Endoplasmic reticulum stress induces
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and prevents p53-dependent apoptosis
by a pathway involving glycogen

synthase kinase-33
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The tumor suppressor p53, a sensor of multiple forms of cellular stress, is regulated by post-translational
mechanisms to induce cell-cycle arrest, senescence, or apoptosis. We demonstrate that endoplasmic reticulum
(ER) stress inhibits p53-mediated apoptosis. The mechanism of inhibition involves the increased cytoplasmic
localization of p53 due to phosphorylation at serine 315 and serine 376, which is mediated by glycogen
synthase kinase-3 B (GSK-3B). ER stress induces GSK-38 binding to p53 in the nucleus and enhances the
cytoplasmic localization of the tumor suppressor. Inhibition of apoptosis caused by ER stress requires GSK-38
and does not occur in cells expressing p53 with mutation(s) of serine 315 and/or serine 376 to alanine(s). As a
result of the increased cytoplasmic localization, ER stress prevents p53 stabilization and p53-mediated
apoptosis upon DNA damage. It is concluded that inactivation of p53 is a protective mechanism utilized by

cells to adapt to ER stress.
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The tumor suppressor gene p53 is frequently mutated in
human cancers (Vousden and Lu 2002). Its product, the
p53 protein is induced and phosphorylated by various
forms of cellular stress, including v-irradiation, UV ra-
diation, DNA cross-linking, oxidative stress, hypoxia,
and nucleotide depletion (Wahl and Carr 2001; Sharpless
and DePinho 2002; Vousden and Lu 2002). Activated p53
functions as a transcription factor to regulate the expres-
sion of many different downstream genes, whose prod-
ucts are implicated in cell cycle arrest, DNA repair, or
apoptosis (Vousden and Lu 2002). To achieve proper
function, p53 is tightly regulated by means of post-trans-
lational modifications, cofactor binding, and subcellular
localization. The function of p53 is tightly controlled by
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Mdm2, an E3 ubiquitin ligase implicated in the inacti-
vation of the tumor suppressor by accelerating its
nuclear export and degradation by the 26S proteasome
(Michael and Oren 2002). Phosphorylation of p53 within
its amino-terminal domain facilitates p53 stabilization
by disrupting p53-Mdm2 interaction (Wahl and Carr
2001; Michael and Oren 2002) and prevents its nucleo-
cytoplasmic export (Zhang and Xiong 2001).

Similar to nuclear DNA damage, stress conditions in
other organelles are able to activate signal-transduction
pathways leading to the induction of genes encoding for
proteins that play key roles in damage sensing and apo-
ptosis (Ferri and Kroemer 2001). For example, expression
of mutant proteins, viral infection, energy or nutrient
deprivation, extreme environmental conditions, or Ca**
release from the lumen of the endoplasmic reticulum
(ER) disrupt proper protein-folding activity in this organ-
elle (Ferri and Kroemer 2001; Kaufman et al. 2002). This
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leads to the accumulation of unfolded proteins, which
initiates transcriptional and translational-signaling path-
ways known as the unfolded protein response (UPR,;
Ferri and Kroemer 2001; Kaufman et al. 2002). UPR is an
adaptive response that involves the up-regulation of the
expression, and thus function of ER-resident chaperons
that augment ER-folding capacity (Ferri and Kroemer
2001; Kaufman et al. 2002). Also, UPR induces the ex-
pression of genes engaged in ER-associated protein deg-
radation (Travers et al. 2000) and attenuates translation
by inducing the phosphorylation of the a subunit of
translation initiation factor eIF2 through the activation
of the pancreatic ER-resident kinase PERK (Harding et al.
2002). If these adaptive mechanisms are not sufficient to
alleviate ER stress, then an apoptotic program is initi-
ated through the activation of the JNK pathway and
caspases 7, 12, and 3 (Ferri and Kroemer 2001; Harding et
al. 2002; Kaufman et al. 2002).

Given the role of p53 in stress sensing and pro-
apoptotic signaling, we were interested to investigate
whether p53 responds to ER stress. Herein, we report
that ER stress induced by pharmacological or physiologi-
cal means signals to p53. We demonstrate that ER stress
induces the destabilization of p53 protein and prevents
cells from p53-dependent apoptosis. This is mediated, at
least in part, through the increased cytoplasmic localiza-
tion of p53 as a result of phosphorylation at serines 315
and 376. We also demonstrate that ER stress induces
glycogen synthase-3 B (GSK-3pB) kinase activity, which
phosphorylates p53 at serine 376 in vitro and mediates
p53 phosphorylation at serines 315 and 376 in vivo. Fur-
thermore, we show that GSK-3p interacts physically with
p53 in the nucleus of ER-stressed cells, promotes the cyto-
plasmic localization of the protein, and prevents p53-me-
diated apoptosis. Our findings reveal a novel mechanism
utilized by cells to adapt to ER stress through the inacti-
vation of the tumor-suppressor protein by GSK-3p.

Results

ER stress enhances the cytoplasmic localization of p53

We first noticed that ER stress induces the cytoplasmic
localization of p53. Specifically, human diploid WI-38

cells (Fig. 1A) or human fibrosarcoma HT1080 cells (Fig.
1B) were treated with pharmacological inducers of ER
stress, such as the protein glycosylation inhibitor tuni-
camycin (TM), the lumenal Ca>* mobilizing agent thap-
sigargin (TG), or glucose deprivation, which is another
cause for ER stress (Scheuner et al. 2001). We observed
that nuclear staining of endogenous wild-type p53 was
decreased for both cell types with a concomitant in-
crease in cytoplasmic staining, which was more obvious
for WI-38 cells (Fig. 1A,B). To verify the cytoplasmic lo-
calization of p53 in HT1080 cells, ER-stressed cells were
subjected to subcellular fractionation, and p53 levels
were detected by immunoblotting (Fig. 1C). We found
that the cytoplasmic levels of p53 were increased after
TM (Fig. 1C, panel a, lanes 5 and 6) or TG treatment (Fig.
1C, panel d, lanes 5 and 6), which correlated with a con-
comitant decrease in the nuclear p53 levels (Fig. 1C, pan-
els a and d, lanes 8 and 9). The purity of the nuclear and
cytoplasmic fractions was verified by immunoblotting
with antibodies against the transcription factor Egr-1
(Fig. 1C, panels b and e) and a-tubulin (Fig. 1C, panels c
and f), respectively. These findings suggested that ER
stress promotes the cytoplasmic localization of the tu-
mor suppressor protein.

To better understand how p53 is regulated in ER-
stressed cells, we measured p53 mRNA and protein sta-
bility in HT'1080 cells. Specifically, Northern blot analy-
sis indicated that p53 mRNA levels were not affected by
TM or TG treatment (Fig. 1D). On the other hand,
[3*S]methionine labeling and pulse-chase analysis indi-
cated that TG treatment decreased the half-life of p53
protein (Fig. 1E), suggesting that ER stress promotes the
destabilization of the tumor suppressor.

ER stress impairs p53 stabilization and p53-dependent
apoptosis in response to DNA damage

Given that ER stress promotes the cytoplasmic localiza-
tion and degradation of p53, we next sought to examine
whether ER stress interferes with p53 stabilization in
response to DNA damage. Treatment of human diploid
WI-38 cells with the anticancer drug adriamycin (ADR)
resulted in the induction of p53 protein (Fig. 2A, top,
lanes 2 and 3), which was significantly reduced in the

Figure 1. ER stress alters the subcellular localization of p53. Inmunostaining of endogenous p53. WI-38 cells (A) or HT1080 cells (B)

were treated with 10 pg/mL of TM, 1 uM of TG, or incubated in glucose-free medium for the indicated time. Endogenous p53 was
visualized by immunostaining with anti-p53 monoclonal antibodies (top) as described in Materials and Methods. The exposure time
for green fluorescence was identical in all samples (4, B; top). The nucleus was detected by DAPI staining (A, B; bottom). (C) Subcellular
fractionation of HT1080 cells. Cells were treated with either 10 pg/mL of TM or 1 uM of TG. At the indicated time points, cytoplasmic
and nuclear fractions were prepared as described in Materials and Methods. Whole-cell extracts (WCE; 50 pg of protein), cytoplasmic
extracts (CYTO; 40 ug of protein), or nuclear extracts (NU; 8 ug of protein) were subjected to Western blotting with anti-p53 rabbit
polyclonal antibody (a,b), anti-Egr-1 rabbit polyclonal antibody (b,e), or anti-a-tubulin mouse monoclonal antibody (c,f). (D) HT1080
cells were treated with either 10 ng/mL of TM or 1 uM of TG for 2 h, total RNA (10 pg) was isolated and subjected to Northern Blotting
using [>>P]dCTP human p53 cDNA as probe (top). The quality of RNA and equal loading were verified by staining the denaturing gel
with ethidium bromide. The position of 28S and 18S rRNA are shown (bottom). (E) HT1080 cells were labeled with [3**S]methionine/
cysteine for 30 min and chased with radioactive-free medium in the absence or presence of 1 uM of TG for the indicated times. Protein
extracts (1 mg) were subjected to immunoprecipitation with anti-p53 rabbit polyclonal antibody followed by SDS-PAGE and autora-
diography. The radioactive bands were quantified by PhosphorImager, and the plots of the relative intensity of radioactive p53 bands
toward time and the half-life time values are indicated.
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presence of either TM (Fig. 2A, top, lanes 4 and 5) or TG
(Fig. 2A, top, lanes 6 and 7). Similar to DNA damage with
ADR, induction of p53 protein was significantly im-
paired in ER-stressed cells subjected to vy-irradiation (vy-
IR; Supplementary Fig. 1B) or exposed to ultra violet (UV)
light (data not shown). Because DNA damage stabilizes
p53 by inducing its phosphorylation within the amino
terminus, which blocks its Mdm2-mediated degradation
(Wahl and Carr 2001), we thought that p53 destabiliza-
tion in ER-stressed cells might have also been due to an
inhibition of p53 phosphorylation within the amino ter-
minus domain upon DNA damage. To examine this pos-
sibility, we performed a treatment with actinomycin D
(ACD), which stabilizes p53 in the absence of amino ter-
minus phosphorylation at serine 15 and serine 20 (Ash-
croft et al. 2000). We found that ER stress prevented p53
stabilization induced by ACD in WI-38 cells (Fig. 2B,
indicating that phosphorylation of the amino terminus is
not essential for the effects of ER stress on p53 in cells
subjected to DNA damage. We also noticed that DNA
damage-mediated activation of Chk2 kinase, which was
manifested by a shift of protein mobility in polyacryl-
amide gels (Hirano et al. 2000), was not impaired in the
presence of ER stress (Supplementary Fig. 1). This data
provided evidence that ER stress does not affect the
ATM/ATR pathway, which induces the phosphorylation
of p53 in response to DNA damage (Wahl and Carr 2001).

To further substantiate our findings, we examined the
effects of ER stress on p53-mediated cell death induced
by DNA damage. For this experiment, we chose the hu-
man colon carcinoma HCT116 cells, which contain
wild-type p53, and the isogenic derivatives with inacti-
vated p53 gene by a tissue culture knockout approach
(Bunz et al. 1998). Because HCT116 p53*/* cells are more
susceptible than p53~/~ cells to the killing effects of
5-fluorouracil (5-FU) treatment (Bunz et al. 1999), we rea-
soned that inhibition of p53 activation by ER stress
should rescue the p53*/* cells, but not the p53~/~ cells
from 5-FU-induced death. First, we confirmed that treat-
ment of HCT116 p53*/* cells with either TM or TG pre-
vents p53 stabilization in response to 5-FU treatment
(Fig. 2C, top). Then, we examined p53-mediated cell
death either by FACS analysis (Fig. 2D) or by colony
formation assays (Fig. 2E). To diminish the cytotoxic ef-
fects of TM or TG, low concentrations of the ER stress
inducers were used. The optimal concentration of 5-FU
for HCT116 cells was reported previously to be 375 pM

(Bunz et al. 1999). FACS analysis demonstrated that a
higher population of HCT116 p53*/* cells in sub-G,
phase (~55%), as opposed to those cells treated with ER
stress plus 5-FU (~30%; Fig. 2D). On the other hand,
HCT116 p53~/~ cells were resistant to the killing effects
of 5-FU either in the absence or presence of ER stress. In
these experiments, we noticed that treatment of
HCT116 cells with the ER stress inducers alone did not
induce a G, arrest as reported previously for other cells
(Brewer et al. 1999). The lack of an effect of ER stress on
G, arrest in our experiments was most likely due to low
drug concentrations, as higher concentrations were able
to elicit a G, arrest response in HCT116 cells indepen-
dently of p53 (data not shown). However, higher drug
concentrations were also cytotoxic. Consistent with
FACS analysis data, colony formation assays demon-
strated that HCT116 p53*/* cells treated with either TM
or TG were protected from 5-FU-mediated suppression
on clonogenic survival, as opposed to HCT116 p53~/~
cells, which were considerably resistant to 5-FU regard-
less of ER stress (Fig. 2E). Collectively, ER stress inhibits
p53-dependent cell death in response to DNA damage.

Phosphorylation-dependent cytoplasmic localization
of p53 in ER-stressed cells

To further investigate the mechanisms of increased p53
cytoplasmic localization upon ER stress, we used a chi-
meric protein composed of a GFP marker fused with hu-
man wild-type p53 (GFP-p53 WT; Boyd et al. 2000). We
also used a mutant of human p53 bearing the L348A and
L350A substitutions within the carboxy-terminal NES
(GFP-p53 NES; Boyd et al. 2000). GFP-p53 NES is defec-
tive in nucleocytoplasmic shuttling, and therefore, it is
always localized in the nucleus (Stommel et al. 1999;
Boyd et al. 2000). Because localization of GFP-p53 pro-
teins was originally characterized in NIH-3T3 cells
(Boyd et al. 2000), we initially used these cells to analyze
the effects of ER stress on p53 localization. We noticed
that the GFP-p53 was predominantly nuclear in trans-
fected NIH-3T3 cells in the absence of treatment (Fig.
3A) as described previously (Boyd et al. 2000). On the
contrary, treatment with either TM or TG increased the
cytoplasmic presence of GFP-p53 WT. Importantly, GFP-
p53 NES was unable to relocalize to the cytoplasm after
ER stress, indicating that increased cytoplasmic localiza-

Figure 2. ER stress prevents p53 stabilization and impairs p53-mediated apoptosis in response to genotoxic stress. (A) WI-38 cells were
treated with 1 pM of ADR alone or with either 10 pg/mL of TM or 1 uM of TG for the indicated times. Protein extracts (50 pg) were
used for immunoblotting with an anti-p53 rabbit polyclonal antibody. A nonspecific (NS) band on the same blot was used as loading
control. (B) WI-38 cells were treated with 5 nM ACD in the absence or presence of either 1 pg/mL of TM or 0.1 pM of TG for the
indicated times. Protein extracts (50 ng) were immunoblotted with an anti-p53 rabbit polyclonal antibody. Blot was stripped and
reprobed with an anti-actin antibody. (C) HCT116 p53*/* cells were treated with 375 uM of 5-FU in the absence or presence of either
1 pg/mL of TM or 0.1 uM of TG for the indicated times. The protein levels of p53 were detected by immunoblotting of 50 ng protein
extracts with anti-p53 rabbit polyclonal antibody. A nonspecific band on the same blot was used as loading control. (D,E) HCT116
p53+/+ and HCT116 p53~/~ cells were pretreated with either 0.3 ng/mL of TM or 0.03 pM of TG for 1 h, followed by treatment with 375
M of 5-FU for 3 h. The cells were fed with fresh medium and subjected either to FACS analysis 48 h post-treatment (D) or colony
formation assay (E) as described in Materials and Methods. The numbers represent the average values of colony formation quantifi-
cation for each treatment from three independent experiments. Untreated (CON) cells were scored as 100%.
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tion of p53 in ER-stressed cells requires an intact NES.
Quantitative analysis of the nuclear localization of the
GFP fusion proteins demonstrated the cytoplasmic relo-
cation of GFP-p53 WT, but not of GFP-p53 NES in ER-
stressed NIH-3T3 cells (Fig. 3B). Similar results were ob-
tained when GFP-p53 proteins were expressed in
HT1080 cells or human colon carcinoma HCT116 cells
(data not shown).

The carboxyl terminus of human p53 contains one bi-
partite nuclear localization signal (NLS) at amino acids
305-322 (i.e, K3°°RALPNNTSSS***PQKKKP322) and
two monopartite NLSs at amino acids 369-375 and 379-
384 (i.e., L**KSKKGQS?*"°TS*’*RHKKLM?>®#*; Liang and
Clarke 2001). These NLSs are also conserved in mouse
and rat p53 (Liang and Clarke 2001). The bipartite NLS is
the most active in directing p53 nuclear import, whereas
the two monopartite NLSs exhibit weaker effects (Liang
and Clarke 2001). Phosphorylation within these NLSs
has been thought to influence the accessibility of p53 to
nuclear import receptors, thus modulating the nuclear
translocation of the protein (Liang and Clarke 2001). Po-
tential targets include serine 315 within the bipartite
NLS and serine 376 between the two bipartite NLSs
(Liang and Clarke 2001).

To test whether phosphorylation within the NLSs
plays a role in the nuclear import of p53, we generated
GFP-p53 proteins with serine to alanine mutations of
residue 315 (S315A), 376 (S376A), or residues 315 and
376 (S315A/S376A). NIH-3T3 cells were then transfected
with each of the GFP-p53 mutant constructs, and the
localization of the fusion proteins was tested by GFP
fluorescence in unstressed cells as well as in cells
stressed with either TM or TG. We observed that local-
ization of S315A, S376A, or S315A/S376A mutant in the
presence of ER stress remained exclusively nuclear in
contrast to GFP-p53 WT, which was both nuclear and
cytoplasmic (Fig. 3A,B). These data suggested that phos-
phorylation at serines 315 and 376 plays a role in the
cytoplasmic localization of the tumor suppressor.

To verify the induction of p53 phosphorylation at
serines 315 and 376 by ER stress in vivo, GFP-p53 WT or
GFP-p53 S315A/S376A was transiently expressed in
HeLa cells. [**PJorthophosphate labeling and immuno-
precipitations demonstrated that phosphorylation of
GFP-p53 WT was enhanced after treatment with either

TM or TG as opposed to phosphorylation of GFP-p53
S315A/S376A, which was not affected by the ER stress
inducers (Fig. 3C, cf. lanes 3,4 and 2, or lanes 6,7 and 5).
These data suggested that serines 315 and 376 are phos-
phorylated in ER-stressed cells in vivo.

GSK-3B is activated by ER stress and mediates p53
phosphorylation at serines 315 and 376

Recent findings indicated a prolonged increase in the ac-
tivity of glycogen synthase kinase (GSK)-3@ in ER-
stressed cells (Song et al. 2002). Because GSK-3§ func-
tionally and physically interacts with p53 in response to
DNA damage (Turenne and Price 2001; Watcharasit et
al. 2002), we investigated a possible role of the kinase in
p53 regulation in ER-stressed cells. Because phosphory-
lation of GSK-3p at serine 9 negatively regulates its en-
zymatic activity, reduction of phosphorylation at serine
9 is used as an indicator of kinase activation (Cohen and
Frame 2001). Treatment of WI-38 cells with either TM or
TG caused a reduction in GSK-38 phosphorylation at
serine 9 (Fig. 4A, top, lower band), whereas total GSK-33
protein levels remained stable. Phosphorylation of GSK-
3a at serine 21, which is recognized by the same phos-
phospecific antibody, was also reduced upon ER stress
(Fig. 4A, top, upper band). Similar results were obtained
with NIH-3T3 cells (data not shown). Next, we exam-
ined the localization of the GSK-3p and p53 in WI-38
cells by confocal microscopy in the absence or presence
of ER stress inducers (Fig. 4B). We observed that, in un-
stressed cells, the localization of endogenous p53 was
predominantly nuclear, whereas GSK-3B3 localization
was both nuclear and cytoplasmic. In ER-stressed cells,
however, the nuclear localization of p53 was decreased,
and this correlated with an increase in the cytoplasmic
localization of the protein. We also noticed that in ER-
stressed cells, p53 formed punctate structures of as yet
unknown origin. On the other hand, in ER-stressed cells,
the localization of GSK-33 was predominantly nuclear.
When the images were merged, we noticed that the two
proteins were colocalized in the nucleus, and their colo-
calization was enhanced in response to ER stress, impli-
cating GSK-3p in regulation of p53 relocalization. Simi-
lar results were obtained with HT1080 cells (data not
shown). On the basis of these data, we sought to examine

Figure 3. Phosphorylation-dependent cytoplasmic localization of p53 in ER-stressed cell. (A) Subcellular localization of GFP-p53.
Plasmid DNA (0.5 ng) containing either GFP-p53 WT or each of the indicated GFP-p53 mutants was transiently transfected into
NIH-3T3 cells. Twenty-four hours later, cells were left untreated or treated with either 10 pg/mL of TM or 1 uM of TG for 8 h, and
then examined for GFP-p53 fluorescence. Cell nuclei were visualized by staining with DAPI. White arrows indicate nuclear localiza-
tion of GFP-p53 only, whereas orange arrows indicate either cytoplasmic or both cytoplasmic and nuclear localization of GFP-p53. (B)
Quantitative analysis of GFP-p53 localization. For each condition, 1000 GFP-p53 positive and live cells were scored. Cells were
classified into two groups as follows: the first with predominantly nuclear p53 (blue bars) and the second with p53 both in the nucleus
and cytoplasm (red bars). Values are means + SD from six separate experiments. (C) Induced phosphorylation of GFP-p53 by ER stress
in vivo. HeLa cells were transfected with 1 pg of either GFP-p53 WT or GFP-p53 S315A/S376A plasmid DNA. Twenty-four hours later,
cells were subjected to [*’P]orthophosphate labeling followed by immnunoprecipitation of 500 ng of protein extracts with anti-p53
rabbit polyclonal antibody. Half of the immunoprecipitates were subjected to SDS-PAGE and autoradiography (top; 4 h exposure), the
other half to immunoblotting with anti-p53 polyclonal antibody followed by ECL detection for 30 sec (bottom). The relative ratio of
p53 phosphorylation was calculated by normalizing the intensity of phosphorylated p53 to the intensity of total p53 protein detected
by ECL.
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whether GSK-38 physically interacts with p53 and
whether this interaction is affected by ER stress. Given
the down-regulation of p53 upon prolonged ER-stress, we
monitored the interaction of endogenous p53 and GSK-
3P in WI-38 cells upon treatment with either TM or TG
for a short time (45 min; Fig. 4C). Immunoprecipitation
of p53, followed by immunoblotting for GSK-38 revealed
an induction of association between the two proteins in
response to ER stress (Fig. 4C, top, cf. lane 2 and lanes 3
or 4). Similar results were obtained with transiently ex-
pressed epitope-tagged p53 and GSK-38 proteins in ER-
stressed HeLa cells (data not shown). Taken together,
these data suggested a functional interaction between
GSK-3p and p53 in response to ER stress.

Next, we examined whether serines 315 and 376 are
phosphorylated by GSK-3B. To this end, a GST-fusion
protein encompassing either amino acids (aa) 160-318 or
aa 319-393 of human p53 (Cuddihy et al. 1999) was sub-
jected to phosphorylation with purified GSK-38 in vitro.
GSK-3p did not induce the phosphorylation of aa 160-
318 of p53 (Fig 4D, top, lane 3), indicating that serine 315
is not a direct target of the kinase. On the other hand,
GSK-3B induced the phosphorylation of aa 319-393 (Fig
4D, top, lane 4; Fig. 4E, top, lane 2), which was inhibited
by 20 mM LiCl (Klein and Melton 1996; Song et al. 2002;
Fig. 4E, top, lane 1). When a GST-fusion protein of aa
319-393 of p53 with substitution of serine 376 to alanine
(S376A) was used, we found that phosphorylation of the
carboxyl terminus domain of p53 by GSK-38 was dimin-
ished significantly (Fig. 4E, top, lane 4). This result sug-
gested that serine 376 is a target of GSK-38 in vitro. To
test whether phosphorylation at serines 315 and 376 is
mediated by GSK-3p in vivo, HeLa cells were transfected
with either GFP-p53 WT or GFP-p53 S315A/S376A plas-
mids in the presence of GSK-38 WT or KD mutant. After
[**PJorthophosphate labeling and GFP-p53 immunopre-
cipitation, we found that GSK-38 WT enhanced the in
vivo phosphorylation of GFP-p53 WT, but not of GFP-

p53 S315A/S376A (Fig. 4F, cf. lanes 3 and 6). Collec-
tively, these data demonstrated that GSK-3f mediates
the phosphorylation of p53 at serines 315 and 376.

ER stress and GSK-3 activation prevent
p53-dependent apoptosis

To get an insight into the biological significance of the
above findings, we examined the effects of ER stress on
p53-mediated apoptosis in SAOS-2 cells, which lack en-
dogenous p53 and are susceptible to apoptosis induced
by the ectopic expression of the tumor suppressor pro-
tein (Rowan et al. 1996). We observed that a large popu-
lation of cells expressing GFP-p53 WT displayed mor-
phological changes indicative of apoptosis, such as chro-
matin condensation and nuclear fragmentation, as
visualized by DAPI staining (Fig. 5A; apoptotic cells are
indicated by arrows). When cells were treated with either
TM or maintained in low glucose, we noticed a decrease
in the apoptotic population of cells expressing GFP-p53
WT (Fig. 5A,B). Contrary to this, GFP-p53-mediated ap-
optosis was not impaired in ER-stressed SAOS-2 cells
transfected with the phosphorylation mutants (Fig.
5A,B). These data indicated an inverse correlation be-
tween the cytoplasmic localization of p53 and p53-me-
diated apoptosis in response to ER stress. They also sug-
gested that p53 phosphorylation at serines 315 and 376
plays a role in the inhibition of p53-mediated apoptosis
in response to ER stress.

Given the role of GSK-38 in regulating p53 phosphory-
lation and localization, we next examined the effects of
the kinase on p53-mediated apoptosis (Fig. 5C). Using
the same methodology as in Figure 5A, we observed that
induction of apoptosis in SAOS-2 cells transfected with
GFP-p53 WT was inhibited by almost 30% in the pres-
ence of GSK-38 WT (Fig. 5C). Contrary to this, induction
of apoptosis by GFP-p53 WT was not affected by the
expression of GSK-38 KD, indicating that the enzymatic

Figure 4. Physical and functional interactions between p53 and GSK-38 in ER-stressed cells. (A) ER stress activates GSK-33. WI-38
cells were treated with 10 ug/mL of TM or 1 pM of TG as indicated. Cell lysates were subjected to Western blotting with anti-
phosphoserine 9 antibody of GSK-38 (top, lower bands), which also cross-reacts with phosphoserine 21 of GSK-3«a (higher bands). The
total levels of GSK-3B on the same blot were detected by immunoblotting (bottom). (B) ER stress promotes GSK-38 nuclear localiza-
tion and interaction with p53. WI-38 cells untreated or treated with either 10 pg/mL of TM or 1 uM of TG for 2 h were subjected to
immunostaining for endogenous p53 (green) or GSK-3p (red). The localization or colocalization (yellow) of both proteins was detected
by laser-scanning confocol microscopy. (C) ER stress enhances the interaction between p53 and GSK-33. WI-38 cells were treated with
10 pg/mL of TM or 1 uM of TG for 45 min. Protein extracts (400 ng) were subjected to immunoprecipitation with 1 pg of a mouse
anti-p53 antibody (Ab-6, lanes 2-4). As a control, protein extracts (400 pg) from untreated WI-38 cells were immunoprecipitated with
1 pg of purified mouse IgG. Immunoprecipitates were subjected to immunoblotting with anti-GSK-3p rabbit polyclonal antibody (top)
followed by immunoblotting with anti-p53 rabbit polyclonal antibody (second from top). Whole-cell extracts (WCE; 40 ng of protein)
were used to detect the amount of either GSK-38 (third from top) or p53 (bottom) in the protein extracts used for p53 immunopre-
cipitation. (D) GSK-3 phosphorylates the carboxyl terminus of p53 in vitro. HA-tagged GSK-3B (WT or KD) was transiently expressed
in HeLa cells. Protein extracts (200 pg) were used for immunoprecipitation with anti-HA rabbit polyclonal antibody followed by in
vitro kinase assays with either 1 pg of GST-p53 160-318 (lanes 1,3) or 1 ug of GST-p53 319-393 (lanes 2,4) in the presence of [y->*P]ATP.
Phosphorylated GST-p53 proteins were detected by SDS-PAGE and autoradiography (top), the GST-p53 proteins by Coomassie blue
staining (bottom). (E) GSK-3B phosphorylates p53 at serine 376 in vitro. A total of 1 pg of purified GST-p53 319-393 (wild type or S376A
mutant) fusion protein was incubated with 30 ng of histidine-tagged GSK-38 and subjected to in vitro kinase assay in the absence or
presence of 20 mM LiCl. As a control, 20 mM NaCl in lanes 2 and 4 were used. Phosphorylated GST-p53 was detected by autoradi-
ography (top), the total GST-p53 by Coomassie blue staining (bottom). (F) Phosphorylation of p53 by GSK-3 in vivo. HeLa cells were
transfected with 1 pg of either GFP-p53 WT or GFP-p53 S315A/S376A plasmid DNA in the presence of 2 pg of pcDNA/3.1, GSK-38
WT or GSK-3B KD plasmid DNA. Phosphorylation and expression levels of GFP-p53 were detected as described in Fig. 3C.
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activity of the kinase plays a role in this process. Inter-
estingly, inhibition of p53-mediated apoptosis by GSK-
3B WT was not possible when the GFP-p53 phosphory-
lation mutant S315A, S376A, or S315A/S376A was used
(Fig. 5C). These data suggested that GSK-3 inhibits p53-
mediated apoptosis in a manner that is dependent on
phosphorylation of the tumor suppressor protein at
serines 315 and 376.

ER stress affects p53 localization and p53-mediated
apoptosis through GSK-38

To further verify the role of GSK-3B in regulation of p53
in ER-stressed cells, we used mouse embryonic fibro-
blasts (MEFs) from a GSK-38 knockout mouse (Hoeflich
et al. 2000). Immunoblot analysis indicated that GSK-
3B/~ MEFs had undetectable levels of endogenous p53
(Fig. 6A, top), most probably due to inactivation of the
tumor suppressor during the immortalization process.
Therefore, we examined the localization of GFP-p53 pro-
teins in ER-stressed GSK-3B8~/~ MEFs reconstituted with
either wild-type (WT) GSK-3p or kinase dead (KD) GSK-
3B (Fig. 6B). We observed that GSK-33 WT enhanced the
cytoplasmic localization of GFP-p53 WT as opposed to
KD mutant, which did not affect the localization of the
fusion protein (Fig. 6B). Quantification of the nuclear to
cytoplasmic ratio of GFP-p53 in transfected GSK-3p~/~
MEFs indicated that ER stress did not induce the cyto-
plasmic localization of GFP-p53 in these cells unless
GSK-3B WT was present (Fig. 6C).

To further substantiate the anti-apoptotic role of GSK-
3B, we examined GFP-p53-mediated apoptosis in GSK-
3B/~ MEFs subjected to ER stress (Fig. 6D). First, we
noticed that GSK-38~/~ MEFs were susceptible to GFP-
p53-mediated apoptosis in the absence of ER stress,
whereas GFP alone was unable to induce apoptosis.
When GSK-3p~/~ MEFs were reconstituted with GSK-33
WT, we found that the cells were less susceptible to
apoptosis by GFP-p53 WT, and this susceptibility was
further decreased in the presence of either TM treatment
or low glucose (Fig. 6D). On the other hand, GSK-38 KD
did not affect the sensitivity of GSK-38~/~ MEFs to GFP-
p53-induced apoptosis. Collectively, the above data
show that cytoplasmic relocation of p53 and inhibition
of p53-mediated apoptosis in ER-stressed cells proceeds
through GSK-38.

Discussion

Herein, we show that pharmacological (i.e., TM, TG) or
physiological inducers (i.e., glucose deprivation) of ER
stress enhance p53 cytoplasmic localization, and prevent
p53-mediated apoptosis (see model in Fig. 6E). Regula-
tion of p53 in ER-stressed cells is mediated, at least in
part, by the site-specific phosphorylation at serines 315
and 376. Serine 315 lies within the bipartite NLS of p53
(residues 305-322), which was shown previously to be
targeted by cdc2/cyclinB and cdk2/cyclinA (Bischoff et
al. 1990; Wang and Prives 1995). Serine 315 phosphory-
lation was reported previously to enhance p53 binding to
DNA in vitro (Bischoff et al. 1990; Wang and Prives 1995)
and contribute to p53 transcriptional activation in re-
sponse to DNA damage (Blaydes et al. 2001). However,
other studies suggested no role for serine 315 phosphory-
lation in regulation of p53 stability and activity in DNA-
damaged cells (Hengstermann et al. 1998; Ashcroft et al.
2000). Furthermore, p53 activation by phosphorylation
at serine 315 is largely dependent on phosphorylation at
other sites (Appella and Anderson 2001). Contrary to
genotoxic stress, our findings show that serine 315 phos-
phorylation is induced by ER stress and negatively regu-
lates p53, indicating that various forms of stress utilize
phosphorylation at serine 315 to differentially regulate
p53. Serine 376 was initially characterized as a potential
target of the CDK7-cycH-p36 complex of transcription
factor ITH (Lu et al. 1997). In unstressed cells, constitu-
tive phosphorylation at serine 376 was suggested to con-
tribute to p53 degradation (Chernov et al. 2001), whereas
in cells subjected to y-irradiation, dephosphorylation of
serine 376 facilitates p53 binding to sequence-specific
DNA by recruiting 14-3-3 protein (Waterman et al.
1998). Thus, it appears that serine 376 phosphorylation
negatively regulates p53, consistent with our findings
that phosphorylation at this site promotes p53 cytoplas-
mic localization and prevents p53-mediated apoptosis in
ER-stressed cells.

We also show that phosphorylation at both serine 315
and 376 in ER-stressed cells is mediated by GSK-3p.
GSK-3 is a multifunctional serine/threonine kinase ini-
tially described to play a key role in glycogen metabo-
lism (Cohen and Frame 2001; Doble and Woodgett 2003).
The kinase is a key component of Wnt signaling, which
controls the entire body pattern during embryonic devel-
opment (Cohen and Frame 2001; Doble and Woodgett

Figure 5. ER stress impairs p53-mediated apoptosis. (A) ER stress inhibits GFP-p53-mediated apoptosis in SAOS-2 cells. Cells were
transfected with 0.5 pg of EGFP (negative control), GFP-p53 WT, GFP-p53 S315A, GFP-p53 S376A, or GFP-p53 S315A/S376A plasmid
DNA. Four hours post-transfection, ER stress commenced after treatments with 0.4 pg/mL of TM or by growing cells in low-glucose
medium. Sixteen hours later, cells were fixed and subjected to fluorescence microscopic observation for GFP. Apoptotic cells are
indicated by arrows. (B) Quantification of GFP-p53-induced apoptosis in SAOS-2 cells. GFP-positive cells from A that exhibited
distinct nuclear condensation or fragmentation were scored as apoptotic. For each sample, 300 GFP-positive cells were counted. The
values in the histograms represent means + SD from three independent experiments. (C) Ectopic expression of GSK-3B inhibits
p53-dependent apoptosis in SAOS-2 cells. SAOS-2 cells were transfected with either 0.5 pg of EGFP plasmid or 0.5 pg of each of the
indicated types of GFP-p53 plasmid DNA together with 1 pg of pcDNA3.1, GDK-38 WT, or GSK-38 KD plasmid DNA. Twenty hours
later, cells were subjected to fluorescence microscopy for GFP expression and apoptotic phenotype. Quantification of apoptotic Saos-2
cells was done as in B. The values in the histograms represent means + SD from three independent experiments.
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2003). It is well established that GSK-3 is involved in a
wide range of cellular processes, including the phos-
phorylation of transcription and translation factors,
regulation of cell cycle, and proliferation (Cohen and
Frame 2001; Doble and Woodgett 2003). Here, we show
that ER stress induces GSK-3p activity and binding to
p53 (Fig. 4A,C). Consistent with the biochemical data,
confocal microscopy data indicated that ER stress in-
duces the nuclear localization of GSK-3B and interaction
with p53 (Fig. 4B). Interestingly, DNA damage induced
by camptothecin was shown to promote a direct inter-
action between GSK-38 and p53 in the nucleus
(Watcharasit et al. 2002), indicating that the kinase is
able to control p53 activity in various forms of stress. It
is likely that p53 phosphorylation by GSK-38 occurs in
the nucleus and facilitates the nucleocytoplasmic export
and degradation of the tumor suppressor. Although GSK-
3B mediates the phosphorylation of both serine 315 and
serine 376 in vivo, serine 376 is the only one of the two
sites that is directly phosphorylated in vitro. However,
serine 376 may not be the only residue phosphorylated
by GSK-38, as mutation of serine 376 to alanine did not
completely abolish the phosphorylation of the GST-p53
by the kinase in vitro (Fig. 4E). Therefore, phosphoryla-
tion of p53 by GSK-38 at various sites may also contrib-
ute to regulation of the tumor suppressor in ER-stressed
cells. At a first glance, serine 376 phosphorylation by
GSK-3p is an unusual finding, as efficient phosphoryla-
tion of many of GSK-3B substrates requires the presence
of another phosphorylated residue optimally located four
amino acids carboxy-terminal to the site of GSK-38
phosphorylation (Cohen and Frame 2001). As such, ser-
ine 376 does not conform to the general rule of substrate
specificity of this kinase. In analogy to p53, however,
GSK-3p was shown previously to phosphorylate cyclin
D, at threonine 286 and mediate the nuclear export and
proteolysis of this cyclin (Diehl et al. 1998; Alt et al.
2000). Interestingly, similar to serine 376 of p53, threo-
nine 286 of cyclin D; does not meet the criteria of a bona

fide substrate of the kinase (Cohen and Frame 2001).
Thus, both p53 and cyclin D, may be part of the general
limitation in identifying the physiological substrates for
GSK-3B (Cohen and Frame 2001). Given that GSK-38
requires numerous levels of regulation to confer signal-
dependent specificity (Doble and Woodgett 2003), it is
also likely that direct phosphorylation of p53 at serines
315 and 376 is mediated by downstream kinases, whose
function is dependent on GSK-3p.

With regard to the biological significance of our find-
ings, we demonstrate that ER stress impairs p53-depen-
dent apoptosis. First, we demonstrated that ER stress
prevents the stabilization of p53 in response to various
forms of DNA damage and prevents p53-dependent cell
death by 5-FU (Fig. 2D,E). These data are consistent with
previous observations that TG treatment antagonizes
drug-induced nuclear accumulation of p53 (Kaneko and
Tsukamoto 1995). Second, we showed that that GSK-33
plays an essential role in the inhibition of p53-mediated
apoptosis (Figs. 5C and 6D). Previous findings provided
some evidence for a proapoptotic role of GSK-38 in pheo-
chromocytoma (PC12) cells and Rat-1 fibroblasts
through the inhibition of phosphatidyl-inositol-3 (PI-3)
kinase pathway (Bijur et al. 2000). In addition, overex-
pression of GSK-3B in neurons can increase apoptosis
(Hetman et al. 2000; Cross et al 2001). However, in con-
trast to these proapoptotic effects of the kinase, GSK-
3B/~ mice die in utero due to apoptosis of hepatocytes
between E13.5 and E14.5 (Hoeflich et al. 2000). This is
due to the inability to elicit an antiapoptotic response to
tumor necrosis factor-a (TNF-a), because GSK-3p~/~
MEPFs fail to activate NF-«xB (Hoeflich et al. 2000). Thus,
GSK-3p appears to modulate apoptosis in a tissue- and
stimuli-specific fashion (Frame and Cohen 2001).

The physiological relevance of our findings may lie
within the biology of ER and its sensitivity to alterations
that disrupt its functions. Induction of UPR is a protec-
tive mechanism utilized by all cells to adapt to ER stress.
At the molecular level, this response is presented by the

Figure 6. ER stress affects p53 localization and p53-mediated apoptosis through GSK-3B. (A) Expression of endogenous p53 in
GSK-3p*/* and GSK-33~/~ MEFs. A total of 50 ng of protein from GSK-3p*/* and GSK-3p~/~ MEFs was subjected to Western blotting
with anti-p53 polyclonal antibody or anti-GSK-38 polyclonal antibody. Protein levels were normalized to a-tubulin. (B) GSK-38
mediates ER stress-induced cytoplasmic relocation of p53. GSK-38~/~ MEFs were transfected with 0.05 pg GFP-p53 WT and 0.5 ng of
pcDNA/3.1, GSK-38 WT, or GSK-38 KD plasmid DNA. Sixteen hours post-transfection, cells were treated with either 10 ng/mL of TM
or 1 uM of TG for 4 h, followed by DAPI staining and fluorescence microscopic observation. (C) Quantification of nuclear to
cytoplasmic GFP-p53 in GSK-33~/~ MEFs was done as described previously (Zhang and Xiong 2001; see also Materials and Methods).
(D) Inhibition of p53-mediated apoptosis by ER stress in GSK-3p~/~ MEFs reconstituted with GSK-3p. GSK-38~/~ MEFs were trans-
fected with 0.2 pg of GFP-p53 WT and 0.5 pg of pcDNA/3.1, GSK-38 WT, or GSK-38 KD plasmid DNA. Four hours post-transfection,
cells were treated with 0.4 ng/mL of TM or maintained in low-glucose medium. Sixteen hours later, cells were subjected to fluores-
cence microscopic observation and quantification of apoptotic cells as in Fig. 5B. The values in the histograms represent means + SD
from three independent experiments. (E) ER stress and genotoxic stress exhibit opposite effects on p53. In cells subjected to various
forms of genotoxic stress, p53 is targeted by phosphorylation mainly at serine 15 and serine 20 (serine 18 and 23 for mouse p53) through
the activation of ATM and/or ATR- pathway(s). Phosphorylation at these sites promotes p53 nuclear localization and stabilization by
disrupting p53/Mdm2 interaction and Mdm2-mediated p53 nucleocytoplasmic export and degradation. On the other hand, ER stress
promotes the cytoplasmic localization and degradation of p53 through the activation of GSK-38, which mediates indirectly or directly
the phosphorylation of p53 at serine 315 or serine 376, respectively. In cells subjected to both ER stress and genotoxic stress, p53
stabilization is impaired by the enhanced cytoplasmic relocation of the tumor suppressor caused by ER stress. Although the nuclear-
signaling pathways leading to p53 phosphorylation upon DNA damage appear not to be affected by ER stress (as judged by the Chk2
activity levels in Supplementary Fig. 1), decrease in nuclear p53 by ER stress results in diminished activation capacity of the tumor
Suppressor in response to genotoxic stress.
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induced synthesis of specific sets of ER resident proteins
known as glucose-regulated proteins (Grps) or ER chap-
erones (Lee 2001). In normal cells, induction of Grps is
associated with tissue preservation or organ protection
against ER stress (Lee 2001). In neoplastic cells, however,
the antiapoptotic function of Grps is implicated in im-
mune resistance, cancer progression, and drug resistance
(Lee 2001). Therefore, inhibition of the apoptotic func-
tions of p53 by ER stress represents an additional control
mechanism used by cells to adapt to ER stress. If adap-
tation is not possible, then ER-stressed cells undergo ap-
optosis through the activation of evolutionary conserved
pathways (Ferri and Kroemer 2001; Kaufman et al. 2002),
which proceed independently of p53.

ER stress has been linked to human diseases that are
related to aberrant protein conformation including cystic
fibrosis, Alzheimer’s, and prion disease (Aridor and Balch
1999). A recent study demonstrated that fibroblasts from
Alzheimer’s disease patients exhibit a defective p53-de-
pendent gene transcription and are resistant to p53-me-
diated death upon DNA damage induced by oxidative
injury (Uberti et al. 2002). Furthermore, cytoplasmic re-
tention of p53 is also a well-documented mechanism to
inactivate p53 function in certain pathological condi-
tions. For instance, constitutive cytoplasmic localiza-
tion of wild-type p53 has been reported in solid tumors
such as colorectal adenocarcinoma (Sun et al. 1992; Bo-
sari et al. 1994), neuroblastomas (Moll et al. 1995, 1996),
retinoblastoma (Schlamp et al. 1997), hepatocellular car-
cinoma (Ueda et al. 1995), and breast cancer (Moll et al.
1992; Stenmark-Askmalm et al. 1994), and is associated
with tumor metastasis and poor prognosis. Because ER
stress can be induced by microenvironments of solid tu-
mors (Lee 2001), a state of chronic ER stress in these
tumors might lead to the constitutive cytoplasmic local-
ization of p53. Although it is not clear whether this phe-
notype is directly linked to malignancy, it suggests that
defects in nuclear accumulation of p53 could contribute
to tumor progression and unresponsiveness to anti-can-
cer therapies in patients. Thus, improved understanding
of how exactly ER stress induces p53 cytoplasmic reten-
tion may facilitate the design of novel anti-cancer strat-
egies that can reverse this process and render p53 func-
tional once again by allowing it to accumulate in the
nucleus.

Materials and methods

Cell culture and treatments

NIH-3T3, HeLa, and HT1080 cells were maintained in Dulbec-
co’s modified Eagle’s medium (DMEM) plus 10% calf serum
(Invitrogen) and antibiotics. Human diploid primary WI-38 cells
were grown in Minimum Essential medium Eagle (MEM) con-
taining 10% fetal bovine serum (FBS, Invitrogen) and antibiot-
ics. HCT116 human colorectal carcinoma cells (p53*/* and
p537/7) were maintained in McCoy’s 5A medium (Cellgro) con-
taining 10% FBS and antibiotics. SAOS-2 cells, as well as spon-
taneously immortalized GSK-38*/* and GSK-33~/~ MEFs, were
cultured in DMEM plus 10% FBS and antibiotics. 70Z/3 B lym-
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phoma cells containing wild-type p53 (Aloni-Grinstein et al.
1993) were cultured in RPMI-1640 medium supplemented with
10% FBS plus 50 pM B-mercaptoethanol (Sigma).

ER stress was induced with the indicated concentrations of
tunicamycin (TM) or thapsigargin (TG), or incubation in DMEM
with no or low glucose (1500 mg/L D-glucose).

DNA constructs and transfection

Wild type HA-tagged GSK-3B or the kinase-dead (KD) GSK-3B
c¢DNA in pcDNA/3.1 vector was described (Stambolic and
Woodgett 1994). Wild-type and the NES mutant (L348A/L350A)
of p53 in the pEGFP/N1 vector were described elsewhere (Boyd
et al. 2000). The GFP-p53-S315A, -S376A mutants were gener-
ated using the QuickChange XL method (Stratagene) with the
following sets of primers:

(1) S315A,
5'-GCCCAACAACACCAGCTCCGCCCCCCAGCCAAAG
AAGAAAC-3' (forward),
5'-GTTTCTTCTTTGGCTGGGGGGCGGAGCTGGTGTT
GTTGGGC-3' (reverse);
(2) S376A,
5'-GTCCAAAAAGGGTCAGGCCACCTCCCGCCATAAA
AAAC-3' (forward),
5'-GTTTTTTATGGCGGGAGGTGGCCTGACCCTTTTT
GGAC-3’ (reverse).

The generation of the double S315A/S376A mutation was
made with the S376A set of primers (see above) using the GFP-
p53 S315A plasmid as template. All mutations were verified by
DNA sequencing.

For transient transfections, cells were transfected with the
appropriate DNA using the Lipofectamine Plus reagent (Invit-
rogen) as recommended by the manufacturer.

Western blotting

To prepare whole-cell extracts, cellular proteins were extracted
in ice-cold lysis buffer containing 20 mM HEPES (pH 7.5), 150
mM NaCl, 1% Triton X-100, 10% glycerol, 1l mM EDTA, 1 mM
dithiothreitol (DTT), 100 mM NaF, 20 mM B-glycerophosphate,
50 mM Naz;VO,, 1 mM PMSF, 4 pg/mL aprotinin, 4 pg/mL
pepstatin A, and 4 ng/mL leupeptin. After incubation on ice for
15 min, the lysates were cleared by centrifugation at 18,000g for
15 min. Proteins were separated by SDS-PAGE, transferred onto
PVDF membranes, subjected to Western blotting using the stan-
dard protocol (Sambrook et al. 1989), and visualized by the che-
miluminescent detection method (ECL; Amersham) according
to specification. Antibodies against p53 (FL-393) and Erg-1 (SC-
588) were purchased from Santa Cruz Inc. Monoclonal antibody
to actin, and a-tubulin were from ICN and Sigma, respectively.
Ab-1 anti-p53 mouse monoclonal antibody was from Oncogene
Science. Rabbit polyclonal anti-HA antibody was from Trans-
duction Laboratories. Rabbit anti-Chk2 antibody was described
previously (Matsuoka et al. 1998). Rabbit polyclonal antibodies
to GSK-3B and phosphoserine 9 of GSK-38 were from Cell Sig-
naling. All antibodies were used at dilutions recommended by
the manufacturer.

Subcellular fractionation

Cytoplasmic and nuclear extracts were prepared as described
previously (Nakamura et al. 2000) with some modification.
Briefly, the cells were washed twice with ice-cold PBS, and



transferred to 1.5-mL eppendorf tubes. The cells were then cen-
trifuged at 300g for 4 min at 4°C. After centrifugation, the pellet
was resuspended in 400 pL of cold buffer A [10 mM HEPES-
KOH (pH 7.5), 10 mM KCl, I mM DTT, 1 mM PMSF, 4 pg/mL
aprotonin, 4 pg/mL pepstatin A, and 4 pg/mL leupeptin]. After
incubation on ice for 15 min, 12.5 pL of 10% Nonidet P-40 was
added, the mixture was vortexed briefly, and incubated on ice
for 10 min. The nuclei were pelleted by centrifugation at 1500g
for 5 min at 4°C, whereas the supernatant (cytoplasmic extracts)
was recovered by centrifugation at 13,000g for 15 min. Nuclei
were washed with 1 mL of ice-cold buffer A twice, and then
resuspended in 50 pL of ice-cold buffer B [20 mM HEPES-KOH
(pH 7.5), 0.4 M NaCl, 1 mM DTT, 1 mM PMSF, 4 pg/mL apro-
tonin, 4 ng/mL pepstatin A, and 4 ng/mL leupeptin], followed by
incubation on ice for 30 min. The mixture was then centrifuged
at 18,000g for 5 min, and the supernatant was collected as a
nuclear extract.

Metabolic labeling and pulse-chase assays

Metabolic labeling with [3?PJorthophosphate was performed as
described previously (Wong et al. 1997). 3*S-protein labeling and
pulse-chase assays were performed as described (Spotts et al.
1997) with few modifications. Briefly, cells were plated at den-
sity of 1 x 10° per 10-cm dish, and maintained for 24 h. Medium
was removed and cells were incubated with 4 mL of labeling
medium consisting of L-methionine/L-cysteine-free DMEM (In-
vitrogen) supplemented with 5% dialyzed FBS (GIBCO) for 2 h.
Then, the medium was refreshed with 4 mL of labeling medium
containing 100 uCi of [**S]methionine/cysteine (ICN). After la-
beling for 30 min, the labeling medium was removed, cells were
washed twice with PBS, and chased with DMEM plus 10% dia-
lyzed FBS supplemented with 0.2% of L-methionine and 0.2%
of L-cysteine, with or without the ER stress inducer. Protein
extracts (1 mg) were subjected to immunoprecipitation with
anti-p53 polyclonal antibody and protein G-agarose (Sigma) fol-
lowed by SDS-PAGE and autoradiography. Quantification of the
bands was performed by the NIH Image 1.54 software.

GSK-3B phosphorylation assays in vitro

Human GSK-3p purified from baculovirus-infected Sf21 cells
was purchased from Upstate Biotechnology Inc. GST-p53 pro-
teins were purified as described previously (Cuddihy et al. 1999).
The phosphorylation assays were performed with 1 pg of puri-
fied GST-p53 protein in the absence or presence of 20 mM LiCl
as described previously (Klein and Melton 1996; Song et al.
2002). Alternatively, HA-tagged GSK-38 (WT or KD) transiently
expressed in HeLa cells was immunoprecipitated with anti-HA
antibody followed by in vitro kinase assays with purified GST-
p53 proteins.

Colony formation assays and FACS analysis

For colony formation, HCT116 cells (3 x 10*/10-cm plate) were
treated with 0.3 pg/mL of TM or 0.03 pM of TG plus 375 uM of
5-FU for 4 h. The culture medium was replenished, and cells
were maintained at 37°C for 12 d with medium changing every
other day. Grown colonies were fixed with 3.7% formaldehyde
and stained with crystal violet. Plates were scanned and quan-
tified by the NIH Image software. For FACS analysis, HCT116
cells (2 x 10°/10-cm plate) were treated with TM or TG plus
5-FU as above for 4 h. The medium was replenished and cells
were cultured for 48 h. Then, the cells were harvested, fixed in
70% ethanol, stained with propidium iodide (PI), and subjected
to FACS analysis as described (Huang et al. 2003).
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Immunofluorescence studies

Cells grown on 22-mm coverslip (Fisher) were treated as indi-
cated, washed with PBS, fixed with 1% formaldehyde for 15 min
at room temperature, and then blocked with 5% BSA, PBS, 0.1%
TX-100 for 1 h. To detect p53, cells were stained with a mixture
of 1:200 diluted Ab-2 and Ab-6 anti-p53 monoclonal antibodies
(both from Oncogene Science). To detect GSK-38, cells were
stained with a 1:100 diluted polyclonal antibody (Cell Signal-
ing). Cells were incubated with primary antibodies for 16 h at
4°C, washed with PBS, and incubated for 1 h with Alexa Fluro-
488-conjugated secondary antibody or Alexa Fluro-546-conju-
gated secondary antibody (both from Molecular Probes). To vi-
sualize the nucleus, cells were counterstained with 1 pg/mL 4,
6-diamidino-2-phenylindole (DAPI, Sigma). After mounting,
cells were analyzed with a laser-scanning confocol microscope
(LSM 410, software v3.80, Carl Zeiss) or Olympus BX-51 fluo-
rescence microscope.

Analysis of GFP-p53 expression and induction of apoptosis

Subcellular localization of GFP-p53 proteins was performed as
described previously (Boyd et al. 2000). 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 both nucleus and cytoplasm or, in few
cases (<10%), with cytoplasmic fluorescence only. Quantifica-
tion of the ratio of nuclear to cytoplasmic GEP-p53 in GSK-3p~/~
MEFs was performed as described (Zhang and Xiong 2001).
Briefly, total green fluorescence in the nucleus and whole cell
were quantified by NIH Image from 40 randomly selected GFP-
positive and live cells. The data was expressed as the ratio of
nuclear to the cytoplasmic green fluorescence (total cellular
fluorescence minus nuclear fluorescence).

For GFP-p53-induced apoptosis, cells seeded on coverslips
were transfected with the indicated amounts of plasmid DNA
for 16-24 h, at which point the cells were fixed, stained with
Ipg/mL 4, 6-diamidino-2-phenylindole (DAPI), and examined
under a fluorescence microscope. GFP-positive cells with dis-
tinct nuclear condensation or fragmentation were scored as ap-
optotic.
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