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Inactivation of the tumor suppressor p53 by degradation is a mechanism utilized by cells to adapt to
endoplasmic reticulum (ER) stress. However, the mechanisms of p53 destabilization by ER stress are not
known. We demonstrate here that the E3 ubiquitin-ligase Hdm2 is essential for the nucleocytoplasmic trans-
port and proteasome-dependent degradation of p53 in ER-stressed cells. We also demonstrate that p53
phosphorylation at S315 and S376 is required for its nuclear export and degradation by Hdm2 without
interfering with the ubiquitylation process. Furthermore, we show that p53 destabilization in unstressed cells
utilizes the cooperative action of Hdm2 and glycogen synthase kinase 3�, a process that is enhanced in cells
exposed to ER stress. In contrast to other stress pathways that stabilize p53, our findings further substantiate
a negative role of ER stress in p53 activation with important implications for the function of the tumor
suppressor in cells with a dysfunctional ER.

The p53 gene encodes for a protein whose loss of function is
associated with the majority of human cancers (17). The p53
protein primarily functions as a transcription factor and medi-
ates several biological effects including growth arrest, senes-
cence, and apoptosis in response to diverse forms of stress
(50). In the absence of stress, p53 is a short-lived protein whose
activity is maintained at low levels. Upon exposure to a variety
of stresses, p53 becomes stabilized and accumulates in the
nucleus, where it resumes its transcriptional function. The lev-
els and localization of p53 are tightly controlled through sev-
eral posttranslational mechanisms, including protein stability,
phosphorylation, and subcellular localization (3, 42, 46). Al-
though several factors influence p53 function, the Hdm2 (human
Mdm2) protein plays an essential role in regulating p53 protein
levels in unstressed cells. Hdm2 is a nucleoplasmic and nucleolar
RING-finger protein that promotes p53 nuclear export and deg-
radation through its specific E3 ubiquitin ligase activity (2, 40).
Other studies have revealed various Hdm2-independent path-
ways that impinge on p53 turnover, including c-Jun N-terminal
kinase (10), COP1 (9), and Pirh2 (32). However, little is known
about how and in what cellular context these pathways act.

The current model places both p53 and Hdm2 in an auto-
regulatory feedback loop where p53 induces the transcription
of Hdm2 gene. The Hdm2 protein then binds to and ubiqui-
tylates p53 in the nucleus, a process that allows the nuclear
export and cytoplasmic proteasome-dependent degradation of
the tumor suppressor (40, 56). The importance of this auto-
regulatory loop was demonstrated when the lethality of mdm2-
null mice was rescued by the deletion of the p53 gene (22, 41).
In this model, Hdm2 does not physically shuttle p53 out of the
nucleus since the nuclear export sequence (NES) of Hdm2 is

not necessary for p53 degradation, as opposed to its RING
domain, which is important for p53 ubiquitylation and degra-
dation (5, 11, 43). It has also been proposed that low Hdm2
levels in unstressed cells promote p53 mono-ubiquitylation in
the nucleus, which then facilitates p53 nuclear export (30, 35,
65). However, other factors such as p300-CBP can also partic-
ipate in the polyubiquitylation and degradation of p53 (16).
Furthermore, other reports suggested that p53 can also be
degraded in the nucleus (54, 64) when Hdm2 levels are ele-
vated (35). The physiological significance of the nuclear deg-
radation is not yet known, but it could represent an important
mechanism for the poststress recovery of cells from a p53
response. Several other mechanisms have been described to
modulate Hdm2 activity and p53 protein levels, including
phosphorylation of Hdm2 and binding to other factors. For
example, the tumor suppressor p14ARF and the human ribo-
somal protein L11 interact with Hdm2 by relocating Hdm2 to
the nucleolus, thus reducing p53 ubiquitylation and degrada-
tion (38, 47, 67, 68). Although the Hdm2-dependent p53 nu-
clear export and degradation are critical for p53 function, the
molecular mechanism(s) mediating this process is not fully
understood and still remains a matter of debate.

Stress of the endoplasmic reticulum (ER) induced by phys-
iological conditions (such as glucose starvation and hypoxia) or
by pharmacological agents such as tunicamycin (inhibitor of
glycosylation) or thapsigargin (inhibitor of the Ca2�-ATPase
in the ER) can lead to accumulation of unfolded proteins and
protein aggregates that are detrimental for cell survival (26).
Under ER stress, cells initiate adaptive responses by activating
specific signaling pathways to limit the accumulation of un-
folded proteins. One of them is called the unfolded protein
response, in which the transcription of genes encoding ER
chaperones and folding catalysts is upregulated to increase
protein folding activity (66). Other adaptive responses include
the inhibition of protein synthesis as a means to decrease the
protein overload in the ER (49) or the elimination of unfolded
or misfolded proteins by proteasome-dependent proteolysis
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(28). If adaptation is not possible, then the stressed cell is
eliminated by apoptosis through the activation of the JNK
pathway and caspases 7, 12, or 3 (27).

We recently demonstrated a novel mechanism of adaptation

of cells to ER stress involving the inactivation of p53 (48).
Specifically, we showed that pharmacological or physiological
inducers of ER stress prevent the proapoptotic function of p53
by enhancing its nucleocytoplasmic export and degradation

FIG. 1. Hdm2-mediated nucleocytoplasmic shuttling and degradation of p53 in ER-stressed cells. (A and B) A549 cells were pretreated with either
10 �M MG132 (A, lanes 4 to 6) or 4 nM LMB (B, lanes 4 to 6) for 4 h prior to treatment with 1 �M TG (lanes 2 and 5) or 10 �g of TM/ml (lanes 3
and 6) for 2 h. Protein extracts were subjected to Western blotting with anti-p53 (DO-1) Ab (top panel) and anti-actin Ab (bottom panel). The p53 protein
levels were normalized to actin levels (% p53) by using Scion Image 2.0 software. (C) Subcellular localization of GFP-p53. GFP-p53 WT cDNA (0.25
�g) was transiently transfected in the absence or presence of an equal amount of Hdm2 WT, Hdm2 NES, or Hdm2 C464A cDNA into 2KO cells. After
24 h, the cells were left untreated or treated with either 10 �g of TM/ml or 1 �M TG for 4 h, and GFP-p53 localization was examined by fluorescence
microscopy. The nuclei were visualized by DAPI staining. White arrows indicate nuclear localization of GFP-p53 only, whereas orange arrows indicate
both cytoplasmic and nuclear localization. The quantification of GFP-p53 localization is described in Materials and Methods. Cells with predominantly
nuclear p53 are represented by the black bars, whereas cells with p53 both in the nucleus and in the cytoplasm are represented by the white bars. Values
are means � the standard deviation (SD) from three experiments. (D) Inhibition of Hdm2 expression by shRNA. A549 cells subjected to Hdm2 silencing
by shRNA (see Materials and Methods) were treated with either 10 �g of TM/ml or 1 �M TG for 2 h. Protein extracts (50 �g) were immunoblotted with
anti-p53 (DO-1) Ab (top panel), anti-Hdm2 Ab (middle panel), or antiactin Ab (bottom panel).
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(48). This regulation of the tumor suppressor protein requires
its phosphorylation within the nuclear localization signal
(NLS), which is mediated by the activation of the glycogen
kinase 3� (GSK-3�), a protein kinase with pleiotropic effects
on tumorigenesis, cell differentiation, and apoptosis (8, 14).
However, the molecular mechanisms that modulate the cyto-
plasmic translocation and destabilization of p53 in ER stressed
are poorly understood. We demonstrate here that induction of
the cytoplasmic translocation and degradation of p53 by ER
stress is mediated by Hdm2 and requires the phosphorylation
of the tumor suppressor protein at serine S315 and S376 by
GSK-3�. Significantly, the cooperative action of GSK-3� and
Hdm2 also occurs in unstressed cells, but it is enhanced in cells
subjected to ER stress. Our data reveal a new role for GSK-3�
in the regulation of p53 nucleocytoplasmic shuttling and deg-
radation by Hdm2, with possible important implications for
therapies aiming at p53 stabilization through the inhibition of
the p53–Hdm2–GSK-3� pathway.

MATERIALS AND METHODS

Cell culture and treatments. Mouse embryonic fibroblasts (MEFs), human
embryonic kidney HEK293T cells, and 3T3 cells were maintained in Dulbecco
modified Eagle medium plus 10% calf serum (Invitrogen) and antibiotics. A549,
WI38, and LNCaP cells were maintained in F12K medium (Cellgro), minimal
essential medium, and RPMI 1640 medium, respectively, supplemented with
10% fetal bovine serum (Invitrogen) and antibiotics. Mouse 70Z/3 cells were
maintained in RPMI medium supplemented with 15% fetal bovine serum, 50 �M
�-mercaptoethanol, and antibiotics. The ER stress inducers tunicamycin (TM;
Sigma) and thapsigargin (TG; Sigma), the nucleocytoplasmic transport inhibitor
leptomycin B (LMB; Sigma), and the proteasome inhibitor MG132 (Biomol)
were dissolved in dimethyl sulfoxide at stock concentrations of 10 mg/ml, 1 mM,
4 �M, and 10 mM, respectively. Cycloheximide and adriamycin (ADR) were
dissolved in ethanol at stock concentrations of 100 mg/ml and 1 mM, respec-
tively. All stock solutions were kept in �20°C. The final concentrations of the
drugs and the duration of treatments are indicated in the figure legends.

DNA constructs and transfection. The wild-type (WT) Hdm2 cDNA, the NES
Hdmd2 mutant cDNA and the C464A Hdm2 mutant cDNA in pcDNA/3.1 (Neo)
vector were previously described (5). The WT and the NES mutant (L348A/
L350A) of p53 in the pEGFP/N1 vector were also described previously (5). The
green fluorescent protein (GFP)-p53 cDNA bearing the S315A or S376A mu-

FIG. 2. Inhibition of Hdm2 expression in ER-stressed cells. (A) Downregulation of p53 and Hdm2 proteins by ER stress. A549 cells were left
untreated or treated with either 10 �g of TM/ml (lanes 2 and 3) or 1 �M TG (lanes 4 and 5) for the indicated times. Cells were also treated for
4 h with 10 �M MG132 (lane 6) or 1 �M ADR (lane 7) to stabilize p53 (controls). Protein extracts (50 �g) were subjected to immunoblotting with
anti-p53 (DO-1) Ab (top panel), anti-Hdm2 Ab (middle panel), or antiactin Ab (bottom panel). Hdm2 and p53 protein levels were normalized
to actin by using Scion Image 2.0 software. (B) Hdm2 stability in ER-stressed cells. A549 cells were untreated or treated with 1 �M TG for 4 h,
followed by a 40-�g/ml cycloheximide chase for the indicated time. Protein extracts (50 �g) were subjected to Western blotting with anti-Hdm2
Ab (top panel) and antiactin Ab (bottom panel). The exposures shown are different so that the p53 levels in control (CON) and TG-treated cells
for time zero (lanes 1 and 5) are equal. Hdm2 levels were normalized to actin levels by using Scion Image 2.0 software, and the ratio in unstressed
(control) and ER-stressed cells (TG) plotted against the time is shown. (C) WI-38 cells were treated with 1 �M (adriamycin) ADR alone or with
either 10 �g of TM/ml or 1 �M TG for the indicated times. Protein extracts (50 �g) were used for immunoblotting with an anti-p53 rabbit
polyclonal Ab (top panel) or with an anti-p21 polyclonal Ab (middle panel). A nonspecific (NS) band was used as a loading control (bottom panel).
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tation was generated as described previously (48). WT HA-tagged GSK-3� or
the kinase-dead (KD) GSK-3� cDNA in pcDNA/3.1 vector was described pre-
viously (55). For transient transfections, the Lipofectamine Plus reagent (Invitro-
gen) or FuGENE 6 (Roche) were used as recommended by the manufacturer.

Immunoprecipitation and Western blotting. Whole-cell extracts (WCE) were
extracted in ice-cold lysis buffer containing 20 mM HEPES (pH 7.5), 500 mM
NaCl, 0.1% NP-40, 20% glycerol, 0.2 mM EDTA, 1.5 mM MgCl2, 1 mM dithio-
threitol, 100 mM NaF, 20 mM �-glycerophosphate, 50 mM Na3VO4, 1 mM
phenylmethylsulfonyl fluoride, 4 �g of aprotinin/ml, 4 �g of pepstatin A/ml, and
4 �g of leupeptin/ml. After incubation on ice for 15 min, the lysates were cleared
by centrifugation at 18,000 � g for 15 min. For p53/Hdm2 coimmunoprecipita-
tion, cell extracts (�3 mg of protein) were immunoprecipitated with an Hdm2
antibody (Ab-1; Oncogene Science) or p53 Ab (DO-1) conjugated to protein
G-Sepharose beads (Amersham) as described previously (51). For the detection
of p53 ubiquitylation, cells were treated with 10 �M MG132 for 3 h prior to ER
stress treatments, and the immunoprecipitation was performed with a polyclonal

p53 Ab (FL393) with 200 �g of protein extract. For immunoblotting, WCE
containing 50 �g of protein or immunoprecipitates were resolved by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and incubated with the indi-
cated Ab. Abs to p53 (FL-393) and CM-5 were purchased from Santa Cruz, Inc.,
and Novocastra, respectively; DO-1 (Ab-6) and PAb421 (Ab-1) were from On-
cogene Science. The mouse monoclonal Ab to actin was from ICN. The anti-
Hdm2 (Ab-1) mouse monoclonal Ab was from Oncogene Science. The mono-
clonal Ab to androgen receptor (AnR) and polyclonal Ab to p21 were from
Santa Cruz, Inc., whereas the anti-GFP rabbit polyclonal Ab was from Promega.
All Abs were used at dilutions recommended by the manufacturer. Proteins were
visualized by the enhanced chemiluminescence detection method (ECL; Amer-
sham) according to the manufacturer’s specification.

Immunofluorescence studies. The detection of GFP-p53, Hdm2, or p53 by
immunofluorescence was performed as previously described (48). GFP-positive
and live cells were scored and classified into two groups; the first group with
fluorescence predominantly in the nucleus and the second with fluorescence in

FIG. 3. Physical and functional interactions between p53 and Hdm2 in ER-stressed cells. (A) Physical interaction between Hdm2 and p53 in
ER-stressed cells. A549 cells were left untreated (lanes 1, 2, 3, 8, 9, and 10) or pretreated with 10 �M MG132 for 2 h (lanes 4, 5, and 6), followed
by treatment with 10 �g of TM/ml (lanes 2, 5, and 9) or 1 �M TG for 4 h (lanes 3, 6, and 10). Cells were also exposed to DNA damage with 1
�M ADR (lane 7), which was used as a control. WCE (50 �g of protein) were used for immunoblotting with anti-p53 (DO-1) Ab (second from
the top panel), anti-Hdm2 Ab (third from the top panel), or antiactin Ab (bottom panel). The same protein extracts (3 mg) were subjected to
immunoprecipitation with either anti-Hdm2 Ab (lanes 1 to 7) or anti-p53 (DO-1) Ab (lanes 8 to 10) and subsequently to immunoblotting with
anti-p53 (DO-1) Ab or anti-Hdm2 Ab, respectively. (B) ER stress enhances the ubiquitylation of p53 by Hdm2. GFP-p53 WT cDNA (0.5 �g) was
transiently transfected in the absence or presence of Hdm2 WT cDNA (0.5 �g) and/or HA-Ub cDNA (0.5 �g) into 2KO cells. Cells were treated
with 10 �M MG132 for 3 h, prior to ER stress treatment with 10 �g of TM/ml or 1 �M TG for 3 h. Protein extracts (200 �g) were subjected to
immunoprecipitation with anti-53 rabbit polyclonal Ab, followed by immunoblotting with anti-p53 (DO-1) Ab. WCE (50 �g of protein) were used
for immunoblotting to detect the transfected Hdm2. (C) Specificity of p53 degradation ER stress. LNCaP cells were exposed to ER stress with 10
�g of TM/ml (lane 2) or 1 �M TG (lane 3) or subjected to DNA damage with 1 �M ADR (lane 4) for 2 h. Protein extracts (50 �g) were used
for immunoblotting with anti-AnR Ab (top panel), anti-Hdm2 Ab (second from the top), anti-Hdm2 Ab (third from the top), or antiactin Ab
(bottom panel).
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FIG. 4. Role of S315 and S376 phosphorylation in subcellular localization and degradation of p53 in ER-stressed cells. (A) Hdm2-dependent
degradation of GFP-p53 and its phosphorylation mutants. GFP-p53 WT cDNA or the indicated GFP-p53 mutant cDNAs (0.5 �g) were transiently
transfected in 2KO cells in the presence of increasing amounts of Hdm2 WT cDNA (0.5 to 1.5 �g). The GFP cDNA (0.1 �g) was used as an internal
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both the nucleus and cytoplasm. Total green fluorescence in the nucleus and
whole cells was quantified by using NIH Image from 200 randomly selected
GFP-positive and live cells. For the detection of Mdm2, cells were stained with
a 1:100 diluted monoclonal Ab (Ab-4; Oncogene Science), whereas for p53 the
cells were stained with a 1:200-diluted anti-p53 rabbit polyclonal Ab (FL393;
Santa Cruz). Cells were incubated with primary antibodies for 16 h at 4°C,
washed with phosphate-buffered saline, and incubated for 1 h with Alexa Fluor
488-conjugated secondary Ab or Alexa Fluor 546-conjugated secondary Ab (both
from Molecular Probes). The nucleus was visualized after staining with 1 �g of
DAPI (4�,6�-diamidino-2-phenylindole; Sigma)/ml.

Lentivirus infection and Hdm2 knockdown by shRNA. For the Hdm2 knock-
down experiments, the lentivirus vectors expressing Hdm2 short-hairpin RNA
(shRNA) were previously described (24). Lentivirus-containing supernatant was
collected 36 h after transfection in HEK293T cells, 0.2 �m-filtered, and snap-
frozen at �70°C. A549 cells were infected by retrovirus at low multiplicity (ca.
10% transduction efficiency) by adding 4 mg of Polybrene (Sigma)/ml for 12 h
prior to incubation with fresh medium. Cells were selected in puromycin, and
polyclonal populations were expanded and analyzed.

RESULTS

Nuclear export is required for the Hdm2-mediated protea-
some-dependent degradation of p53 in ER-stressed cells. We
previously showed that ER stress decreases the half-life of p53
without decreasing its mRNA levels, suggesting an effect of ER
stress on p53 degradation (48). We further investigated this
phenomenon by verifying the p53 levels in ER-stressed cells in
the presence of proteasome inhibitors. To this end, we used
A549 cells, which carry a WT p53 allele (51) and respond to
ER stress induced by TM or TG treatment (29). We noticed
that treatment of A549 cells with the inducers of ER stress led
to the downregulation of p53 protein levels, which was blocked
when cells were subjected to ER stress in the presence of the
proteasome inhibitor MG132 (Fig. 1A). These data suggested
that the proteasome degradation machinery is responsible for
the decrease of p53 protein levels in ER-stressed cells. Because
the proteasome-dependent degradation of p53 has been sug-
gested to be mainly a cytoplasmic process, we next determined
whether nuclear export of p53 is a prerequisite for its degra-
dation in response to ER stress. When A549 cells were sub-
jected to ER stress in the presence of LMB, an inhibitor of p53
nuclear export (53, 56), we observed a rescue of p53 protein
levels in ER stressed and LMB-treated cells (Fig. 1B). This
finding indicated that degradation of p53 in ER-stressed cells
requires the nucleocytoplasmic shuttling of the tumor suppres-
sor protein.

Given that Hdm2 is a major regulator of p53 protein stability
(40), we examined its role in nucleocytoplasmic shuttling and
degradation of p53 in response to ER stress. To do so, we
utilized p53�/� Mdm2�/� MEFs (23), also known as double-
knockout (2KO) cells, in which the subcellular localization of

GFP-p53 was determined in coexpression assays with Hdm2
(Fig. 1C). Because the subcellular localization and degradation
of p53 are controlled by the intracellular concentration of
Hdm2, 2KO cells were transfected with an amount of Hdm2
sufficient to induce the cytoplasmic translocation and degrada-
tion of the tumor suppressor protein as recently described (35)
(Fig. 1C). In the absence of Hdm2, we noticed that ER stress
failed to promote the cytoplasmic translocation of p53. In the
presence of Hdm2, we observed that a fraction of GFP-p53
became cytoplasmic, a process that was further enhanced in
response to ER stress (Fig. 1C). The ability of Hdm2 to pro-
mote the cytoplasmic relocation of GFP-p53 was dependent on
its ubiquitin ligase activity since Hdm2 bearing the C464A
mutation in the RING finger domain failed to relocate GFP-
p53 into the cytoplasm, either in the absence or presence of
ER stress (Fig. 1C). In contrast to this, the cytoplasmic relo-
cation of GFP-p53 was induced in the presence of an NES
mutant of Hdm2, which retains its ubiquitin ligase activity (5,
11), indicating that nuclear export of p53 proceeds indepen-
dently of the nuclear export of Hdm2 in unstressed, as well as
in ER-stressed cells. Taken together, these findings indicated
that p53 ubiquitylation by Hdm2 is a signal for the nuclear
export of the tumor suppressor protein. This process, which
does not require the nucleocytoplasmic transport of Hdm2, is
enhanced in cells subjected to ER stress. To confirm the re-
quirement of Hdm2 for p53 degradation in response to ER
stress, we used a viral vector that express double-stranded
shRNA to knockdown endogenous Hdm2 (24). We reasoned
that if Hdm2 was involved in p53 degradation in ER stressed
cells, then its elimination by shRNA should rescue p53 from
degradation in response to ER stress. Expression of the
shRNA in A549 cells led to 	80% decrease of the endogenous
Hdm2 protein (Fig. 1D, lanes 4 to 6). When cells were sub-
jected to ER stress (Fig. 1D, lanes 2, 3, 5, and 6), we noticed
that downregulation of p53 was not possible in cells with tar-
geted Hdm2 (lanes 5 and 6) as opposed to control cells (i.e.,
cells infected with control lentiviruses [24]) in which p53 levels
were decreased (Fig. 1D, top panel). In these experiments, we
noticed that retrovirus infection of A549 cells made them less
sensitive to ER stress based on the degree of p53 downregu-
lation (Fig. 1D, lanes 2 and 3) compared to ER-stressed A549
cells without infection (Fig. 1A and B, lanes 2 and 3). These
data strongly supported a major role for Hdm2 in p53 degra-
dation in response to ER stress.

Decrease of functional Hdm2 is ER-stressed cells. The data
presented above also showed that ER stress leads to Hdm2
downregulation (Fig. 1D, middle panel, lanes 2 and 3). To

control. After 24 h, protein extracts (50 �g) were used for immunoblotting with anti-p53 (DO-1) Ab (top panel) or anti-GFP Ab (bottom panel).
The GFP-p53 proteins were normalized to GFP, and their degradation profiles with increasing amounts of Hdm2 are shown. The values in the
graphs represent means � the SD from three independent experiments. (B) Control of ubiquitylation of GFP-p53 phosphorylation mutants by
Hdm2 in ER-stressed cells. GFP-p53 cDNA (0.5 �g) bearing the S315A or S376A mutation was transiently transfected in 2KO cells in the absence
or presence of Hdm2 WT cDNA (0.5 �g) and HA-Ub cDNA (0.5 �g). The cells were treated with 10 �M MG132 for 3 h, followed by treatment
with 10 �g of TM/ml or 1 �M TG for 3 h. The immunoprecipitation of GFP-p53 and immunoblotting were performed as in Fig. 3B. (C) Control
of localization of GFP-p53 phosphorylation mutants by Hdm2. GFP-p53 mutant cDNAs (0.25 �g) were transiently transfected in 2KO cells in the
absence or presence of Hdm2 WT cDNA (0.25 �g). After 24 h, cells were left untreated or treated with either 10 �g of TM/ml or 1 �M TG for
4 h, followed by the examination of GFP-p53 localization by fluorescence. Cell nuclei were visualized by staining with DAPI. Transfection of GFP
cDNA alone was used as a control (right panel). White arrows indicate nuclear localization of GFP-p53 only. Quantification of GFP-p53
localization was performed as described for Fig. 2A and in Materials and Methods.
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better understand this phenomenon, we first assessed the en-
dogenous Hdm2 protein levels in A549 cells at different time
points after ER stress. We observed that Hdm2 protein levels
were gradually reduced with the time of the ER stress treat-
ments (Fig. 2A, top panel) concomitant with the downregula-
tion of p53 protein levels (middle panel). In fact, Hdm2 down-
regulation was proportional to the decrease of p53 protein
levels as demonstrated by the constant ratio of Hdm2/p53
before and after the ER stress treatments (Fig. 2A). Further-
more, the half-life of the endogenous Hdm2 in A549 cells was
not affected by ER stress (Fig. 2B), indicating the lack of
regulation of Hdm2 expression at the posttranslational level.
Therefore, inhibition of Hdm2 expression by ER stress could
be exerted either at the transcriptional, posttranscriptional or
translational level through p53-dependent and/or independent
mechanisms. However, ER stress affects the induction of p53-
dependent genes as we have previously reported (48). For
example, induction of the cdk inhibitor p21 in human diploid
WI38 cells upon DNA damage by adriamycin (ADR) was
inhibited when cells were exposed to ER stress (Fig. 2C).
Furthermore, p21 induction in mouse pre-B 70Z/3 cells upon
gamma irradiation was impaired after treatment of cells with
TG (data available upon request). Moreover, upregulation of
p21 in NIH 3T3 cells exposed to ADR was significantly re-
duced after treatment with inducers of ER stress for long
periods of time (data available upon request). In all of these
experiments, p21 expression levels correlated with p53 levels,
indicating that regulation of p21 by ER stress was dependent
on p53 response. Taken together, these data provide some
evidence for a defective transcriptional response of p53 in
ER-stressed cells that could account, at least in part, for the
reduced Hdm2 levels in cells subjected to ER stress.

Control of p53/Hdm2 interaction and p53 ubiquitylation in
ER-stressed cells. We further investigated the mechanisms of
p53 degradation by Hdm2 in ER-stressed cells. First, we ex-
amined the interaction between the two proteins in A549 cells
subjected to ER stress (Fig. 3A). The formation of Hdm2/p53
complex was detected by immunoprecipitation with either anti-
Hdm2 Ab (lanes 1 to 7) or anti-p53 Ab (lanes 8 to 10), followed
by immunoblotting with either anti-p53 Ab or anti-Hdm2 Ab,
respectively. Using both approaches we measured a partial
(�50%) inhibition of Hdm2/p53 complex formation in cells
subjected to ER stress compared to control untreated cells
(top panel, compare lanes 2 and 3 with lane 1 and lanes 9 and
10 with lane 8). However, the total protein levels of both Hdm2
and p53 were diminished in cells subjected to ER stress (Fig.
3A, WCE), and as such, this partial inhibition of Hdm2/p53
complex might have been resulted from the different amounts
of the proteins subjected to coimmunoprecipitation. To bypass
this limitation, the A549 cells were treated with the protea-

some inhibitor MG132 to stabilize p53 and prevent the down-
regulation of Hdm2 prior to exposure to ER stress (lanes 4 to
6). Upon these conditions, coimmunoprecipitation of Hdm2/
p53 with anti-Hdm2 Ab showed no differences in the amount
of complex formation before and after ER stress (top panel,
lanes 4 to 6), indicating that ER stress does not interfere with
the intermolecular interaction of the two proteins. On the
other hand, DNA damage of A549 cells with ADR led to the
dissociation of the Hdm2.p53 complex (lane 7), indicating that
these cells are not refractory to signals that modulate the
interaction of the two proteins.

Given that ER stress does not significantly affect Hdm2/p53
interaction, we next examined whether p53 ubiquitylation by
Hdm2 is modulated in ER-stressed cells. To this end, 2KO
cells were cotransfected with GFP-p53 and HA-tagged ubiq-
uitin (HA-Ub) in the absence or presence of Hdm2, followed
by treatment with inducers of ER stress (Fig. 3B). In the
absence of Hdm2, the ubiquitylation of GFP-p53 was unde-
tectable, but it was significantly induced by the presence of
Hdm2 (compare lanes 2 and 5). In cells subjected to ER stress,
the ubiquitylation of GFP-p53 in the absence of Hdm2 re-
mained undetectable (lanes 3 and 4). However, when Hdm2
was present, GFP-p53 ubiquitylation was enhanced upon treat-
ment with either TM (lane 6) or TG (lane 7) compared to
unstressed cells (lane 5). In similar experiments, we found that
GFP-p53 ubiquitylation was possible with Hdm2 NES and
further enhanced in response to ER stress as opposed to Hdm2
C464A, which was unable to act on GFP-p53 (data not shown).
We further wanted to determine whether the induction of
Hdm2 activity in ER-stressed cells was specific for p53 or
degradation of other Hdm2 substrates was also enhanced in
response to ER stress. To this end, we examined the effect of
ER stress on AnR protein levels, which is a substrate of Hdm2
(37). As shown in Fig. 3C, treatment of LNCaP cells with ER
stress did not induce the degradation of AnR as opposed to
p53, which was downregulated by this treatment. These results
suggested a specific effect of Hdm2 on p53.

Degradation of p53 by Hdm2 requires phosphorylation of
p53 at S315 and S376. We recently demonstrated that phos-
phorylation of p53 at S315 and S376 is required for its cyto-
plasmic relocation in ER-stressed cells (48). Specifically, we
showed that both serine residues are constitutively phosphor-
ylated within cells and their phosphorylation is enhanced in
response to ER stress (48). To determine the role of these
serine residues in the regulation of p53 stability by Hdm2, we
assessed the Hdm2-mediated degradation of GFP-p53 bearing
either the S315A or S376A mutation. Using transient-expres-
sion assays in 2KO cells, we found that GFP-p53-S315A and
GFP-p53-S376A were more resistant to Hdm2-mediated deg-
radation compared to GFP-p53 WT (Fig. 4A). This indicated

FIG. 5. GSK-3� is required for Hdm2-mediated cytoplasmic shuttling of p53 in ER-stressed cells. (A) Subcellular localization of GFP-p53 in
GSK-3��/� MEFs. Cells were transfected with 0.05 �g of GFP-p53 WT cDNA, 0.05 �g of Hdm2 cDNA, and 0.1 �g of either GSK-3� WT or
GSK-3� KD cDNA. After 24 h, cells were treated with either 10 �g of TM/ml or 1 �M TG for 4 h and then examined for GFP-p53 localization
by fluorescence microscopy. The cell nuclei were visualized by DAPI staining. Quantification of GFP-p53 localization was performed as described
in Fig. 2A and Materials and Methods. (B) Subcellular localization of GFP-p53 in 2KO MEFs. Cells were transiently transfected with 0.25 �g of
GFP-p53 cDNA in the absence or presence of 0.25 �g of Hdm2 of WT cDNA and 0.5 �g of either GSK-3� WT cDNA or GSK-3� KD cDNA.
After 24 h, cells were left untreated or treated with either 10 �g of TM/ml or 1 �M TG for 4 h, followed by examination with fluorescence
microscopy. Quantification of the subcellular localization of GFP-p53 was performed as described above.
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that phosphorylation of S315 and S376 is critical for efficient
degradation of p53 by Hdm2. To gain a better mechanistic
insight into this process, we next determined the ubiquity-
lation of GFP-p53-S315A and GFP-p53-S376A by Hdm2 in
2KO cells. We found that ubiquitylation of either GFP-p53-
S315A or GFP-p53-S376A was undetectable in the absence
of Hdm2 (Fig. 4B, top panel, lanes 2 and 11), but it was
induced when Hdm2 was coexpressed (Fig. 4B, top panel,
lanes 5 and 14). In the absence of ER stress, ubiquitylation
of both GFP-p53 mutants was equal to GFP-p53 WT ubiq-
uitylation (compare lanes 5 and 14 with lanes 9 and 18,
respectively). However, treatment with ER stress did not
further enhance the ubiquitylation of the GFP-p53 mutants
by Hdm2 (Fig. 4B, lanes 6, 7, 15, and 16), as opposed to
GFP-p53 WT, whose ubiquitylation was increased (Fig. 3B).
These data suggested that S315 and S376 phosphorylation

does not interfere with p53 ubiquitylation in unstressed cells
but is required for the induction of ubiquitylation of p53 in
ER-stressed cells. Since phosphorylation at S315 and S376 is
required for the nucleocytoplasmic shuttling of p53 in both
unstressed and ER-stressed cells (48), we next examined the
effects of Hdm2 on the nuclear export of the GFP-p53
phosphorylation mutants in 2KO cells (Fig. 4C). We found
that the distribution of GFP-p53 mutants remained mainly
nuclear when expressed alone or together with Hdm2. Fur-
thermore, the GFP-p53 mutants remained nuclear in cells
subjected to ER stress. This was different from the regula-
tion of the nucleocytoplasmic regulation of GFP-p53 WT,
which was enhanced by the coexpression of Hdm2 and treat-
ment with ER stress inducers (Fig. 2A). Collectively, these
data showed that ubiquitylation of p53 is necessary but not
sufficient for the nuclear export of the tumor suppressor in

FIG. 6. GSK-3� is necessary for p53 degradation in ER-stressed cells. (A) Control of GFP-p53 stability by GSK-3�. GFP-p53 WT cDNA (0.25
�g) was transiently transfected with increasing amounts of Hdm2 cDNA (0.25 to 1.25 �g) into immortalized GSK-3��/� and GSK-3��/� MEFs.
The GFP cDNA (0.25 �g) was used as an internal control. The GFP-p53, Hdm2, and GFP protein levels were detected by immunoblotting of 50
�g of protein extracts with antibodies against each protein. The bands were quantified with the Scion Image 2.0 software, and the ratio of GFP-p53
to GFP in each lane is indicated. (B) Hdm2-dependent degradation of GFP-p53 and its phosphorylation mutants. GFP-p53 WT cDNA or the
indicated GFP-p53 phosphorylation mutants were cotransfected with Hdm2 WT cDNAs in immortalized GSK-3��/� and GSK-3��/� MEFs as
described in panel A. Immunoblot analyses of GFP-p53 and GFP were performed as in panel A. The bands were quantified, and the graphs
representing the degradation rates of the GFP-p53 forms plotted against Hdm2/GFP-p53 ratios are shown. (C) Immortalized GSK-3��/� and
GSK-3��/� MEFs were transfected with different ratios of GFP-p53 WT to Hdm2 cDNAs as indicated. At 24 h posttransfection, cells were
examined for GFP-p53 fluorescence. Cell nuclei were visualized by DAPI staining. The quantification of the subcellular distribution of GFP-p53
was performed as described for Fig. 2A and Materials and Methods. NS, not significant. (D) Regulation of p53 in primary GSK-3��/� MEFs.
MEFs (passage 3) were treated with 1 �M TG for 2 and 4 h, followed by immunoblotting of 50 �g of protein extracts for endogenous p53 (top
panel), GSK-3� (middle panel), and actin (bottom panel). Immunostaining of endogenous Mdm2 (green) or p53 (red) in the primary MEFs was
performed as described in Materials and Methods. The cell nuclei were detected by DAPI staining.
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unstressed and ER-stressed cells. Furthermore, nuclear ex-
port of p53 by Hdm2 requires phosphorylation of p53 at
S315 and S376.

GSK-3� is involved in Hdm2-mediated p53 cytoplasmic
shuttling in ER-stressed cells. Since p53 phosphorylation at
S315 and S376 in ER-stressed cells is mediated by GSK-3�
(48), we sought to determine the role of GSK-3� in Hdm2-
mediated nuclear export and degradation of the tumor sup-
pressor. To do so, we examined the localization of GFP-p53 in
spontaneously immortalized GSK-3��/� MEFs (20), which
were devoid of endogenous p53 (48). In these cells, GFP-p53
exhibited a nuclear localization either in the absence or pres-
ence of Hdm2, and it remained nuclear even after treatment
with ER stress (Fig. 5A). When the GSK-3��/� MEFs were
transfected with GSK-3� WT and Hdm2, we observed that a
fraction of GFP-p53 became cytoplasmic, which was further
enhanced in response to ER stress (Fig. 5A). In contrast to
GSK-3� WT, the cytoplasmic localization of GFP-p53 by
Hdm2 was not induced when the cells were reconstituted with
a KD GSK-3� (Fig. 5A). Similar results were obtained when
the localization of GFP-p53 was examined in 2KO cells trans-

fected with GSK-3� and Hdm2 (Fig. 5B). Quantification of the
subcellular distribution of GFP-p53 showed that cytoplasmic
relocation of GFP-p53 was enhanced by GSK-3� WT and
impaired by GSK-3� KD. Collectively, these data suggested
that GSK-3� is required for the Hdm2-mediated nucleocyto-
plasmic shuttling of p53.

GSK-3� controls Hdm2-mediated p53 degradation in un-
stressed and ER-stressed cells. We next wanted to determine
the role of GSK-3� in Hdm2-mediated p53 degradation. To
this end, spontaneously immortalized GSK-3��/� and GSK-
3��/� MEFs were transfected with GFP-p53 WT cDNA and
increasing amounts of Hdm2 cDNA, followed by immunoblot
analysis for GFP-p53. We found that GFP-p53 WT was more
resistant to Hdm2-mediated degradation in GSK-3��/� MEFs
than in GSK-3��/� MEFs (Fig. 6A), indicating that p53 deg-
radation by Hdm2 requires GSK-3�. On the other hand, GFP-
p53-S315A and GFP-p53-S376A were more resistant to Hdm2-
mediated degradation in GSK-3��/� MEFs and in GSK-3��/�

MEFs than GFP-p53 WT (Fig. 6B). To confirm the role of
GSK-3� in p53 nuclear export and degradation, we determined
the localization of GFP-p53 in immortalized GSK-3��/� and

FIG. 6—Continued.
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GSK-3��/� MEFs transfected with increasing amounts of
Hdm2 cDNA (Fig. 6C). We observed that GFP-p53 was mainly
nuclear in both GSK-3��/� and GSK-3��/� MEFs. Transfec-
tion of cells with equal amounts of Hdm2 and GFP-p53
cDNAs (ratio, 1:1) resulted in the cytoplasmic relocation of
GFP-p53 in GSK-3��/� MEFs but not in GSK-3��/� MEFs in
which GFP-53 remained nuclear. When the Hdm2/GFP-53
ratio was increased to 5:1, we noticed that the GFP-p53 signal
was significantly decreased in both MEF types although GFP-
p53 was more resistant to Hdm2-mediated degradation in
GSK-3��/� than in GSK-3��/� MEFs (Fig. 6C). From these
data, we concluded that the nucleocytoplasmic relocation and
subsequent degradation of GFP-p53 by Hdm2 requires GSK-
3�.

To further substantiate the role of GSK-3� in p53 degrada-
tion, we looked at the endogenous WT p53 in primary GSK-
3��/� and GSK-3��/� MEFs. Specifically, we assessed the
protein levels and subcellular localization of p53 before and
after ER stress treatment with TG (Fig. 6D). We found that
p53 protein was more resistant to the inhibitory effects of ER
stress in GSK-3��/� MEFs than in GSK-3��/� MEFs dem-
onstrating that GSK-3� is involved in the downregulation of
p53 in ER-stressed cells. It is of interest that primary MEFs are
more sensitive to downregulation of p53 by ER stress than
tumor cells (Fig. 1), indicating differences in ER stress re-
sponses between normal and transformed cells. The immuno-
staining data showed a significant loss of nuclear p53 staining
in TG-treated GSK-3��/� MEFs as opposed to GSK-3��/�

MEFs. Furthermore, we noticed that in untreated GSK-3��/�

MEFs a fraction of p53 was cytoplasmic, as opposed to GSK-
3��/� MEFs in which p53 was predominantly nuclear. This
result indicated that GSK-3� also regulates the nucleocyto-
plasmic shuttling of p53 in unstressed cells. On the other hand,
Mdm2 localization was both nuclear and cytoplasmic in both
MEF types (Fig. 6D). However, treatment with TG decreased
the Mdm2 signal GSK-3��/� MEFs concomitant with the de-
crease of p53 signal in these cells. The Mdm2 signal did not
significantly change in TG-treated GSK-3��/� MEFs consis-
tent with the resistance of p53 to ER stress-mediated degra-
dation in these cells. Collectively, these data demonstrated the
important role of GSK-3� in localization and degradation of
p53.

DISCUSSION

Our findings provide a mechanistic explanation for the
higher degradation rates of p53 in ER-stressed cells (48). Spe-
cifically, we show that Hdm2-dependent ubiquitylation, nu-
clear export, and degradation of p53 are all enhanced in ER-
stressed cells. At the molecular level, Hdm2 interaction with
p53 was not significantly affected by ER stress (Fig. 2), indi-
cating that their interaction is necessary but not sufficient for
the enhanced ubiquitylation of the tumor suppressor protein.
Our data support the notion that enhanced ubiquitylation of
p53 is likely to be mediated by posttranslational modifications
of p53 rather than Hdm2. Indeed, our observations showed
that the auto-ubiquitylation activity of Hdm2 was not affected
in cells subjected to ER stress (data not shown) and that
degradation of AnR, which is another substrate of Hdm2 (37),
was not induced in response to ER stress (Fig. 3). In fact, our

findings support the notion that phosphorylation of p53 is
necessary for its enhanced ubiquitylation by Hdm2. That is, ER
stress induces p53 phosphorylation at S315 and S376 (48),
modifications that are important for the induction of p53 ubiq-
uitylation (Fig. 3) and subsequent degradation (Fig. 4) in re-
sponse to ER stress. It is possible then that phosphorylation of
p53 upon ER stress results in conformational changes that
further facilitate its ubiquitylation process by Hdm2. This is
reminiscent of the regulation of p53 degradation by phosphor-
ylation at threonine (T) 55, which is mediated by TAF1 and
facilitates p53 oligomerization (33), a process required for
efficient Hdm2-mediated ubiquitylation and degradation of the
tumor suppressor protein (39). The role of S315 in p53 desta-
bilization is further supported by recent findings demonstrat-
ing that p53 phosphorylation at this site by Aurora A kinase
facilitates Hdm2-mediated ubiquitylation and degradation of
p53 (25). Concerning S376, our data are supported by other
findings for a negative effect of its phosphorylation on p53
stabilization (6). Interestingly, S376 of p53 was found to be
phosphorylated in unstressed cells and its dephosphorylation
to be induced upon DNA damage by gamma irradiation, re-
sulting in a higher capacity of p53 to bind DNA (62). Our data
show that S315 and S376 phosphorylations are equally impor-
tant for p53 ubiquitylation, nucleocytoplasmic shuttling, and
degradation in response to ER stress (Fig. 4B and C). Since the
functional status of p53 is usually determined by its overall
phosphorylation status rather than phosphorylation at a single
residue (51), it remains possible that phosphorylation at S315
or S376 affects phosphorylation at other sites that also contrib-
ute to the inactivation of p53 in ER stress-treated cells.

It is of interest that degradation of either transfected or
endogenous p53 still takes place in GSK-3��/� cells but to a
much lesser extent than in GSK-3��/� cells (Fig. 6), providing
evidence that GSK-3� may not be the only determinant of p53
degradation. One possibility is that GSK-3
 also exerts a sim-
ilar effect on p53 degradation in ER-stressed cells. Also, in
A549 cells ER stress had a partial (�50%) inhibitory effect on
p53 protein levels (Fig. 1), which raises the interesting question
what of makes the other 50% of p53 resistant to ER stress. It
is possible that upon ER stress only a fraction of p53 is mod-
ified by phosphorylation from GSK-3�, thus leading to the
partial destabilization of p53. Another interpretation may have
to do with the differential sensitivity of cells to ER stress since
destabilization of p53 is greater in primary MEFs (Fig. 6D)
than in the A549 tumor cells (Fig. 1). Furthermore, ER stress
may modulate p53 through recently identified pathways that
control its stability. For example, recent findings demonstrated
that p53 degradation is inhibited by the interaction of Hdm2
with the ribosomal proteins L11 and L23 (7, 21, 38). Although
ER stress signals to the translational ribosomal machinery
through the activation of the eIF2
 kinase PERK (49), it is not
presently known whether Hdm2 interaction with either L11
and/or L23 is affected by ER stress and whether this type of
stress can cause perturbations in ribosomal biogenesis that
signal to Hdm2 and p53. Other control mechanisms might
implicate the Yin Yang 1 (YY1) protein, which has recently
been shown to facilitate Hdm2-mediated ubiquitylation of p53
(15, 57). A link between YY1 and ER stress might be implied
by the ability of YY1 to induce the expression of grp78 gene,
which is also transcriptionally induced in response to ER stress
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(36). Moreover, YY1 can enhance the transactivation capacity
of ATF6, a protein involved in the transcriptional induction of
many genes in response to ER stress (34). Another tentative
link between p53 degradation and ER stress may be provided
by the function of Rad23, a protein implicated in the stimula-
tion of ER-associated protein degradation pathway (59). Spe-
cifically, human Rad23 (HR23) exhibits a dual function in p53
degradation by preventing the deubiquitylation of p53 and
delivering the ubiquitylated protein to the proteasome machin-
ery for degradation (12). Furthermore, HR23 interacts with
p300/CBP resulting in the inhibition of the protein stability and
transcriptional activity of p53 (69). In addition to ubiquityla-
tion, conjugation of both p53 and Hdm2 by the ubiquitin-like
protein NEDD8 (neddylation) has recently been shown to
interfere with the biological functions of both proteins (63).
Nevertheless, neddylation of p53 is not affected by treatment of
cells with inducers of ER stress (data not shown), thus exclud-
ing the possibility for a regulatory role of this modification in
p53 function in response to ER stress.

Our data demonstrate that p53 phosphorylation at S315 and
S376 mediated by GSK-3� (49) serves as a signal that is crucial
not only for the ubiquitylation but also for the cytoplasmic
relocation and degradation of p53. These effects of GSK-3� on
p53 take place in unstressed cells but are accelerated in cells
subjected to ER stress (for a model of p53 regulation by ER
stress, see Fig. 7). Indeed, the loss of GSK-3� impeded p53
nuclear export (Fig. 5) and increased p53 stability (Fig. 6) in
the absence of ER stress. Moreover, endogenous WT p53 is
more stable in primary GSK-3��/� than GSK-3��/� MEFs in

response to ER stress, a finding consistent with a higher nu-
clear presence of p53 in GSK-3��/� MEFs exposed to ER
stress (Fig. 6D). The immunostaining data show a decrease in
endogenous Mdm2 levels concomitant with the downregula-
tion of endogenous p53 in response to ER stress. This regula-
tion is more apparent in GSK-3��/� MEFs than in GSK-
3��/� MEFs. These data provide strong evidence that GSK-3�
plays a major role in p53 nucleocytoplasmic transport and
degradation. The molecular event(s) that lead to activation of
GSK-3� upon ER stress are currently under investigation. One
possibility is that GSK-3� becomes activated by phosphoryla-
tion by another kinase(s) that is induced in response to ER
stress (18). Such phosphorylation events may be important in
determining the substrate specificity of GSK-3�. Given the
pleiotropic effects of GSK-3� in cell signaling (45), it is con-
ceivable to speculate that the ability of the kinase to regulate
p53 function may tightly be dependent on signaling induced by
a specific type of stress. For example, induction of GSK-3� by
ER stress leads to the downregulation of p53 protein (48; this
study), whereas activation of GSK-3� by a specific type of
genotoxic stress is associated with p53 activation (58, 60, 61).

The role of ER stress in tumor development is strongly
implied by the transcriptional induction and expression of glu-
cose-regulated proteins (Grps) or ER chaperones that confer a
survival advantage to the stressed cell. Whereas in normal cells
the induction of Grps is associated with tissue preservation or
organ protection, in cancer cells the induction of Grps can
facilitate tumor progression and drug resistance (31). Given
the apoptotic functions of p53, its inactivation in ER-stressed

FIG. 7. Schematic model of p53 regulation by Hdm2 in unstressed and ER-stressed cells. In unstressed cells, the nucleocytoplasmic transport
of p53 is mainly mediated by Hdm2. We show here that phosphorylation of p53 at S315 and S376 by GSK-3� does not interfere with the
ubiquitylation process but is required for the cytoplasmic relocation of p53 by Hdm2. Cytoplasmic p53 is then prone to degradation by the 26S
proteasome pathway. When cells are exposed to ER stress, the nuclear fraction of GSK-3� becomes activated leading to the induction of p53
phosphorylation at S315 and S376 (49). As shown in the present study, these phosphorylation events enhance the ubiquitylation of p53 by Hdm2
and the cytoplasmic relocation of the tumor suppressor. As a result, p53 degradation rates in the cytoplasm are induced.
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cells could certainly provide cells with a growth advantage and
promote the transformation process. In fact, our previous find-
ings demonstrated an inhibitory effect of ER stress on p53-
depenent apoptosis (49). A physiological inducer of ER stress
is hypoxia (29), a condition that is common in solid tumors.
Although some reports have shown hypoxia to induce p53 (1,
13), other reports have provided evidence to the contrary (45,
53). This discrepancy can be explained not only by the differ-
ences in experimental conditions but also by the pleiotropic
effects that are associated with hypoxia, including nutrient de-
privation or low pH (acidosis) (19). The latter interpretation is
supported by findings demonstrating the downregulation of
p53 in hypoxic cells that are free from acidosis (52). Further-
more, recent data also showed the lack of p53 accumulation in
hypoxic cells upon conditions that prevented acidosis and
maintained nutrient levels (44). These and our data are con-
sistent with a model where induction of the ER stress response
in hypoxic tumors is associated with the downregulation of p53.
Such an induction of ER stress in the microenvironments of
solid tumors may have detrimental effects on therapies aiming
at the activation of endogenous p53 and may provide an ex-
planation for tumor resistance to radio/chemotherapies. Un-
derstanding the mechanisms of downregulation of p53 by
Hdm2 in ER-stressed cells may be useful for the design of
strategies leading to the activation of p53 in tumors with de-
regulated ER (i.e., hypoxic tumors). Tumors that retain WT
p53 could be sensitized to p53-mediated apoptosis by inhibit-
ing the expression of Hdm2 or blocking p53/Hdm2 interaction
with synthetic peptides. Such approaches alone or in combina-
tion with novel strategies that utilize membrane-associated
Grps for the destruction of tumors with increased levels of ER
stress (4) may prove promising for therapeutic intervention.
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