramatically enhanced only in WT
mouse livers after treatment with this drug, whereas the induction
of p53 and p21 levels was hardly evident in MDMX-3SA mouse
livers (Fig. 6D). Consistent with this result, salicylate only induced
the MDMX–14-3-3 interaction in WT, and not mutant, mouse
livers (Fig. 6D, bottom). These results not only verify the aforementioned AMPK-mediated p53 activation in vivo but also demonstrate that the clinically used drugs that act as AMPK activators
can also activate p53 by inducing AMPK-mediated MDMX phosphorylation and subsequent binding to 14-3-3.
DISCUSSION

Our study demonstrates that a key element of p53 activation by
metabolic stress requires phosphorylation of MDMX at S342 by
AMPK (Fig. 5C). To our surprise, even though MDMX S367 was
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FIG 4 AMPK enhances MDMX and 14-3-3␥ interaction. (A and B) HCT116 cells were transfected with a 50 nM final concentration of AMPK siRNA (108454
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not phosphorylated by AMPK in vitro (Fig. 2) or in vivo (Fig. 3 and
4), its mutation to alanine (S367A) still completely blocked the
interaction between MDMX and 14-3-3, also abrogating p53 activation in response to metabolic stress. This result was consistent
with previous studies (21, 22, 24), again verifying that both S342
and S367 are crucial for 14-3-3 to bind to MDMX in response to
stress signals. Because only S342 was phosphorylated by AMPK
(Fig. 2 to 4), phosphorylation at this specific residue could be
sufficient to initiate the effective binding of cellular 14-3-3 molecules to the two binding motifs (S342 and S367) within MDMX.
This might mean that once binding of 14-3-3 to one of these S342
and S367 sites occurs, this action would promote its binding to the
other site within MDMX in a so-called “inducible” fashion,
though this inducible mechanism needs to be further studied using purified proteins in vitro. DNA damage signals have previously
been shown to activate p53 by activating the ATM-Chk2 or ATRChk1 kinase cascade, which, in turn, leads to S342 and S367 phosphorylation of MDMX and subsequent MDMX–14-3-3 binding
(21, 22, 24). Although glucose deprivation also activates AMPK
(46) and induces p53 stability (Fig. 1), this nutrient stress might
utilize multiple signaling pathways to activate p53, as it has been
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shown and believed that glucose deprivation causes ribosomal
stress (47, 48) and we have preliminary evidence (data not shown)
suggesting that reducing RPL11 levels impairs p53 induction by
glucose deprivation (data not shown). Of note, the p53 protein
level was relatively lower in the AMPK␣1/␣2-KO MEF cells than
in wild-type MEFs used in this study (Fig. 4C). This might be
partially due to the fact that loss of both of the ␣1 and ␣2 subunits
of AMPK could reduce the sensitivity of p53 to cell culture stress
and partially due to the uneven protein loading as suggested by the
internal ␤-actin control (Fig. 4C). A lower level of p53 does not
necessarily suggest that this p53 form could not be inducible, as a
previous study showed that the basal level of p53 was barely visible
in both control and AMPK␣1/␣2 double-knockdown U2OS cells;
however, p53 was still activated by glucose deprivation in control
cells but not in AMPK knockdown cells (46). This result demonstrates that p53 is still activated even if its basal level is nearly
undetectable by Western blotting, and AMPK is indeed involved
in metabolic stress-mediated p53 activation, which is consistent
with our current results. Another study showed a higher basal level
of p53 in AMPK␣1-KO MEFs (59). However, this result is not
contradictory with our observation, as AMPK␣1-KO MEFs still
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FIG 6 Metformin or salicylate activates p53 mainly through AMPK-mediated MDMX phosphorylation and binding to 14-3-3 in vitro and in vivo. (A) Both
metformin and salicylate activate AMPK and p53 in a dose-dependent manner. HCT116 colon cancer cells were treated with 10 mM metformin or 10 mM
salicylate and harvested at the indicated time points. Forty micrograms of protein was loaded into each lane to measure the expression level and activation of
AMPK, p53, and their targets. (B) Metformin or salicylate remarkably enhanced the binding of endogenous MDMX to 14-3-3␥ in HCT116 cells treated with
metformin or salicylate for 12 h. Seven hundred micrograms of total protein per sample was incubated with 2 g of anti-14-3-3␥ (Ab-2) for 4 h at 4oC. (C)
Metformin increases p53 level and activity by activating AMPK and enhancing the binding of MDMX to 14-3-3␥ in WT but not MDMX-3SA MEFs. Both cell
lines were treated with 10 mM metformin for 12 h. Forty micrograms of total protein per sample was used for Western blot analysis and 1.2 mg of total protein
for co-IP experiments. For IP analysis, lysates were incubated with 6 g of anti-MDMX (D-19) for 4 h at 4oC. (D) Salicylate activates p53 mainly through
AMPK-mediated MDMX phosphorylation and binding to 14-3-3␥ in mouse livers. WT or MDMX-3SA mice were treated with salicylate for 1.5 h, and liver
tissues were harvested for WB and co-IP analysis, as described in Materials and Methods. The conditions for WB and co-IP analysis were similar to those
described for panel C. (E) A model demonstrates that some metabolic stresses activate p53 by AMPK phosphorylating MDMX at S342, further inducing the
binding of 14-3-3 to phosphorylated MDMX, which, in turn, inhibits the activity of MDMX.
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contain AMPK␣2, which might compensate for the loss of
AMPK␣1 function and could be one reason for the higher p53
basal level, whereas AMPK␣1/␣2-KO MEFs are clearly deficient in
both of the ␣ subunits.
Metformin, as the first-line medication for metabolic syndrome and type 2 diabetes, has been identified to promote insulin
sensitivity primarily by activating AMPK (55, 56, 60–62). Some
reports suggest that metformin can activate p53 by both AMPKdependent (63, 64) and independent (65, 66) mechanisms to induce cell apoptosis and growth arrest and therefore may be beneficial for cancer therapy. Salicylate is an ancient cyclooxygenase
inhibitor, derivatives of which have been used for treating diverse
disorders (67, 68). Recent findings imply a promising application
of salicylate in type 2 diabetes (69, 70) and cancer prevention (71),
which may be associated with its newly discovered role in AMPK
activation (44). In this study, we used in vitro and in vivo approaches to verify that both metformin and salicylate upregulate
p53 through the AMPK/phospho-MDMX–14-3-3 pathway revealed here. As these drugs failed to induce p53 in metformin- or
sodium salicylate-treated MDMX-3SA MEFs and mouse livers
(Fig. 6), we infer that AMPK-mediated MDMX phosphorylation
is a central node in p53 activation by such agents. As an energy
sensor, AMPK is activated by increases in AMP/ATP and ADP/
ATP ratios and further restrains energy-consuming processes to
regulate energy homeostasis (72, 73). When cells are under lowenergy status, AMPK activation maintains energy homeostasis for
normal cellular events but also induces p53 to restrict cell growth
rates to save more energy and to limit induction of potential damage in energy-rich environments. Considering the potential finetuning of MDMX on p53 activity, which is supported by the fact
that deletion of MDMX is more subtle and moderate than MDM2
deficiency in some tissues (13, 14, 16), the involvement of MDMX
in AMPK-mediated p53 activation in response to energy shortage
suggests that the MDMX–14-3-3–p53 pathway may play a major
role for cells to respond to some mild stresses, which allows the
cells to have more chances to recover, rather than to undergo rapid
death.
In summary, our findings as described here reveal MDMX as
an important sensor of metabolic stress that mediates p53 activation via a pathway involving AMPK and 14-3-3 proteins. This can
at least partially interpret the activation of p53 by the AMPK
activators metformin and salicylate and provide additional evidence for the potential application of these classic drugs to
cancer therapy.
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