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The Mdm?2 oncoprotein regulates abundance and activity of the p53 tumor suppressor protein. For efficient
degradation of p53, Mdm2 needs to be phosphorylated at several contiguous residues within the central
conserved domain. We show that glycogen synthase kinase 3 (GSK-3) phosphorylated the Mdm2 protein in
vitro and in vivo in the central domain. Inhibition of GSK-3 rescued p53 from degradation in an Mdm2-
dependent manner while its association with Mdm2 was not affected. Likewise, inhibition of GSK-3 did not
alter localization of p53 and Mdm2 or the interaction of Mdm2 and MdmX. Ionizing radiation, which leads to
p53 accumulation, directed phosphorylation of GSK-3 at serine 9, which preceded and overlapped with the
increase in p53 levels. Moreover, expression of a GSK-3 mutant where serine 9 was replaced with an alanine
reduced the accumulation of p53 and induction of its target p21"A¥!, We therefore conclude that inhibition
of GSK-3 contributes to hypophosphorylation of Mdm2 in response to ionizing rays, and in consequence to p53

stabilization.

The activity of the p53 tumor suppressor protein is mainly
controlled by the Mdm?2 protein (for a review see reference
36). Mdm2 prevents the interaction of p53 with factors of the
basal transcription machinery and mediates p53 degradation
by cellular proteasomes (18, 27, 28). Efficient degradation of
pS3 requires phosphorylation of several contiguous residues in
the central domain of the Mdm?2 protein (amino acids [aa] 220
to 260 [3]). Under normal growth conditions, this domain is
highly phosphorylated (3, 16). Replacement of most of the
phosphorylated residues with an alanine but not with an as-
partic acid interferes with p53 degradation, indicating that
phosphorylation of these sites is obligatory for pS3 degradation
(3). We recently identified casein kinase I delta (CKIS) as a
kinase that phosphorylates the Mdm?2 protein at serine 244
within the central domain (39). In addition, there are two
consensus sites for glycogen synthase kinase 3 (GSK-3).

GSK-3 is a kinase that is involved in numerous cellular
processes as diverse as glucose metabolism, protein synthesis,
cell proliferation, microtubule dynamics, cell motility, and Wnt
signaling (for a review see references 14 and 40). At present, at
least 47 protein substrates have been reported, ranging from
metabolic enzymes through structural proteins to transcription
factors. The phosphorylation of GSK-3 substrates is usually
directed by the presence of another phosphorylated residue
(priming site), optimally located 4 amino acids C-terminal to
the site of GSK-3 phosphorylation [S/T-XXX-S(P)/T(P)] (13).
Other residues can occasionally substitute for a priming serine
or threonine, but this is typically associated with an up-to-100-
fold drop in activity (1, 9). GSK-3 exists in two isoforms,
GSK-3a and GSK-3B. Both forms are constitutively active and
ubiquitously expressed in mammalian tissues (41, 42). Inacti-
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vation of GSK-3 is triggered by activation of several signaling
pathways (for a review see reference 40) that either prompt
phosphorylation of serine 9 (serine 21 for GSK-3«), thus turn-
ing the amino-terminal domain of GSK-3 into a pseudosub-
strate (8, 12, 32, 33, 34), or disrupt multiprotein complexes that
contain GSK-3 and its substrates (10). Interestingly, both
modes of GSK-3 inactivation appear to be completely sepa-
rated, e.g., inhibition of GSK-3 in response to Wnt signaling is
independent of phosphorylation of serine 9. Conversely, inac-
tivation of GSK-3 by phosphorylation of serine 9 does not lead
to stabilization of B-catenin or activation of LEF-1 (31, 44).

Cellular stress, like ionizing radiation (IR), leads to the
activation of the p53 tumor suppressor protein. The protein is
rescued from degradation, accumulates to high levels, and ac-
tivates transcription of its target genes. The mechanism that
leads to p53 stabilization is not as yet fully understood. Several
reports discuss either disruption of p53/Mdm2 complexes by
phosphorylation of p53 or Mdm2 or hypophosphorylation of
the central domain of the Mdm?2 protein (3, 7, 17, 25). Inter-
estingly, among the sites that are hypophosphorylated after IR
in the Mdm?2 protein are the two putative GSK-3 consensus
sites.

To gain further insight into the regulation of p53 stability
under normal growth conditions and in response to IR, we
searched for kinases that phosphorylate the central domain of
the Mdm2 protein. Here we report that GSK-3 phosphorylated
the central domain of the Mdm?2 protein at sites among which
the presence of phosphorylated residues is obligatory for p53
degradation. Moreover, overexpression of GSK-3 decreased
pS3 expression levels while inhibition of GSK-3 rescued p53
from degradation. Degradation of p53 was prevented in the
presence of GSK-3 inhibitors without changes in subcellular
localization of p53 or Mdm?2. The analysis of p53 and Mdm?2 in
several assays did not provide any evidence for an additional
activity of GSK-3 that could account for the regulation of p53
degradation, apart from phosphorylation of Mdm2. We there-
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fore conclude that GSK-3 regulates p53 stability via phosphor-
ylation of Mdm2.

Ionizing radiation (which causes hypophosphorylation of
Mdm?2 at two GSK-3 consensus sites) inactivated GSK-3, and
this inactivation preceded and partly overlapped with p53 ac-
cumulation. Most importantly, expression of a GSK-3 mutant,
where serine 9 has been replaced with an alanine, reduced the
accumulation of p53 after ionizing radiation. We therefore
conclude that inhibition of GSK-3 contributes to the stabiliza-
tion of p53 in response to ionizing radiation.

MATERIALS AND METHODS

Plasmids. The plasmids pcDNA3-mdm2, pcDNA3-p53, and pDWM 659 Myc-
Mdm?2 and the plasmid for His-tagged ubiquitin have been described previously
(3). The Mdm2 mutants pcDNA3-mdm2-A200-300, pcDNA3-mdm2-S240A,
pcDNA3-mdm2-S254A, pcDNA3-S240A/S254, pGex4T2-mdm2-S240A/S254A,
and pGex4T2-mdm?2-S244A/S258A and the GSK-3 mutant GSK-3B-S9A were
created by site-directed mutagenesis. Flag-tagged GSK-33 and GSK-33 S9A
were created by PCR using primers encoding the tag. For pGEX4T2-mdm2(1-
206), pGEX4T2-mdm2(226-300), and pGEX4T2-mdm2(296-491), the Mdm2
sequences were amplified by PCR and ligated into the pGEX 4T-2 vector (Am-
ersham). pSuper-GSK-3B and pSuper.neo.gfp-Mdm?2 were constructed by ligat-
ing the respective oligonucleotides into pSuper and pSuper.neo-gfp (Oligo-
engine). Primer sequences are available on request. The plasmid pMACS KX.II
was purchased from Miltenyi Biotec. pcDNA3-GSK-3B and pcDNA3-GSK-3p3-
R96A were given to us by Thilo Hagen, and HA-pcDNA3-mdmX was given to
us by Martin Scheffner.

Antibodies. The following antibodies were used in the study: CM-1 (anti-p53,
polyclonal; David Lane), DO-1 (anti-p53, monoclonal; Santa Cruz), Ab-2 (anti-
p53, monoclonal; Oncogene Science), 4B2 (anti-Mdm?2, monoclonal; David
Lane), PC10 (anti-proliferating nuclear cell antigen [PCNA], monoclonal, Santa
Cruz), anti-GSK-3B (monoclonal; BD Transduction Laboratories), anti-phos-
pho-Ser9-GSK-3B (polyclonal; Cell Signaling), anti-glutathione S-transferase
(anti-GST) (polyclonal; Rockland), 9E10 (anti-c-Myc, monoclonal; Oncogene
Science), and H-164 (anti-p21, polyclonal; Santa Cruz).

Cell lines and their treatments. U20S, H1299, 293T, and Cos-7 cells were
cultured in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal
calf serum and 100 units/ml penicillin-streptomycin at 37°C and 5% CO, in a
humidified atmosphere. Cells were transiently transfected by calcium phosphate
or Jet-PEI (PolyPlus) or with Lipofectamine (Invitrogen) according to the man-
ufacturer’s instructions.

For U20S cells overexpressing Flag-GSK-3B and Flag-GSK-3B/S9A, cells
were transfected with pcDNA3-Flag-GSK-3B and pcDNA3-Flag-GSK-3B-S9A,
respectively, and selected for 10 days with neomycin (300 wg/ml).

For selection of cells expressing Mdm2 or GSK-3p short interfering RNA
(siRNA), the MACSelect transfected cell selection kit (Miltenyi Biotec) was used
according to the manufacturer’s instructions.

Alsterpaullone (Calbiochem) was used at a final concentration of 10 pM,
bisindolylmaleimide IX (Calbiochem) at a final concentration of 2 uM, bisin-
dolylmaleimide I (Calbiochem) at a final concentration of 4 wM, lithium chloride
at a final concentration of 50 mM, cycloheximide (Sigma) at a final concentration
of 30 wg/ml, puromycin at a final concentration of 1.5 wg/ml, and MG132 at a
final concentration of 10 WM.

Cells were irradiated in culture medium with 7.5 grays using a ®°Co vy source
with a dose rate of 2 grays/min.

Ubiquitylation assay, in vivo radiolabeling, and peptide mapping. Ubiquity-
lation assay, in vivo radiolabeling, and peptide mapping were performed as
described in reference 3.

Immunofluorescence staining, immunoprecipitation, SDS-PAGE, and West-
ern blotting. Immunofluorescence staining, immunoprecipitations, sodium do-
decyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and Western
blotting were performed as described previously (3). Detection of phosphory-
lated GSK-3 was performed according to the manufacturer’s instructions (Cell
Signaling).

Western blot membranes were stripped by incubation at 50°C (62.5 mM
Tris-HCI, pH 6.8, 2% SDS, 50 mM dithiothreitol) for 40 min followed by two
washes with phosphate-buffered saline.

RNA isolation, Northern blotting, and RT-PCR. RNA was isolated and blotted
according to standard procedures. For radiolabeling the Prime-a-Gene kit (Pro-
mega) was used according to the manufacturer’s recommendations. Probes com-
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prised the open reading frame of mouse p53 and a 1,200-bp PstI fragment of the
rat glyceraldehyde-3-phosphate dehydrogenase gene (GAPDH). Reverse tran-
scription-PCR (RT-PCR) was performed using the Abi7000 system according to
the manufacturer’s recommendations.

In vitro kinase assays. GST-Mdm?2 proteins were expressed in Escherichia coli
and purified according to the instructions of the supplier of the pGEX4T-2
vector (Amersham). Phosphorylation with recombinant kinases was performed
according to the manufacturer’s recommendations (CKI8, New England Biolabs;
GSK-3B, Upstate Biotechnology) using 50 ng to 1 pg of purified protein. Priming
was carried out in 10 wl at 30°C for 15 min, and then CKI8 was inactivated at
72°C for 90 min and the sample was adjusted to GSK-3 phosphorylation condi-
tions and incubated for 20 min at 30°C in the presence of [y->*P]ATP. After heat
denaturation, samples were diluted 1:1 with 2X SDS-PAGE sample buffer and
loaded onto an SDS-10% polyacrylamide gel.

RESULTS

GSK-3 phosphorylates the Mdm2 oncoprotein. The Mdm?2
protein is the most important regulator of the p53 protein. In
order to target the p53 protein for proteasomal degradation,
the central domain of the Mdm?2 protein needs to be phos-
phorylated at several residues (3). The only kinase that is
known as yet to phosphorylate this domain of the Mdm2 pro-
tein is casein kinase I (39). In order to get a better understand-
ing of p53 regulation, we searched for additional protein ki-
nases that phosphorylate this important domain of the Mdm?2
protein.

Since serine 240 and serine 254 of mouse Mdm?2 present
potential phosphorylation sites for GSK-3 (Fig. 1A), we inves-
tigated whether the Mdm2 protein may be a substrate for
GSK-3. We expressed the N-terminal domain (aa 1 to 206), the
central domain (aa 226 to 300), and the C-terminal domain (aa
296 to 491) of the Mdm?2 protein as GST fusion proteins,
purified the proteins by using the GST tag, and performed
kinase assays with recombinant GSK-3 and [y-**P]ATP. In this
experimental setting, GSK-3 phosphorylated the N-terminal
and central parts of the Mdm?2 protein (Fig. 1B) while neither
the C-terminal part of the Mdm?2 protein nor the GST tag was
phosphorylated.

GSK-3 is a kinase that phosphorylates primed substrates
with a 100-fold increase in activity. In eucaryotic cells, the
Mdm?2 protein is heavily phosphorylated at several contiguous
residues in the central domain including GSK-3 priming sites
(3). We recently identified CKIS as a kinase that phosphory-
lates one of the priming sites for GSK-3 (serine 244) in the
central domain of the Mdm?2 protein (39). Consistent with an
increase in activity in the presence of primed substrates, pre-
phosphorylation of Mdm?2 by CKIS significantly enhanced
phosphorylation of Mdm2 by GSK-3 (Fig. 1C). Conversely,
replacing the priming sites serine 244 and serine 258 with an
alanine considerably reduced Mdm?2 phosphorylation (Fig.
1D).

In order to determine the sites that are phosphorylated by
GSK-3, we replaced the serines in the two GSK-3 consensus
sites with an alanine (S240A/S254A). Phosphorylation of mu-
tant Mdm?2 was strongly decreased compared to that of wild-
type GSK-3, indicating that GSK-3 preferentially phosphory-
lates the consensus sites (Fig. 1D).

After having established that GSK-3 phosphorylates the
Mdm? protein in vitro, we explored whether GSK-3 phosphor-
ylates the Mdm?2 protein also under physiologic conditions. We
transfected Cos-7 cells with Myc-tagged Mdm?2, labeled the



7172 KULIKOV ET AL.

Y e 1 e R T L EL
GVSEHSGDC LDQDSVSDOFSVEFEVESLDSEDYSLSDEGHE
N-term
(1-206)

central
(226-300)

, C-term
(296-491)

[
—-— '. ‘ w—— | C-term

-— = P*- N-term = N-term

— = P*- central -

— central

wt o owt owr Mdm2
3 + - GSK-3
- + + CKI

Mdm2

- dm= ~ (226-300)

|7 (226-300)

|- GST

_ Mdm2
R |~ 226-300)

_ Mdm2
(226-300)

— GST

FIG. 1. GSK-3 phosphorylates Mdm?2 in vitro. (A) Schematic draw-
ing of the murine Mdm?2 protein showing the conserved regions (CR),
functional domains, and the localization of the deletion mutants. Ar-
rows point to putative GSK-3 phosphorylation sites. NLS, nuclear
localization signal; NES, nuclear export signal; N-term, N-terminal
domain; central, central domain; C-term, C-terminal domain. (B) One
microgram of GST or GST-Mdm?2 fusion protein was incubated with
50 ng of recombinant GSK-38 and [y->*P]ATP, separated on an SDS-
12% polyacrylamide gel, and transferred to an Immobilon-P blotting
membrane. The membrane was exposed to X-ray film (I) prior to
hybridization with a GST antibody to determine the amount of GST
and GST fusion proteins (II). (C) Fifty nanograms of GST-Mdm?2 (aa
226 to 300) was primed with CKI3 and cold ATP. After 15 min, the
kinase was heat inactivated and the reaction was adjusted to conditions
for GSK-3B. GSK-38 and [y-*P]ATP were added, incubated for 20
min, and processed as described in the legend to panel B. D: Fifty
nanograms of wild-type GST-Mdm?2 (aa 226 to 300) or GST-Mdm?2
with the indicated substitutions was primed with CKI3, heat inacti-
vated, and incubated with recombinant GSK-3p and [y->*P]ATP. After
the kinase assay, the samples were processed as described in the legend
to panel B. wt, wild type.

cells with [*?PJorthophosphate, and performed two-dimen-
sional peptide analysis. As shown previously (3, 16), the Mdm2
protein was constitutively phosphorylated at a number of sites.
Treatment with the GSK-3 inhibitor alsterpaullone changed
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this pattern of phosphorylation. In particular a single peptide
in the center of the map (peptide a, Fig. 2A) became invisible,
due to the loss of phosphorylation. The loss of peptide a is
particularly apparent because of the increased distance be-
tween the two labeled spots which is highlighted by the insets
in Fig. 2A. Correspondingly, when we overexpressed wild-type
GSK-3 in Cos-7 cells, phosphorylation of the same peptide
(peptide a) was increased (Fig. 2A). Conversely, when we
transfected the GSK-3 mutant (R96A), which is inactive
against primed substrates, instead of wild-type GSK-3 into
cells, phosphorylation of peptide a was strongly reduced (Fig.
2A).

To further corroborate the result that GSK-3 phosphorylates
the Mdm?2 protein in vivo, we employed a second approach.
This approach was based on the principle that, if Mdm?2 is un-
or underphosphorylated in the cell, it should be possible to
immunoprecipitate this unphosphorylated (or poorly phos-
phorylated) Mdm?2 protein from cell extracts and phosphory-
late it by recombinant GSK-3 in vitro (in the presence of
[y-**P]ATP). On the other hand, if the phosphorylation sites
are modified in the cells prior to immunoprecipitation of the
Mdm?2 (e.g., in the absence of any inhibitor), it should be
impossible to incorporate any further phosphate into these
sites in vitro. Along this line, we immunoprecipitated the
Mdm?2 protein from cells and incubated it with recombinant
GSK-3 and [y-**P]ATP. Under these experimental conditions,
we found a basal level of phosphorylation, which is probably
due to phosphorylation in vitro at sites that are usually not
phosphorylated in vivo (Fig. 2B, Ia, IIa, and IIla). However,
and most importantly, phosphorylation of the Mdm?2 protein
was significantly enhanced when the Mdm?2 protein was de-
rived from cells that were treated with the GSK-3 inhibitor
alsterpaullone (Fig. 2B, Ia, IIa, and Illa), indicating that the
inhibitor prevented phosphorylation of the Mdm?2 protein at
sites that are phosphorylated by GSK-3. In contrast, phosphor-
ylation of mutant Mdm2, where the central domain was de-
leted (A200 to 300), was not enhanced by the treatment with
alsterpaullone (Fig. 2B). This result is consistent with the
premise that GSK-3 phosphorylates the Mdm?2 protein in vivo
within the central domain.

To further support the concept that GSK-3 phosphorylates
Mdm?2 directly and not via the regulation of a bridging kinase,
we transfected 293T cells with Mdm?2, immunoprecipitated
GSK-3, and determined the amount of coprecipitating Mdm?2
protein. As we show in Fig. 3, Mdm2 and GSK-3 were copre-
cipitated, indicating that both proteins interact in vivo.

Inhibition of GSK-3 prevents p53 degradation. Phosphory-
lation of serines in the central domain of the Mdm?2 protein is
vital for p53 degradation. In the area that needs to be phos-
phorylated to allow p53 degradation are the two GSK-3 con-
sensus sites. If GSK-3 phosphorylates the Mdm2 protein in
vivo in the central domain, then inhibition of GSK-3 should
rescue pS3 from degradation.

To test this hypothesis, we treated U20S and mouse 3T3
cells with a range of GSK-3 inhibitors (lithium chloride, alster-
paullone, bisindolylmaleimide I, and bisindolylmaleimide IX)
and determined p53 protein levels by Western blotting. Con-
sistent with the notion that GSK-3 phosphorylates the central
domain of the Mdm?2 protein at sites where phosphorylation is
obligatory for p53 degradation, the tumor suppressor protein
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FIG. 2. The Mdm?2 protein is phosphorylated in a GSK-3-depen-
dent way in vivo. (A) (I) Cos-7 cells were transfected with Myc-tagged
Mdm?2, labeled with [**P]orthophosphate in the presence or absence of
alsterpaullone, and subjected to two-dimensional phosphopeptide
mapping. (IT) Cos-7 cells were transfected with Myc-tagged Mdm?2 and
wild-type GSK-3B or GSK-3B-R96A, incubated for 3 hours with
[>?P]orthophosphate, and subjected to two-dimensional phosphopep-
tide mapping. Arrows point to changes in the peptide pattern in re-

GSK-3-DEPENDENT PHOSPHORYLATION OF Mdm2 REGULATES p53 7173

IP: wio 1P
tntlbml) o-GSK-3
+ - + Myc-Mdm2 + Myc-Mdm2

Total Cell
Lysate: [~ Mdm2

WH:
o-Myc

— GSK-3

— PCNA

ikt

FIG. 3. GSK-3 coprecipitates with the Mdm2 protein. 293T cells
were transfected with Myc-tagged Mdm?2 where indicated. GSK-3 was
immunoprecipitated, and coprecipitating Mdm2 was monitored by
Western blotting using the 9E10 anti-Myc antibody. IgG, immunoglob-
ulin G.

accumulated within less than 2 hours in the presence of each of
the GSK-3 inhibitors (Fig. 4A) while treatment with the drug
vehicle alone had no effect (data not shown). Furthermore,
overexpression of GSK-3p reduced p53 protein levels (Fig. 4B)
while downregulation of GSK-3B by siRNA increased p53 ex-
pression (Fig. 4C and 5C).

Inhibition of GSK-3 rescues p53 from proteasomal degra-
dation. To further define the molecular level of p53 regulation
by GSK-3, we determined the half-life of the p53 protein in the
presence and absence of GSK-3 inhibitors. In untreated cells,
we observed a half-life of the p53 protein of about 65 min (Fig.
5A). Treatment of cells with alsterpaullone or bisindolylmale-
imide IX prolonged the half-life of the p53 protein consider-
ably (Fig. 5A). The accumulation of the p53 protein in re-
sponse to GSK-3 inhibition is entirely posttranscriptional,
since p53 RNA levels were even slightly reduced in the pres-
ence of alsterpaullone (Fig. 5B). Similar results were obtained
when GSK-3B was inhibited by small interfering RNA
(siRNA) (Fig. 5C). Moreover, inhibition of the 26S protea-
some by the proteasome inhibitor MG132 prevented the in-
duction of p53 by alsterpaullone, suggesting that a functional
proteasome is required for the response (Fig. 5D). Most im-
portantly, stabilization of pS5S3 in response to inhibition of
GSK-3 was fully dependent on the presence of the Mdm?2
protein. Downregulation of Mdm2 by siRNA blocked p53 ac-
cumulation in response to GSK-3 inhibition completely (Fig.
SE). Interestingly, pS3 levels did not increase considerably in
the absence of the Mdm?2 protein.

Inhibition of GSK-3 stabilizes the p53 protein despite its
association with and ubiquitylation by Mdm2. Several inde-
pendent principles could be responsible for the increase in p53
abundance in response to GSK-3 inhibition. Conceivable
mechanisms are (i) phosphorylation of p53 by GSK-3, (ii)

sponse to the treatment. a, b, and c are individual peptides of the
Mdm?2 protein. Peptide a is partly overlapping with peptide c. Smaller
pictures below the maps show insets with higher magnification of the
altered area. (B) Cos-7 cells were transfected with a cDNA expressing
Myc-tagged full-length Mdm?2 (wt) or a mutant lacking the central
domain (mu, A220-300). Cells were treated for 4 hours with alster-
paullone (+) or left untreated for control (—). The Myc-tagged Mdm2
proteins were precipitated and incubated with [y->*P]ATP in the pres-
ence or absence of recombinant GSK-3B. The reaction mixture was
loaded onto an SDS-10% polyacrylamide gel, transferred onto a blot-
ting membrane, and exposed to an X-ray film (a, kinase assay) prior to
hybridization with the 4B2 anti-Mdm?2 antibody for expression control
(b, Western blot).



7174 KULIKOV ET AL.

A

U208: 0 02505 15 25 4 20 hours
bis 1:

SR R p—— k]

— ——— —— — =N

U208: 0 02505 15 25 4 20 hours
bis IX:

e — — ———— - 5}

— — — — — — — NN A

U205: 0 02505 15 25 4 20 hours
alsterpaullone:

T e ——— —— - 15

— — — — —— — PN A

T3 0 3 6 9 12 24 hours

li-chloride: WTI
e e—— — —— - p33

— — — — — —= A

B - - - + (GSK-3

+
+ - Mdm2
+

H1299: . + + p53

— — |- 53

——— — —— PO A

rel. p53 level

vector RNAJ

FIG. 4. Inhibition of GSK-3 leads to the accumulation of p53. (A)
U20S cells were incubated with bisindolylmaleimide I (bis I), bisin-
dolylmaleimide IX (bis IX), alsterpaullone, or lithium chloride (li-
chloride) for the indicated time, and p53 expression levels were mon-
itored by Western blotting. Hybridization with the anti-PCNA
antibody PC-10 was performed for loading control. (B) H1299 cells
were transfected with pcDNA3-p53, pcDNA3-mdm2, and pcDNA3-
GSK-3B, where indicated. Thirty-six hours after transfection, cells
were harvested and probed for the presence of p53. (C) U20S cells
were cotransfected with pSuper-GSK-3B expressing GSK-38 RNAIi
and a puromycin resistance gene. Cells were selected for 3 days with
puromycin and probed for the presence of p53 and GSK-3p3. p53 and
PCNA levels were quantified and plotted. p53 levels of vector-trans-
fected cells were set to 1.

alteration of cellular localization of pS3 or Mdm?2, (iii) disso-
ciation of p53/Mdm2 complexes, (iv) dissociation of Mdm2/
MdmX complexes, or (v) interference with p53 ubiquitylation.

We first tested whether GSK-3 may regulate p53 stability by
phosphorylating the tumor suppressor protein itself. However,
comparison of the two-dimensional peptide maps from alster-
paullone-treated and nontreated control cells showed no alter-
ation in the phosphorylation pattern of the p53 protein (data
not shown).

Next, we investigated if mimicking GSK-3 inhibition by re-
placing the GSK-3 phosphorylation sites in Mdm?2 with alanine
prevents p53 degradation. As we show in Fig. 6A, II, replacing
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serine 254 or serine 240 together with serine 254 with an
alanine rescued p53 from degradation. In contrast, replacing
serine 240 alone with an alanine did not interfere with p53
degradation. However, when serine 240 together with serine
238 was replaced with an alanine, p53 degradation was ham-
pered (3). This result indicated that hypophosphorylation of
Mdm?2 at the GSK-3 consensus site 254 could trigger the ac-
cumulation of p53 in response to GSK-3 inhibition.

To further explore the mechanism of p53 accumulation in
response to GSK-3 inhibition, we investigated the subcellular
localization of p53 and Mdm2 in response to inhibition of
GSK-3 or in the presence of mutant Mdm2 by immunofluo-
rescence analysis. In nontreated control cells, we observed a
rather weak but exclusively nuclear staining for p53 and Mdm?2.
Two hours after addition of alsterpaullone, nuclear abundance
of p53 was significantly enhanced and the levels increased even
further within the next 2 hours. At the same time, the signal for
the Mdm?2 protein remained largely unchanged (Fig. 6A, I, and
6B, I). In summary, both p53 and Mdm?2 proteins were local-
ized in the nucleus in the presence and absence of alsterpaul-
lone. No cytoplasmic staining was evident for p53 or Mdm?2.
Notably, the p53 protein accumulated in the presence of al-
sterpaullone despite the presence of Mdm?2 in the same cellu-
lar compartment (Fig. 6B, I). Correspondingly, when we re-
placed serine 254 or serine 240 and serine 254 with an alanine,
the p53 protein also accumulated in the nucleus despite the
presence of Mdm?2 in the same cellular compartment (Fig. 6A,
II, and 6B, 1I).

Another possibility that could lead to the accumulation of
p53 upon GSK-3 inhibition would be disruption of p53/Mdm?2
complexes. We therefore investigated whether p53 and Mdm?2
interacted with each other in the presence of GSK-3 inhibitors.
We immunoprecipitated the p53 protein from cells that had
been treated with the GSK-3 inhibitor alsterpaullone or bisin-
dolylmaleimide IX or left untreated for control and deter-
mined the level of associated Mdm?2 protein by Western blot-
ting. To obtain similar levels of p53 in all samples despite the
stabilization of p53 in the presence of GSK-3 inhibitors, we
incubated the cells several hours beforehand with the protea-
some inhibitor MG132.

Consistent with earlier reports (3), p53 and Mdm2 copre-
cipitated in control cells. Interestingly, both proteins also co-
precipitated in inhibitor-treated cells. Moreover, similar levels
of the Mdm2 protein coprecipitated with p53 in inhibitor-
treated and control cells, showing that the activity of GSK-3
did not influence the strengths of the interaction of p53 and
Mdm?2 (Fig. 7A, I). Correspondingly, the interaction of Mdm?2
mutants, where the GSK-3 phosphorylation sites were replaced
with an alanine, with p53 was indistinguishable from the inter-
action of p53 and wild-type Mdm?2 (Fig. 7A, II). Likewise, the
association of Mdm2 with MdmX, another partner of the
Mdm?2 protein that is required for p53 degradation (21), was
not affected by the presence of alsterpaullone or bisindolylma-
leimide IX (Fig. 7C, I) or by replacement of GSK-3 phosphor-
ylation sites with an alanine (Fig. 7C, II).

Last but not least, we determined whether p53 protein ubig-
uitylation is altered in the presence of GSK-3 inhibitors or by
mutant Mdm2. We transfected U20S cells with His-tagged
ubiquitin, purified ubiquitylated proteins by adsorption to Ni**
agarose, and probed the ubiquitylated proteins for the pres-
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points, cycloheximide (CHX) was added and p53 protein levels were
determined. p53 and PCNA levels were quantified and relative p53
expression was plotted, whereas relative p53 expression levels at the
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ence of p5S3 by Western blotting. To obtain similar levels of the
p53 protein, we incubated the cells for 5 h with MG132.

As shown in Fig. 7B, I, similar levels of ubiquitylated p53
protein were retrieved in the presence and absence of GSK-3
inhibitors. Also replacing serines in the GSK-3 consensus site
of the Mdm?2 protein did not grossly alter p53 ubiquitylation
although there may have been a slight decrease in p53 ubig-
uitylation in the presence of the S254A and S240A/S254A
mutant (Fig. 7B, II).

GSK-3 is inactivated after ionizing radiation. Ionizing radi-
ation leads to hypophosphorylation of the central domain of
the Mdm?2 protein (3). Within the hypophosphorylated region
are the two GSK-3 consensus sites. If Mdm?2 is a physiologic
target of GSK-3, then we have to conclude that GSK-3 should
be inactivated after ionizing radiation.

To investigate whether GSK-3 is inactivated in response to
ionizing radiation, we used phosphorylation-specific antibodies
that are directed against serine 9 of GSK-33. Phosphorylation
of serine 9 inactivates GSK-3f by turning the amino terminus
of the kinase into a pseudosubstrate that competes with au-
thentic GSK-3 substrates for the active site (reviewed in ref-
erence 14).

Ionizing radiation led within less than 20 minutes to a strong
increase in GSK-3B phosphorylation, and this phosphorylation
was retained for more than 3 hours (Fig. 8). Thus, phosphor-
ylation of GSK-3 preceded and overlapped with the increase in
p53 abundance, which was detectable within less than 2 hours
(Fig. 8). More importantly, overexpression of wild-type
GSK-3B or a GSK-3B mutant, where serine 9 was replaced
with an alanine and which was, hence, insensitive to ionizing
radiation, significantly reduced p53 accumulation after ionizing
radiation (Fig. 9A). Induction of the p53 target gene p21WVAT!
in response to ionizing radiation was equally reduced upon
exogenous expression of wild-type GSK-3p3 or GSK-3p3 S9A.
Determination of GSK-3 activity against a synthetic primed
substrate revealed a strong correlation of its activity with p53
levels. GSK-3 activity was reduced by about 50% in cells trans-
fected with vector while it was not inhibited in cells transfected
with wild-type or mutant GSK-33 (Fig. 9B). In fact we instead

time of CHX addition were set to 100. (B) U20S cells were treated
with alsterpaullone (alst.) for the indicated time. Poly(A)* RNA was
prepared and probed for the presence of p53 and GAPDH RNA by
Northern blotting. p53 and GAPDH RNA levels were quantified, and
relative p53 RNA levels were plotted, whereas the relative p53 RNA
level of untreated cells was set to 1. (C) U20S cells were transfected
with pMACS KX.II and pSuper-GSK-38 expressing GSK-38 RNAi or
PMACS KX.IT and vector control (0). GSK-38 RNAi-transfected cells
were harvested after 24 and 48 h and sorted by magnetic beads. An
aliquot of the cells was analyzed for p53 and GSK-3B expression by
Western blotting. From the remaining cells, total RNA was prepared
and p53 and B-actin were amplified by real-time RT-PCR. Relative
p53 RNA levels were plotted, whereas the relative p53 level of vector-
transfected cells was set to 1. (D) U20S cells were incubated with the
proteasome inhibitor MG132 for 4 hours or left untreated for control.
Alsterpaullone was added, and the cells were harvested after the in-
dicated time. p53 and Mdm?2 protein levels were determined by West-
ern blotting. (E) U20S cells were transfected with pMACS K*.IT and
pSuper.gfp/neo encoding Mdm?2 siRNA, or pSuper.gfp/neo vector for
control. Cells were treated with alsterpaullone for 2 hours, and trans-
fected cells were sorted by using magnetic beads. Mdm2 and p53
protein levels were determined by Western blotting.
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ide IX (b) or alsterpaullone (a) for 4 hours or left untreated for control
(¢). Mdm?2, p53, and PCNA levels were determined by Western blotting.
(I) H1299 cells were transfected with pcDNA3-pS3 and wild-type
pcDNA3-mdm?2 or pcDNA3-mdm?2 possessing the indicated point muta-
tions. Twenty-four hours after transfection, cells were analyzed for the
presence of p53, Mdm2, and PCNA by Western blotting. (B) (I) U20S
cells were treated with alsterpaullone and harvested after 2 and 4 hours.
Localization of Mdm2 and p53 was monitored by immunofluorescence
staining. The Mdm?2 protein is stained in green, and the p53 protein in
red. (II) H1299 cells were transfected with pcDNA3-pS3 and pcDNA3-
mdm?2 encoding wild-type Mdm2 or Mdm2 harboring the indicated mu-
tations. Twenty-four hours after transfection, cells were analyzed for the
expression of Mdm2 and p53 by immunofluorescence staining. The
Mdm?2 protein is stained in green, and the pS3 protein is in red.

observed a slight increase in GSK-3 activity in response to
ionizing radiation, which was also reflected by reduced phos-
phorylation of GSK-3p3 in GSK-3p wild-type- and -S9A-trans-
fected cells compared to vector-transfected cells (Fig. 9B).
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According to these results we conclude that inactivation of
GSK-3 contributes to the stabilization of p53 after ionizing
radiation.

DISCUSSION

GSK-3 phosphorylates Mdm?2 in vitro and in vivo. The an-
tiproliferative activity of the p53 protein qualifies this tumor
suppressor protein as a target for antitumor therapy. There-
fore, ways to activate p53 are under intense investigation. Ac-
tivation of p53 by small molecules, like kinase inhibitors, is of
particular interest since they are effective in their action, easily
administered to patients, and cell permeable, at least if carry-
ing appropriate side chains. The possibility of activating p53 by
kinase inhibitors arose from the observation that p53 degrada-
tion is regulated by phosphorylation of the central domain of
the Mdm?2 protein (3). In a search for kinases that phosphor-
ylate the central domain of Mdm2, we came across GSK-3.
Here we show that GSK-3 phosphorylated Mdm?2 in vitro and
in vivo.

Several lines of evidence support the model that the Mdm?2
protein is a physiologic substrate for GSK-3. Firstly, Mdm?2 was
dephosphorylated when cells were incubated with inhibitors of
GSK-3 (Fig. 2A). Secondly, mimicking dephosphorylation of
the area that is phosphorylated by GSK-3 by replacing serines
with an alanine affected the function of the protein in a manner
that is consistent with the physiological effect of its antagonist
(Fig. 4 and 6). Thirdly, ionizing radiation that leads to the
inactivation of GSK-3 towards primed substrates (Fig. 12D in
reference 35) decreases phosphorylation of Mdm2 at GSK-3
consensus sites (3). Fourthly, the kinetics of Mdm?2 hypophos-
phorylation is similar to the kinetics of GSK-3 inactivation (3)
(Fig. 8 and 9B), and last but not least, GSK-3 and Mdm?2
interact with each other (Fig. 3).

Phosphorylation of Mdm2 by GSK-3 was not unexpected, as
sequences within the central domain of the Mdm?2 protein are
in complete harmony with the requirements of a GSK-3 target.
Two distinct patches in the central domain of the Mdm2 pro-
tein match with the GSK-3 consensus motif, and several
serines within this domain are usually highly phosphorylated,
including serine 244 and serine 258, thus providing primed
residues within the GSK-3 consensus motif (3, 16). Several
lines of evidence support the hypothesis that Mdm?2 is a primed
substrate for GSK-3. Firstly, Mdm?2 is constitutively highly
phosphorylated within the area of the GSK-3 consensus motifs
(3). Secondly, CKI, which phosphorylates GSK-3 priming sites
on B-catenin (2), has recently been identified as a kinase that
phosphorylates Mdm? at serine 244, one of the GSK-3 priming
sites on the Mdm?2 protein (39). Thirdly, transfection of the
GSK-3 mutant R96A, which does not phosphorylate primed
substrates, is incapable of increasing Mdm?2 phosphorylation.

Nevertheless, despite all the evidence that Mdm?2 is directly
phosphorylated by GSK-3 we cannot entirely exclude the pos-
sibility that another kinase that is closely regulated by GSK-3
mediates Mdm2 phosphorylation in living cells. Similarly, a
protein other than Mdm?2 that can be (co-)precipitated with
the 9E10 antibody, which is of similar size, and could be phos-
phorylated in a GSK-3-dependent manner.

A postubiquitylation function of Mdm2 is regulated by
GSK-3. Consistent with the concept of being a physiologic
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FIG. 7. Inhibition of GSK-3 leads to the accumulation of ubiqui-
tylated p53. (A) (I) H1299 cells were transfected with pcDNA3-p53
and pcDNA3-mdm?2. Twenty-four hours after transfection, cells were
treated with MG132 for 5 hours. Two hours prior to harvest, alster-
paullone (a) or bisindolylmaleimide IX (b) was added or the cells were
left untreated for control (c). (II) H1299 cells were transfected with
pcDNA3-p53 or with pcDNA3-p53 and wild-type pcDNA3-mdm?2 or
pcDNA3-mdm?2 harboring the indicated mutations. Twenty-four hours
after transfection, cells were treated with MG132 for 5 hours. IP: p53
was precipitated and associated Mdm2 protein was determined by
Western blotting. TCL: total cellular lysate was probed for the pres-
ence of Mdm2, p53, and PCNA. (B) (I) U20S cells were transfected
with a plasmid encoding His-tagged ubiquitin. Twenty-four hours after
transfection, cells were treated with MG132 for 5 h. Two hours prior
to harvest, alsterpaullone (a) or bisindolylmaleimide IX (b) was added
or cells were left untreated for control (c). (II) H1299 cells were
transfected with a plasmid encoding His-tagged ubiquitin, pcDNA3-
p53, and wild-type pcDNA3-mdm?2 or pcDNA3-mdm?2 harboring the
indicated mutations. Twenty-four hours after transfection, cells were
treated with MG132 for 5 hours. Aliquots of the cells were
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FIG. 8. GSK-3p is inactivated after ionizing radiation. U20S cells
were irradiated with 10 grays, harvested after the indicated time, and
analyzed by Western blotting. The membrane was incubated with an
antibody against phosphorylated GSK-3p, stripped, and rehybridized
with a pan-GSK-3p antibody or with the Ab-2 antibody (anti-p53).

kinase for the central domain of Mdm?2, inhibition of GSK-3
rescued pS3 from degradation by cellular proteasomes. Most
importantly, in response to GSK-3 inhibition, the capacity of
Mdm?2 to ubiquitylate the p53 protein was not affected and
thus ubiquitylated p53 protein accumulated in the absence of
active GSK-3.

The Mdm?2 protein has different activities that are required
for p53 degradation. It binds the pS3 protein with its N-termi-
nal domain and conjugates ubiquitin molecules to C-terminal
lysines of the p53 protein via its C-terminal ubiquitin ligase func-
tion. Once the p53 protein is fully ubiquitylated, a postubig-
uitylation function of the Mdm?2 protein, which is not as yet fully
characterized, mediates p53 degradation by cellular proteasomes.
This postubiquitylation function of the Mdm?2 protein is located
in the central region and activated by phosphorylation. Since
ubiquitylated p53 protein accumulates in response to GSK-3 in-
hibition and since the accumulation depends on the Mdm?2 pro-
tein and functional proteasomes, it is most likely the postubiqui-
tylation function of Mdm?2 that is regulated by GSK-3. This idea
is moreover supported by preliminary data from our group and
the group of Steven Grossman (University of Massachusetts). It is
moreover consistent with the observation that GSK-3 phosphor-
ylated the central domain of Mdm2 and that it is inhibition of
GSK-3 and not, e.g., activation that leads to p53 accumulation.

In contrast to previous reports (29, 35), we were unable to
detect phosphorylation of p53 by GSK-3, although we found

analyzed for the presence of Mdm2 and p53 by Western blotting
(TCL). The remaining cells were lysed in guanidinium lysis buffer.
Ubiquitylated proteins were purified by adsorption to Ni*"-nitrilotri-
acetic acid agarose and probed by Western blotting for the presence of
ubiquitylated p53 (ubi-p53). (C) (I) U20S cells were transfected with
HA-pcDNA3-mdmX and pcDNA3-mdm?2 where indicated. Twenty-
four hours after transfection, cells were treated with MG132 for 5
hours. Two hours prior to harvest, alsterpaullone (a) or bisindolylma-
leimide IX (b) was added or cells were left untreated for control (c).
(IT) U20S cells were transfected with HA-pcDNA3-mdmX and wild-
type pcDNA3-mdm2 or pcDNA3-mdm?2 harboring the indicated mu-
tations. Twenty-four hours after transfection, cells were treated with
MG132 for 5 hours. IP: MdmX was immunoprecipitated with an an-
ti-HA antibody, and associated Mdm2 was monitored by Western
blotting. TCL: total cellular lysate was probed for the presence of
Mdm2 and MdmX by Western blotting.
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the kinase associated with p53. Most likely, the discrepancy is
due to different experimental conditions. We moreover con-
sider posttranslational modifications of p53 as being unlikely to
trigger stabilization of p53 in response to GSK-3 inhibition for
the following reasons. (i) The accumulation of p53 fully de-
pends on the presence of Mdm2 and cannot be mimicked by
other p53-specific E3 ligases such as Cop-1, topors, or Pirh2
(11, 20, 30). (ii) Neither the association with Mdm2 nor the
ubiquitylation of p53 is affected by GSK-3 inhibition. (iii)
E2F-1 and Mdm?2, which are also targets for Mdm2-mediated
degradation (4, 22), also accumulated in response to GSK-3
inhibition (data not shown).

The fact that GSK-3 inhibition does not interfere with p53
ubiquitylation also rules out other factors, e.g., translocation
and sequestration of p53 and Mdm?2 in different subcellular

compartments, dissociation of p53/Mdm?2 complexes, or disso-
ciation of Mdm2 and MdmX, and indicates that GSK-3 inhi-
bition interferes with pS3 degradation at a step beyond ubiq-
uitylation.

Apart from in response to GSK-3 inhibition, accumulation
of ubiquitylated p53 protein has been observed in the presence
of Mdm?2 mutants where phosphorylation sites of the central
domain were replaced with an alanine (including GSK-3 con-
sensus sites [3]) and in response to ionizing radiation (24),
which reduces phosphorylation of the central domain of Mdm?2
(3). The precise mechanism by which p53 degradation is pre-
vented in all these cases is unclear. One possibility is that the
absence of active GSK-3 retained ubiquitylated p53 in the
nucleus, thus interfering with its degradation by cytoplasmic
proteasomes. In this context it is of interest that activation of
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GSK-3 is reported to promote degradation of p53 by enhanc-
ing its export into the cytoplasm (29). Nevertheless, several
reports show that p53 is also degraded by nuclear proteasomes
(19, 43). Alternatively, Mdm?2 phosphorylation could regulate
the association with hHR23, which is important for p53 deg-
radation (6, 15).

Interestingly, downregulation of Mdm?2 by siRNA had only a
minor effect on p53 expression, most probably due to the
presence of alternative E3 ubiquitin ligases such as Pirh2, to-
pors, and COP1 (11, 20, 30) that most likely mediate p53
degradation in the absence of Mdm?2.

Ionizing radiation inactivates GSK-3 towards primed sub-
strates. Ionizing radiation leads to hypophosphorylation of
several individual phosphorylation sites in the central domain
of Mdm?2, including both GSK-3 consensus sites (3). It is there-
fore valid to speculate that, if Mdm?2 is a true GSK-3 substrate,
GSK-3 activity should be inhibited after IR. Consistent with
the results of Turenne and Price (35), we found that GSK-3B
was rapidly inactivated in response to IR towards primed sub-
strates. Moreover, inactivation of GSK-3 preceded p53 accu-
mulation. Residues of the Mdm?2 protein that are hypophos-
phorylated in response to IR need to be phosphorylated to
allow p53 degradation. In consistency with this principle, ac-
cumulation of p53 in response to ionizing radiation was re-
duced when we overexpressed a mutant form of GSK-3B (S9A)
that is insensitive to inactivation by IR since it can no longer be
phosphorylated at serine 9. However and to our own surprise,
when we overexpressed wild-type GSK-33, we observed the
same effect. Notably, the reduction in p53 accumulation in
response to IR upon overexpression of wild-type GSK-3 was
accompanied by a decrease in IR-mediated phosphorylation of
GSK-3. In addition, we were unable to detect a decrease in
GSK-3 activity in response to IR or after treatment of cells
with insulin (data not shown) in cells that overexpress wild-type
GSK-3 or the S9A mutant. The reason for the failure to inhibit
GSK-3 in response to IR when the kinase is overexpressed is
unclear. It is, though, possible that it may be caused by the fact
that GSK-3 is inhibited only partially at the dose that we used
in our experiments. Upon overexpression, there might be
enough GSK-3 activity left to phosphorylate and thus activate
the Mdm?2 protein.

While we and Turenne and Price have observed that GSK-3
is inhibited in response to ionizing radiation (35), there are
also reports that show that GSK-3 is activated in response to
stress (29, 37, 38). The reason for this discrepancy is unclear. It
is, however, possible that the inconsistency is caused by the fact
that different stimuli lead to p53 stabilization via different
mechanisms. Different mechanisms of p53 accumulation in
response to cellular stress are reflected, e.g., by different ki-
netics of p53 accumulation and by differences in Mdm?2 expres-
sion and posttranslational modifications (3, 4, 5, 23, 25, 26). It
would therefore be conceivable that IR inactivates GSK-3
while camptothecin enhances its activity. Another option
would be that GSK-3 activity towards primed and nonprimed
substrates is differently affected by cellular stress. This idea is
supported by our observation that the activity of GSK-3 was
reduced towards phospho-glycogen synthase peptide 2 in re-
sponse to IR while its activity towards the tau protein, which is
a nonprimed substrate, was increased (data not shown).

Our data show that GSK-3 regulates pS3 abundance by
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phosphorylation of Mdm?2. Inhibition of GSK-3 leads to the
accumulation of transcriptionally active pS3. Accordingly, pre-
venting Mdm2 phosphorylation by kinase inhibitors is a valid
approach to increase p53 activity. In this context it is particu-
larly interesting that GSK-3 is efficiently inhibited by lithium
chloride, a substance that is already used in the clinic to treat
patients with neurological disorders. Most importantly, despite
the numerous activities of GSK-3 in the cell, treatment with
lithium chloride does not stimulate strong side effects, which
makes this compound and other GSK-3 inhibitors a potentially
interesting tool for controlling cancer.
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