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Abstract

Apoptosis is very important in normal cellular functions and pathology of many diseases
including cancer, diabetes and neurodegeneration. Most of cell death in vertebrates occurs
through mitochondria signaling pathway of apoptosis. Glycogen synthase kinase 3 (GSK3) and
p53 play crucial roles in the mitochondrial apoptotic pathway, and ectopic expression of GSK3
has been shown to induce apoptosis through p53 dependent manner. The present study
demonstrated that GSK3 promoted DNA damage-induced p53 accumulation and apoptosis as
pharmacological inhibitor of GSK3 attenuated p53 accumulation and apoptosis induced by DNA
damage. Furthermore, DNA damage induced translocation of p53 to the mitochondria and the
release of cytochrome c from mitochondria, and both of these apoptotic responses were
attenuated by inhibition of GSK3 suggesting that GSK3 promotional action on DNA damage-
induced p53 mitochondrial translocation and mitochondrial apoptosis pathway. However,
regulation of p53 mitochondrial translocation by GSK3 was only evident with wild-type, not
mutated, p53. Additionally, inhibition of GSK3 reduced etoposide-induced association of p53
with Bcl2 and Bax oligomerization. As our finding indicates that GSK promotes p53
accumulation upon DNA damage stress, we examined whether GSK3 influenced p53 in
unstressed condition. Overexpression of wild-type, constitutively active S9A, and kinase dead
(KD) GSK3p caused increase in level of basal p53 without affecting p53 phosphorylation at
GSKa3 site, serine-33. These indicate that GSK3 is capable inducing p53 independent of its
kinase activity. GSK3[3 induced increase in basal p53 by increase p53 stability as co-expression
of GSK3B S9A and p53 caused delay in degradation of p53 when protein synthesis was
inhibited by cyclohexamide. GSK3 knock down by siRNA caused reduction of basal p53
confirming that GSK3 contributed to maintaining of p53 level at basal condition. The apoptotic
protective of GSK3 inhibition is well documented, and a possible link to this action is that GSK3
suppresses transcription of VEGF gene. Therefore, we investigated whether antiapoptotic action
of GSK3 inhibition was involved increase prosurvival signal by VEGF induction. The results
showed that inhibition of GSK3 increased VEGF expression however VEGF may not play a role
in protective action of GSK3 inhibition as inhibition of VEGF signaling by inhibiting VEGF
receptor 2 kinase using its inhibitor, SU4312 could not reverse GSK3 inhibition protection
against camptothecin-induced apoptosis.

Collectively, the present study reveals that 1) GSK3 promotes the mitochondrial translocation of
wild-type but not mutated p53, where p53 interacts with Bcl2 to allow Bax oligomerization and
the subsequent release of cytochrome C that leads to caspase activation in the mitochondrial
pathway of intrinsic apoptotic signaling, 2) increase in GSK3 level augments p53 in basal
condition through mechanism involves increase its stability, 3) the antiapoptotic action of GSK3

inhibition may not involve its ability to suppress VEGF expression.
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Apoptosis is very important in normal cell functions and pathology of numerous
diseases including cancer, and neurodegenerative diseases such as Alzheimer and Parkinson.
Most of cell death in vertebrates occurs through mitochondria signaling pathway of apoptosis.
Hence, regulation of mitochondria pathway of apoptosis becomes an important therapeutic
target for many diseases. In deed, pharmacological modulators of apoptosis are in clinical trial
and research for therapeutics.
The tumor suppressor protein, p53 is important in cell survival and cancer development so it is
important to find mechanisms that regulate p53 that might provides therapeutic targets for
controlling p53 actions. Although p53 can induce apoptosis through its transcription activity in
regulating expression of proapoptotic and antiapoptotic proteins, its transcriptional independent
action in apoptosis is widely established. Recently, it has been disclosed that p53 mitochondria
translocation is the key to this action of p53.
Glycogen synthase kinase-3 (GSK3) is a remarkable enzyme. It phosphorylates over 30 known
substrates, including the tumor suppressor protein, p53. Inadequately controlled GSK3[ activity
has been implicated in number of diseases, including Alzheimer's disease, diabetes and

cancer. Additionally, GSK3 has been reported to promote apoptosis induced by a variety of



apoptotic stimuli. Recently, we demonstrated for the first time that GSK3 facilitates p53
mitochondrial translocation following arsenic-mediated apoptosis. Therefore, it is of interest to
elucidate the mechanism of p53 mitochondrial translocation regulated by GSK3, and to explore
new role for GSK3 in apoptosis.

The overall goal is to investigate mechanism by which GSK3 controlling p53 mitochondrial
translocation and apoptosis, and mechanisms regulating GSK3-mediated apoptosis. The
anticipated outcomes of this research project will further our understanding in regulation of p53-
mediated mitochondria signaling pathway of apoptosis by GSK3 which subsequently will
provide a new target for therapeutics of diseases whose pathology are associated with

apoptosis.

2. Jaqgiszasa

Specific Aim 1: will test the hypothesis that p53 mitochondrial translocation is regulated by
GSKa.

Specific Aim 2: will test the hypothesis that GSK3 promotes the induction of mitochondria
signaling pathway of apoptosis.

Specific Aim 3: will test the hypothesis that GSK3 promotes apoptosis through its modification
of VEGF expression.

3. ayUnanisivon

Collectively, the present study reveals that 1) GSK3 promotes the mitochondrial
translocation of wild-type but not mutated p53, where p53 interacts with Bcl2 to allow Bax
oligomerization and the subsequent release of cytochrome C that leads to caspase activation in
the mitochondrial pathway of intrinsic apoptotic signaling, 2) increase in GSK3 level augments
p53 in basal condition through mechanism involves increase its stability, 3) the antiapoptotic

action of GSKS inhibition may not involve its ability to suppress VEGF expression.
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1. anadauazfinnzasilym
Background and rationale

Apoptosis is very important in normal cell functions and pathology of numerous
diseases including cancer, and neurodegenerative diseases such as Alzheimer and Parkinson.
Most of cell death in vertebrates occurs through mitochondria signaling pathway of apoptosis.
Hence, regulation of mitochondria pathway of apoptosis becomes an important therapeutic
target for many diseases. In deed, pharmacological modulators of apoptosis are in clinical trial
and research for therapeutics.

The tumor suppressor protein, p53 is important in cell survival and cancer development
so it is important to find mechanisms that regulate p53 that might provides therapeutic targets
for controlling p53 actions. Although p53 can induce apoptosis through its transcription activity
in regulating expression of proapoptotic and antiapoptotic proteins, its transcriptional
independent action in apoptosis is widely established. Recently, it has been disclosed that p53
mitochondria translocation is the key to this action of p53.

Glycogen synthase kinase-3 (GSK3) is a remarkable enzyme. It phosphorylates over
30 known substrates, including the tumor suppressor protein, p53. Inadequately controlled
GSK3p activity has been implicated in number of diseases, including Alzheimer's disease,
diabetes and cancer. Additionally, GSK3 has been reported to promote apoptosis induced by a
variety of apoptotic stimuli. Recently, we demonstrated for the first time that GSK3 facilitates
p53 mitochondrial translocation following arsenic-mediated apoptosis. Therefore, it is of interest
to elucidate the mechanism of p53 mitochondrial translocation regulated by GSK3, and to
explore new role for GSK3 in apoptosis.

The overall goal is to investigate mechanism by which GSK3 controling p53
mitochondrial translocation and apoptosis, and mechanisms regulating GSK3-mediated
apoptosis. The anticipated outcomes of this research project will further our understanding in

regulation of p53-mediated mitochondria signaling pathway of apoptosis by GSK3 which



subsequently will provide a new target for therapeutics of diseases whose pathology are

associated with apoptosis.

2. Jaqgiszasd

Specific Aims

Specific Aim 1: will test the hypothesis that p53 mitochondrial translocation is regulated by
GSKa.

Specific Aim 2: will test the hypothesis that GSK3 promotes the induction of mitochondria
signaling pathway of apoptosis.

Specific Aim 3: will test the hypothesis that GSK3 promotes apoptosis through its modification
of VEGF expression

3. HAN13998
Results
GSK3 inhibition attenuated DNA damage-induced p53 accumulation and apoptosis

To study p53-mediated apoptosis signaling, we used three mechanistically different
DNA damaging agents that induce p53 expression: doxorubicin, a DNA intercalating agent,
etoposide, a topoisomerase Il inhibitor, and camptothecin, a topoisomerase | inhibitor.
Treatment of human neuroblastoma SH-SY5Y cells, which express wild-type p53, with
doxorubicin, etoposide, or camptothecin caused large increases in level of p53 (Fig. 1).
Activation of apoptosis was evident by increases in the cleavage of PARP, which is a substrate
of caspase 3, a key enzyme activated during apoptosis (Fig. 1). Levels of the anti-apoptotic
protein, Bcl2, and the pro-apoptotic protein, Bax, were not affected by doxorubicin, etoposide or
camptothecin treatments (Fig. 1), suggesting that apoptosis induced by the three inducers of
DNA damage was not due to imbalances of these proteins.

To test whether GSK3 is involved in the regulation of p53 induction and apoptosis, two
mechanistically different selective inhibitors of GSK3, lithium and SB216763, were used. GSK3
activity is mainly regulated by phosphorylation, with activity inhibited by N-terminal serine-
phosphorylation (serine-21 for GSK3a. and serine-9 for GSK3pB), and activity increased by
tyrosine phosphorylation (tyrosine-279 for GSK3a and tyrosine-216 for GSK3[). GSK3
inhibition by lithium caused increases in the serine phosphorylation of both GSK3 isoforms, as
reported previously. SB216763 directly inhibits GSK3 by competition at the ATP binding site,
which resulted in decreases of both serine and tyrosine-phosphorylation of GSK3a/3 (Fig. 1).
Pretreatment with lithium or SB216763 reduced the induction p53 and cleavage of PARP

induced by treatment with doxorubicin, etoposide and camptothecin (Fig. 1), indicating that



GSK3 contributes to the induced expression of p53 and apoptosis caused by each of these
DNA damaging agents. However, lithium and SB216763 did not alter the levels of Bcl2 or Bax
(Fig. 1), indicating that the apoptotic protection by GSK3 inhibition is unlikely to be through
modulation of the levels of Bcl2 or Bax.
Inhibition of GSK3 reduces p53 translocation to mitochondria and apoptosis

Since translocation of p53 to the mitochondria is capable of inducing apoptosis, we
investigated the contribution of GSK3 to p53 mitochondrial translocation and its activation of
mitochondria-mediated apoptosis. SH-SY5Y cells were treated with doxorubicin (2 uM),
etoposide (10 uM) or camptothecin (5 uM) for 5 hr, and mitochondrial, cytosolic, and nuclear
fractions were prepared. The purity of the mitochondrial, cytosolic and nuclear preparation was
verified by immunoblotting for marker of each fraction, ATP synthase F1 subunit, B-tubulin and
histone H1, respectively (Fig. 2A). Treatment with doxorubicin, etoposide, or camptothecin
caused significant increases in the levels of p53 in the mitochondria (Fig. 2B), and cytochrome
C release into the cytosol (Fig. 2C), which indicates activation of the mitochondrial apoptosis
pathway. Inhibition of GSK3 by lithium or SB216763 prominently attenuated p53 translocation to
the mitochondria following doxorubicin, etoposide and camptothecin treatment (Fig. 2B).
Quantitative analysis revealed that inhibition of GSK3 with lithium or SB216763 significantly
reduced DNA damage-induced p53 translocation to mitochondria (Fig. 2C) while it did not alter
the levels of p53 in the cytosol and nucleus (Fig. 2B). The results indicate that active GSK3
contributes to p53 mitochondrial translocation upon apoptosis. Additionally, GSK3 inhibition
reduced cytochrome C release (Fig. 3). These results indicate that GSK3 promotes both p53
mitochondrial translocation and the mitochondrial apoptosis pathway.
GSK3 regulates mitochondrial translocation of wild-type but not mutant p53

It has been reported that some transcriptionally incompetent mutants of p53 are
capable of inducing apoptosis and are present in the mitochondria after induction of apoptosis.
Therefore, we investigated whether GSK3 controls mitochondrial translocation of mutant p53.
To do this, breast cancer T47D cells expressing L194F mutant p53 was used. Unlike wild-type
p53, which is expressed at very low levels in unstressed cells, mutant p53 is expressed at high
levels in untreated T47D cells (Fig. 4A). Additionally, we found that higher levels of mutant p53
than wild-type p53 is in the mitochondria of untreated cells (Fig. 4A). Furthermore, inhibition of
GSK3 by lithium did not affect the basal levels of mutant p53 in the mitochondria in T47D cells
(Fig. 4B). Moreover, treatment with etoposide did not significantly affect the mitochondrial levels
of mutant p53, and GSK3 inhibition did not alter mitochondrial mutant p53 levels following
treatment with etoposide (Fig. 4C). These results indicate that GSK3 only regulates the

mitochondrial translocation of wild-type p53, but not mutant p53, or that GSK3 only regulates



the increase in mitochondrial p53 that follows activation of apoptotic signaling, which was
absent in T47D cells.
GSK3 inhibition only affects phosphorylation of serine 33 of p53 induced by DNA
damage

It has been shown that p53 can be phosphorylated by multiple kinases including GSK3
(at serine-33, 315 and 376) in response to a variety of stresses, and phosphorylation of p53
has been shown to influence its cellular localization. Thus, alteration of p53 phosphorylation
may contribute to attenuation of p53 mitochondrial translocation by GSK3 inhibition. To test this
hypothesis, we first examined whether p53 post-translation modification was affected by GSK3
inhibition. SH-SY5Y cells were treated with etoposide with or without pretreatment of lithium to
inhibit GSK3 activity. The mitochondrial lysates were subjected to 2-D gel electrophoresis, and
p53 was detected by immunoblot. The results showed that there was a decrease p53
immunoreactivity suggesting reduction of post-translation modification of p53 by GSK3 inhibition
(Fig. 5). We further examined whether GSK3 inhibition affected phosphorylation modification of
p53 using phospho-specific p53 antibodies. The results showed that treatment with DNA
damaging agents, camptothecin, etoposide and doxorubicin caused increase in levels of
mitochondrial p53 phosphorylation at serine-15, 33, and 37. Inhibition of GSK3 by lithium
reduced DNA damage-induced phospho-serine-33 p53 in the mitochondria without altering p53
phosphorylation at serine-37, which is a phosphorylation primed site for GSK3, and at serine-15
suggesting that inhibition of GSK3 did not alter activation of other kinases by DNA damage, and
that at least in part GSK3 involved in DNA damage-induced p53 phosphoryaltion at serine-33
(Fig. 6). However, the conclusion regarding contribution of serine-33 phosphorylation could not
be made as the reduction in p53 phosphorylation at serine-33 was also observed in the nucleus
and cytosol.
Inhibition of GSK3 reduces the interaction of p53 with Bcl2 and Bax oligomerization

It has been shown that p53 directly induces mitochondrial apoptosis through its
interaction with Bcl2, a key protein regulating the mitochondrial outer membrane permeability.
Thus, we examined the p53-Bcl2 interaction in mitochondria by co-immunoprecipitation. The
level of p53 in mitochondria was increased, whereas level of Bcl2 was unaltered, by etoposide
treatment (Fig. 7A). Co-immunoprecipitation of p53 and Bcl2 was observed in etoposide-treated
cells, and this p53-Bcl2 interaction was drastically reduced by treatment with the GSK3 inhibitor
lithium (Fig. 5A). We further investigated whether GSK3 inhibition affected Bax oligomerization,
which can lead to mitochondrial outer membrane permeabilization and subsequently
cytochrome C release. To detect Bax oligomerization, after treatments mitochondrial proteins
were cross-linked by treatment with EGS, followed by western blot analysis. The results show

that etoposide treatment increased immunoreactivity of a slow migrating band above the 21 kD



Bax monomer band (Fig. 7B) indicating increased Bax oligomerization associated with the
mitochondria following etoposide. Inhibition of GSK3 with lithium treatment attenuated
etoposide-induced Bax oligomerization in the mitochondria. The level of Bax in the mitochondria
was not altered by either etoposide or lithium thus the reduction of Bax oligomerization by
GSK3 inhibition was not due to decrease of Bax in the mitochondria.
p53-f-catenin interaction in mitochondria

We observed p53-fB-catenin interaction in the mitochondria by co-immunoprecipitation
technique, and etoposide increased interaction between p53 and [-catenin and this interaction
was reduced by inhibition of GSK3 (figure 8). Although, coimmunoprecipitation of p53 and -
catenin was also observed in the cytosol, the interaction seemed to be opposite to what
observed in the mitochondria as etoposide reduced p53-B-catenin interaction in the cytosol and
the interaction was returned to of control level when GSK3 was inhibited (figure 8).
Overexpression of GSK3 causes p53 accumulation

Our finding indicates that GSK promotes p53 accumulation upon DNA damage led us

to explore whether GSK3 influenced p53 in unstressed condition. To test the effect of GSK3
on basal level of p53, wild-type GSK3[3, constitutively active S9A mutant GSK3[ (GSK3p-S9A),
and kinase dead GSK3[ (GSK3B-KD) were overexpressed in HEK293 cells which
endogenously express wild-type p53 and p53 level was determined by immunoblot analysis.
Overexpression of all 3 constructs of GSK3[3 increased basal levels of p53 in HEK293 cells
(Fig. 9A). Quantitative analysis of p53 immunoreactivity bands demonstrated that the increase
of p53 levels by overexpression of GSK3[3 was statistically significant from vector control (Fig.
9B). The finding that increase in basal level of p53 by overexpression of wild-type GSK3[,
constitutively active GSK3B-S9A, and kinase dead GSK3[3 suggests that only level but not its
activity of GSK3 is necessary for GSK3 mediated p53 induction in basal unstressed condition.
This notion was in agreement with the result that overexpression of wild-type or constitutively
active GSK3[-S9A did not affect level of p53 phosphorylation at serine-33 which is a GSK3 site
(Fig. 9B). We further tested that whether level of GSK3 present in cell was contributed to
maintaining basal level of p53, GSK3 level was knockdown by siRNA GSK3a/B. SiRNA
GSK3a/P caused about 40-50% reduction in GSK3 level (Fig. 10), and this reduction caused
small but significant decrease in basal level of p53 (Fig. 10). This suggests the role of GSK3 in
maintaining p53 stability in unstressed condition.
Overexpression of GSK3[ increase p53 stability
To investigate how GSK3[ caused increase in p53 level, we tested whether GSK3f
overexpression caused increase in p53 by changing its stability. Since p53 expression is very
low in basal, we used exogenous p53 expression to overcome this problem. Wild-type p53 was

co-transfected with vector or GSK3[B-S9A in H1299 p53 null cells. 24 hours after transfection



cyclohexamide (20 pg/ml) was added to inhibit protein synthesis, and loss of p53 expression
over time was monitored. The result showed that the loss of p53 expression was delayed by
overexpression of GSK3B-S9A (Fig. 11) indicating that stability of p53 is increased by GSK3j3
overexpression. Additionally, GSK3-mediated p53 phosphorylation was probably not be
responsible for its induction of p53 stabilization as overexpression of GSK3 did not increase
p53 phosphorylation at GSK3 site, serine-33.

Inhibition of GSK3 caused VEGF expression

Inhibition of GSK3 has been shown to have protective effect against a variety of apoptotic
stimuli. One of possible mechanisms by which GSK3 inhibition provides protection against
apoptosis has been recently reported that is inhibition of GSK3 induces VEGF, a key growth
factor participating in promotion of growth and survival. Therefore, we aimed to examine that
whether inhibition of GSK3 provides protection from apoptosis through its modification of VEGF
expression. We first sought out the condition which GSK3 inhibition induced VEGF expression
in neuroblastoma SH-SY5Y and human microendthelial (HMEC) cells. Using ELISA technique
to detect VEGF protein secreted in the medium, we found that treatment of 20 mM lithium or 20
UM SB216763 increased levels of VEGF secreted in the medium when compared to vehicle
control (Fig. 12). These results ensured us that inhibition of GSK3 leads to increase in
expression of VEGF. We further examined that whether inhibition of GSK3 provides protection
from apoptosis through its modification of VEGF expression by inhibiting VEGF signaling using
VEGF receptor 2 kinase inhibitor, SU4312. Inhibition of GSK3 protected both SH-SY5Y and
HMEC cells from camptothecin-induced apoptosis as lithium reduced caspase 3 activation by
camptothecin in both cell lines (Fig. 14). However, co-treatment of SU4312 and lithium did not
reverse the protective action of lithium against camptothecin-induced caspase-3 activation (Fig.
13). These results suggested that the apoptotic protective action of GSK3 inhibition may not be

due to its ability to induce VEGF expression.
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Figure 1. GSK3 inhibition attenuates DNA damage-induced increased p53 levels and caspase

activation SH-SY5Y cells were treated with doxorubicin (Dox, 2 uM), etoposide (10 uM, Eto), or
camptothecin (CT, 5 uM) for 5 hr with or without a 30 min pretreatment with GSK3 inhibitors,
lithium (Li, 20 mM) or SB216763 (SB, 20 uM). Levels of p53, PARP, pS21/9-GSK3a/f3,
pY279/216-GSK3a/P, GSK3a/B, Bcl2, and Bax were analyzed by immunoblot analysis and [3-
actin was used as a loading control. Caspase activation was determined by measuring PARP

proteolysis.
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Figure 2. Inhibition of GSK3 reduced p53 mitochondrial translocation

The mitochondrial, nuclear, and cytosolic fractions were prepared from cells treated with
doxorubicin, etoposide, or camptothecin for 5 hr with or without a 30 min pretreatment with
GSK3 inhibitors, lithium or SB216763. (A) Mitochondria (Mito), cytosolic (Cyto), and nuclear
(Nuc) fractions were immunoblotted with a protein marker for each fraction, the F1 subunit ATP
synthase for mitochondria, 3-tubulin for the cytosol, and histone H1 for the nucleus to verify the
purity of each fraction. (B) The levels of mitochondrial, cytosolic and nuclear p53 were detected

by immunoblotting. (C) The quantitative data of mitochondrial p53 were expressed as %

individual chemical treatment without GSK3 inhibition (mean £ SD; n=3), * p< 0.05.
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Figure 3. Inhibition of GSK3 reduced cytochrome c release from the mitochondria

SH-SY5Y cells were treated with doxorubicin (Dox, 2 pM), etoposide (10 uM, Eto), or
camptothecin (CT, 5 uM) for 5 hr with or without a 30 min pretreatment with GSK3 inhibitors,
lithium (Li, 20 mM) or SB216763 (SB, 20 uM), and cytochrome C released into the cytosol was

measured by immunoblotting.
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Figure 4. GSK3 regulates the mitochondrial translocation of wild-type but not mutant p53

(A) Levels of mitochondrial p53 in SH-SY5Y (wild-type p53) and T47D (L194F p53) cells. (B)
T47D cells were treated with 20 mM lithium for 1, 3 or 5 hr and the levels of mitochondrial p53
were measured by immunoblot analysis. (C) T47D cells were treated with etoposide (10 pM)

with or without 20 mM lithium for 24 hr and the levels of mitochondrial p53 were analyzed by

immunoblotting.
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Figure 5. Immunoblot analysis of p53 by 2D-PAGE

Mitochondrial lysates from SH-SY5Y cells treated with etoposide with or without lithium
pretreatment were subjected to 2D-PAGE, transferred onto PVDF membranes and
immunoblotted with p53 antibody. The p53 immunoreactivity was visualized using enhanced
chemiluminescence. The different in density of p53 immunoreactivity in etoposide treated with

and without lithium was highlighted in circles.
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Figure 6. GSK3 inhibition only affects phosphorylation of serine 33 of p53 induced by DNA
damage

SH-SY5Y cells were treated with camptothecin, doxorubicin or etoposide with or without
pretreatment of lithium. Phosphorylation of serine-15, 33, and 37 p53 in the mitochondria were
detected by immunoblot analysis using phosphospecific antibodies (A), and the results were
quantified and presented as mean * SE of % of camptothecin, camptothecin, doxorubicin or

etoposide alone. * represented statistically different at p<0.05.
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Figure 7. Inhibition of GSK3 reduced the interaction of p53 with Bcl2 and Bax oligomerization
associated with mitochondria

SH-SY5Y cells were treated with 10 pM etoposide for 5 hr with or without a 30 min
preincubation with the GSK3 inhibitor, lithium (20 mM). (A) Mitochondrial p53 was
immunoprecipitated. The interaction of p53 and Bcl2 was detected by co-immunoprecipitation.
(B) Mitochondria were lysed with 2% CHAPS lysis buffer followed by chemical cross-linking with
EGS. Cross-linked proteins were resolved in 4-20% SDS-PAGE, and immunoblotted for Bax.
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immunoblot analysis to examine 3-catenin-p53 co immunoprecipitation.
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Figure 9. overexpression of GSK3p increases basal level of p53

Wild-type GSK3[ (WT), constitute SO9A mutant GSK3[ (S9A), kinase dead GSK3p (KD) or
vector control (pcDNA) was transfected in HEK293 cells. Levels of protein expression were
determined by immunoblot analysis (A), and levels of p53, and phospho Serine-33 and 37 p53

were quantified by densitometric analysis (B).
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Figure 10. GSK3 contributes to maintaining p53 level in basal unstressed condition

HEK 293 cells were tranfected with siRNA GSK3a/f3 or SiRNA control. Levels of p53 GSK3a.,

and GSK3p were examined by western blotting (A), and quantitative analysis by densitrometry

was presented as % control (B).
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Figure 11. GSK3 overexpression increases p53 stability
p53 was co-transfected with GSK3[3S9A or vector control in H1299 p53 null cells for 24 hours

prior to addition of cyclohexamide (20 uM) to inhibit protein synthesis, and the incubation for

indicated time. The loss of p53 expression over time was monitored by immunoblot analysis

(A), and quantitative analysis by densitrometry was presented as % of cyclohexamide treatment

at 0 hour (%TO) (B).
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Figure 12. Inhibition of GSK3 caused increased in secreted VEGF in SH-SY5Y cells. SH-SY5Y

cells or Human microendothelial cells (HMEC) were incubated in serum free medium with or

without 20 mM lihitum (Li) or 20 uM SB216763 (SB) for 24 hours. Medium was collected for

VEGF measurement by ELISA. 24 hours treatment with 100 UM desferoxamine, a hypoxia

mimicking agent was used as a positive control. Data were presented as % of control.
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Figure 13. Inhibition of VEGF signaling could not reverse GSK3 inhibition protection against

apoptosis.

SH-SY5Y and HMEC cells were treated with10 uM camptothecin, with or without pretreatment

with lithium (20 mM) or lithium and SU4312 (12.5 uM). Apoptosis was determined by caspase 3

activation, and data were presented as % of control.
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4. a3Uwan1339

Collectively, the present study reveals that 1) GSK3 promotes the mitochondrial
translocation of wild-type but not mutated p53, where p53 interacts with Bcl2 to allow Bax
oligomerization and the subsequent release of cytochrome C that leads to caspase activation in
the mitochondrial pathway of intrinsic apoptotic signaling, 2) increase in GSK3 level augments
p53 in basal condition through mechanism involves increase its stability, and GSK3 kinase
activity was not required for this p53 induction effect 3) the antiapoptotic action of GSK3

inhibition may not involve its ability to suppress VEGF expression.
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6. HAIIHTA LA ININITY

-The findings from this research project provide further understanding in role of GSK3
in apoptosis that is GSK3 involves in mitochondrial pathway of apoptosis through regulation of
p53 mitochondrial translocation. As apoptotic cell death is one of the key molecular
mechanisms for chemotherapy, hence increase GSK3 activity may potentially enhance
apoptotic action of chemotherapeutic agents against cancers barring wild-type p53 as we found
that GSK3 only drives wild-type p53 translocation to the mitochondria.

-Poster presentation: The 3rd Biochemistry and Molecular Biology (BMB) Conference
"From Basic to Translational Research for a Better Life", April 6-8, 2011, Chaingmai, Thailand

-Manuscript: Patchara Ngok-ngam, Piyajit Watcharasit, Apinya Thiantanawat, and
Jutamaad Satayavivad. Pharmacologic modulation of GSK3 attenuated DNA damage-induced
apoptosis via regulation of p53 mitochondrial translocation and Bax oligomerization in

neuroblastoma SH-SY5Y cells. (In preparation) (Appendix 1)
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Abstract

Glycogen synthase kinase-3 (GSK3) and p53 play crucial roles in the mitochondrial
apoptotic pathway and are known to interact in the nucleus, but it is not known if GSK3
has a regulatory role in the mitochondrial translocation of p53 that participates in
apoptotic signaling following DNA damage. Here we demonstrated that
pharmacological inhibitors of GSKS, lithium and SB216763 attenuated p53
accumulation and caspase-3 activation induced by three mechanistically different DNA
damaging agents, doxorubicin, etoposide, and camptothecin. Furthermore, each of
these insults induced translocation of p53 to the mitochondria and mitochondrial
pathway of apoptosis as evidence by the release of cytochrome ¢ from mitochondria,
and both of these apoptotic responses were attenuated by inhibition of GSK3
suggesting that GSK3 has promotional action on DNA damage-induced p53
mitochondrial translocation and mitochondrial apoptosis pathway. However, regulation
of p53 mitochondrial translocation by GSK3 was only evident with wild-type, not
mutated, p53. Additionally, inhibition of GSK3 reduced etoposide-induced association
of p53 with Bcl2 and Bax oligomerization. Taken together, our findings reveal that
GSK3 promotes the mitochondrial translocation of p53, where it interacts with Bcl2 to
allow Bax oligomerization and the subsequent release of cytochrome C that leads to
caspase activation in the mitochondrial pathway of intrinsic apoptotic signaling.

Keywords: GSK3, p53, mitochondria translocation, apoptosis, Bax oligomerization
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Introduction

GSKa3 is a multifunctional serine/threonine kinase that plays critical roles in the
regulation of multiple signaling pathways, including apoptotic signaling (1). GSK3 has
been shown to promote apoptotic cell death induced by several insults that induce
apoptosis, such as DNA damage (2), endoplasmic reticulum stress (3-5) and
mitochondrial toxins (6-7). Overexpression of GSK3p is sufficient to cause apoptosis in
a manner dependent on p53, which is one of the key components in apoptosis
signaling particularly following DNA damage (8). Additionally, a direct interaction
between GSK3 and p53 has been demonstrated in the nucleus, and this interaction
increased GSK3 activity in the nucleus and promoted the apoptotic action of p53 (2, 9).
Moreover, GSK3 phosphorylates p53 at serines 33 (10), 315 and 376 (5), which are
sites that, after phosphorylation, increase the apoptotic action of p53. It is interesting to
note that serine-376 of p53 is within the region that has been identified to be
necessary for the interaction of p53 with GSK3 (9). Taken together, these findings
suggest that the interaction of GSK3 with p53 may be important for controlling p53-
mediated apoptosis.

It is well recognized that the tumor suppressor protein, p53 which its mutations
are found in approximately 50% of human cancers causes apoptosis. In part, p53
mediates apoptosis through transcriptionally promoting expression of proapoptotic
proteins such as Bax and PUMA (11). Additionally, several lines of evidence
demonstrated that p53 is capable of inducing apoptosis independently of its
transcriptional activity via its translocation to the mitochondria (12-16). Interestingly,
GSKS3 has been shown to promote the intrinsic pathway of apoptotic signaling in which
mitochondria have a critical role (1). The present study was designed to further
investigate the role of GSK3 modulation on the translocation of p53 to the
mitochondria and p53 transcriptional-independent mitochondrial apoptotic action. The
results show that GSK3 controls p53 mitochondrial translocation, as well as
mitochondria-mediated apoptosis, in part by promoting p53 mitochondrial translocation
and its interaction with Bcl2 that allows Bax oligomerization and subsequently
cytochrome C release and apoptosis.

Materials and methods

Cell culture: SH-SY5Y human neuroblastoma cells (ATCC) were maintained in
MEM:Ham’s F12 (1:1) media (Gibco) supplemented with 10% FBS (JR Scientific Inc.),
2 mM L-glutamine, 100 units/ml penicillin and 100 ug/ml streptomycin (Gibco), and
cultured in 5% CO, at 37 °C. T47D cells (ATCC) were cultured in RPMI 1690 media
supplemented with 10% FBS, 2 mM L-glutamine, 100 units/ml penicillin, 100 pg/ml
streptomycin, 20 mM D-glucose, 1 mM sodium pyruvate (Gibco) and 13.9 mM insulin
(Sigma-Aldrich).

Subcellular fractionation: Subcellular fractionation was performed as we described
previously (17) . Briefly, cells were incubated with extraction buffer (10 mM HEPES pH
7.4, 150 mM NacCl, 1.5 mM MgCl,, 1 mM EDTA, 0.02% digitonin, 0.1 mM PMSF, 1mM
Naz;VO,4, 20 mM NaF and protein inhibitor cocktail) for 10 min on ice. The cell extracts
were then spun at 700xg for 5 min at 4°C resulting in pellet containing nucleus and
supernatant containing cytsol and mitochondria. The pellet of the nuclear fraction was
then washed with wash buffer twice (10 mM HEPES pH 7.4, 10 mM NaCl, 250 mM
sucrose, 1.5 mM MgCl,, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 0.1 mM PMSF, 1 mM
Na;VO,, 20 mM NaF and protease inhibitor cocktail) and lysed with nuclear lysis buffer
(20 mM HEPES pH 7.9, 1.5 mM MgCl,, 0.2 mM EDTA, 300 mM NaCl, 1 mM -
glycerophosphate, 1 mM NazVO,, 1 mM PMSF, 50 mM NaF, and protease inhibitor
cocktail) for 30 min at 4°C. The nuclear extracts were clarified by centrifugation at
16000xg, 15 min, 4°C. The supernatant was kept as the nuclear fraction. The
supernatant containing cytosol and mitochondria was centrifuged at 16000xg for 30
min at 4°C to collect the pellet enriched mitochondrial and the supernatant cytosolic
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fractions. The mitochondria were washed twice with wash buffer, and lysed by
incubation with lysis buffer for 30 minutes on ice. The mitochondrial lysates were
clarified by centrifugation at 16000xg for 15 minutes at 4°C. The cytosol was subjected
to ultracentrifugation under 110000xg, 30 min at 4°C to collect the supernatant
cytosolic fraction.

Immunoblot analysis: Cells were lysed with lysis buffer (10 mM Tris pH 7.4, 150 mM
NaCl, 1 mM EDTA, 1 mM EGTA, 0.5 % Nonidet-P40, 0.1 mM PMSF, 1 mM NazVO.,,
20 mM NaF and proteinase cocktail inhibitor (Calbiochem)). Cell lysates were
sonicated and then centrifuged at 20,000xg for 15 min at 4°C. Protein concentration
was determined by using the Bradford reagent (Bio-Rad). Immunoblotting was
performed as described previously (17). The antibodies to GSK3a/B, phospho-
tyrosine279/216-GSK3a/3, p53, Bcl2 and Bax were purchased from Millipore, PARP,
p21 and B-tubulin were from BD Pharmingen Bioscience, cytochrome C, ATP
synthase F1 subunit and histone H1 were from Santa Cruz Biotechnology, phospho-
serine21/9-GSK3a/B was from Cell Signaling Technology, and B-actin was from
Sigma-Aldrich. For immunoprecipitation, 60 pug of mitochondrial protein was incubated
with 1 ng of p53 antibody for 2 hr at 4°C with gentle agitation followed by incubation
with protein G-sepharose beads (GE Healthcare) for 2 hr at 4°C. The immune
complexes were washed, mixed with Laemmli sample buffer (2% SDS) and boiled for
10 min. The eluted protein complexes were subjected to immunoblot analysis using
anti-p53 and Bcl2 antibodies. All experiments were repeated three or more times.
Chemical cross-linking: Mitochondrial protein chemical cross-linking was performed
as described in (17) using a bifunctional cross-linker, ethylene glycol
bis(sulfosuccinimidyl succinate) (EGS, 1mM) (Pierce). The cross-linked samples were
resolved in 4-20% SDS-polyacrylamide gels, and transferred to nitrocellulose
membranes. The membrane was probed with anti-Bax antibody. At least three
independent experiments were completed for each treatment.

Results

GSK3 inhibition attenuates DNA damage-induced increased p53 levels and
caspase activation

To study p53-mediated apoptosis signaling, we used three mechanistically
different DNA damaging agents that induce p53 expression: doxorubicin, a DNA
intercalating agent, etoposide, a topoisomerase |l inhibitor, and camptothecin, a
topoisomerase | inhibitor. Treatment of human neuroblastoma SH-SY5Y cells, which
express wild-type p53, with doxorubicin, etoposide, or camptothecin caused large
increases in level of p53 (Fig.1). Activation of apoptosis was evident by increases in
the cleavage of PARP, which is a substrate of caspase 3, a key enzyme activated
during apoptosis (Fig. 1). Levels of the anti-apoptotic protein, Bcl2, and the pro-
apoptotic protein, Bax, were not affected by doxorubicin, etoposide or camptothecin
treatments (Fig.1), suggesting that apoptosis induced by the three inducers of DNA
damage was not due to imbalances of these proteins.

To test whether GSK3 is involved in the regulation of p53 induction and
apoptosis, two mechanistically different selective inhibitors of GSK3, lithium and
SB216763, were used. GSK3 activity is mainly regulated by phosphorylation, with
activity inhibited by N-terminal serine-phosphorylation (serine-21 for GSK3a and
serine-9 for GSK3p), and activity increased by tyrosine phosphorylation (tyrosine-279
for GSK3a and tyrosine-216 for GSK3B) (1). GSK3 inhibition by lithium caused
increases in the serine phosphorylation of both GSKS3 isoforms, as reported previously
(18-19). SB216763 directly inhibits GSK3 by competition at the ATP binding site (20),
which resulted in decreases of both serine and tyrosine-phosphorylation of GSK3a/p
(Fig. 1). Pretreatment with lithium or SB216763 reduced the induction p53 and
cleavage of PARP induced by treatment with doxorubicin, etoposide and camptothecin
(Fig. 1), indicating that GSK3 contributes to the induced expression of p53 and
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caspase activation caused by each of these DNA damaging agents. However, lithium
and SB216763 did not alter the levels of Bcl2 or Bax (Fig. 1), indicating that the
apoptotic protection by GSK3 inhibition is unlikely to be through modulation of the
levels of Bcl2 or Bax.
Inhibition of GSK3 reduces p53 translocation to mitochondria and apoptosis

Since translocation of p53 to the mitochondria is capable of inducing apoptosis
(21), we investigated the contribution of GSK3 to p53 mitochondrial translocation and
its activation of mitochondria-mediated apoptosis. SH-SY5Y cells were treated with
doxorubicin (2 uM), etoposide (10 uM) or camptothecin (5 uM) for 5 hr, and
mitochondrial, cytosolic, and nuclear fractions were prepared. The purity of the
mitochondrial, cytosolic and nuclear preparation was verified by immunoblotting for a
marker of each fraction, ATP synthase F1 subunit, B-tubulin and histone H1,
respectively (Fig. 2A). Treatment with doxorubicin, etoposide, or camptothecin caused
significant increases in the levels of p53 in the mitochondria (Fig. 2B), and cytochrome
C release into the cytosol, although cytochrome c release after camptothecin treatment
was mild at this time point (Fig. 3), which indicates activation of the mitochondrial
apoptosis pathway. Inhibition of GSKS3 by lithium or SB216763 prominently attenuated
p53 translocation to the mitochondria following doxorubicin, etoposide and
camptothecin treatment (Fig. 2B). Quantitative analysis revealed that inhibition of
GSK3 with lithium or SB216763 significantly reduced DNA damage-induced p53
translocation to mitochondria (Fig. 2C). Treatment with the GSKS3 inhibitors did not
alter the levels of p53 in the cytosol and nucleus (Fig. 2B). These results indicate that
active GSK3 contributes to p53 mitochondrial translocation after DNA damage.
Additionally, GSKS3 inhibition reduced cytochrome C release (Fig. 3). These results
indicate that GSK3 promotes both p53 mitochondrial translocation and the
mitochondrial apoptosis pathway after DNA damage.
GSK3 regulates mitochondrial translocation of wild-type but not mutant p53

It has been reported that some transcriptionally incompetent mutants of p53
are capable of inducing apoptosis (22-23) and are present in the mitochondria after
induction of apoptosis (14, 24). Therefore, we investigated whether GSK3 controls
mitochondrial translocation of mutant p53. To do this, breast cancer T47D cells
expressing L194F mutant p53 (25) were used. Unlike wild-type p53, which is
expressed at very low levels in unstressed cells such as SH-SY5Y cells, mutant p53 is
expressed at high levels in untreated T47D cells (Fig. 4A). Additionally, we found
higher levels of mutant p53 than wild-type p53 are in the mitochondria of untreated
cells (Fig. 4A). Inhibition of GSK3 with lithium did not affect the basal levels of mutant
p53 in the mitochondria in T47D cells (Fig. 4B). Moreover, treatment with etoposide did
not significantly affect the mitochondrial levels of mutant p53, and GSK3 inhibition did
not alter mitochondrial mutant p53 levels following treatment with etoposide (Fig. 4C).
These results indicate that GSK3 only regulates the mitochondrial translocation of wild-
type p53, but not mutant p53, or that GSK3 only regulates the increase in
mitochondrial p53 that follows activation of apoptotic signaling, which was absent in
T47D cells.
Inhibition of GSK3 reduces the interaction of p53 with Bcl2 and Bax
oligomerization

It has been shown that p53 directly induces mitochondrial apoptosis through its
interaction with Bcl2, a key protein regulating the mitochondrial outer membrane
permeability (26). Thus, we examined the p53-Bcl2 interaction in mitochondria by co-
immunoprecipitation. The level of p53 in mitochondria was increased, whereas level of
Bcl2 was unaltered, by etoposide treatment (Fig. 5A). Co-immunoprecipitation of p53
and Bcl2 was observed in etoposide-treated cells, and this p53-Bcl2 interaction was
drastically reduced by treatment with the GSKS inhibitor lithium (Fig. 5A). We further
investigated whether GSKS3 inhibition affected Bax oligomerization, which can lead to
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mitochondrial outer membrane permeabilization and subsequently cytochrome C
release. To detect Bax oligomerization, after treatments mitochondrial proteins were
cross-linked by treatment with EGS, followed by western blot analysis. The results
show that etoposide treatment increased the immunoreactivity of a slow migrating
band above the 21 kD Bax monomer band (Fig. 5B) indicating increased Bax
oligomerization associated with the mitochondria following etoposide treatment.
Inhibition of GSK3 with lithium treatment attenuated etoposide-induced Bax
oligomerization in the mitochondria. The level of Bax in the mitochondria was not
altered by either etoposide or lithium, indicating that the reduction of Bax
oligomerization by GSK3 inhibition was not due to a decrease of Bax in the
mitochondria.

Taken together, these results indicate that GSK3 regulates mitochondrial
apoptotic signaling in part by facilitating p53 translocation to the mitochondria where it
binds and neutralizes the anti-apoptotic protein Bcl2, allowing Bax oligomerization that
increases mitochondria permeabilization and cytochrome C release.

Discussion

Considering the recently identified direct action of p53 in mitochondria in
inducing apoptosis (26-27), and the direct, activating interaction between p53 and
GSKa3 in the mitochondrial pathway of apoptosis (2, 9), we tested if GSK3 plays a role
in regulating mitochondrial p53. The findings in this investigation reveal that after DNA
damage GSK3 promotes p53 translocation to mitochondria, Bax oligomerization
associated with the mitochondria, and mitochondria-mediated apoptotic signaling. The
results indicate that GSK3 facilitates the mitochondrial pathway of apoptosis in part
through promoting p53 translocation to the mitochondria where it binds and sequesters
the anti-apoptotic protein, Bcl2, which allows Bax oligomerization that leads to release
of cytochrome C from the mitochondria to promote caspase activation.

The apoptotic activity of p53 has been demonstrated to include both
transcriptional-dependent and -independent actions. The transcriptional-dependent
apoptotic action of p53 is well-characterized to be mediated by transactivation of pro-
apoptotic genes including Bax and PUMA (11), and transrepression of antiapoptotic
genes, such as Bcl2 and survivin (11). The transcriptional-independent apoptotic
action of p53 was identified by overexpression of transcriptionally deficient p53
mutants that were capable of triggering apoptosis (23). Recently, it has been shown
that expression of mitochondria-targeted p53 caused apoptosis in p53-null cells (13-
14, 21), indicating that transcription-independent p53-mediated apoptosis occurred via
its action in mitochondria. Recently, we reported that inhibition of GSK3 reduced p53
translocation to the mitochondria and mitochondrial apoptotic cell death following
arsenite treatment, suggesting a regulatory role for GSKS3 in the translocation of p53 to
the mitochondria and the mitochondrial apoptotic pathway (17). The present study
extended these finding by demonstrating that inhibition of GSK3 by two structurally
unrelated selective GSK3 inhibitors, lithium and SB216763, attenuated p53
translocation to the mitochondria induced by three different DNA damaging agents that
induce apoptosis by activating p53, namely doxorubicin, etoposide and camptothecin,
in SH-SY5Y cells. Since mutant p53 was reported to reside in the mitochondria, we
also examined the regulation by GSK3 of mitochondrial translocation of mutant p53.
We observed that in T47D cells expressing mutant p53 (p53L194F), basal
mitochondrial p53 levels were relatively high, which is consistent with previous reports
(14, 24). Unlike wild-type p53, inhibition of GSK3 did not affect the mitochondrial level
of mutant p53, with or without an apoptotic stimulus, suggesting that GSK3 only
regulates the translocation of wild-type p53 to the mitochondria. Although recent
studies have demonstrated the importance of mitochondrial p53 in the mitochondrial
pathway of apoptosis, little is known about the mechanisms that regulate its
translocation. These findings add GSK3 to known regulators of p53 mitochondrial
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translocation, which also includes the previously identified mono-ubiquitination (28)
and Tid1 (mtHSP40) (24). The findings in the present study also indicate that GSK3
only regulates the mitochondrial translocation of wild-type p53, but not mutant p53.
Regarding the mechanism by which GSK3 regulates p53 translocation to the
mitochondria, we speculate that it may be independent of GSK3-mediated p53
phosphorylation as p53 mitochondrial translocation has been demonstrated to be
independent of its phosphorylation state (29). Mechanistic insights GSK3 regulation of
p53 mitochondrial translocation will require furhter analysis. The apoptosis promoting
action of GSK3 has been demonstrated previously, showing that GSK3 promotes the
intrinsic mitochondrial pathway of apoptosis but not the extrinsic pathway of apoptosis
(1). The finding that GSK3 promotes p53 translocation to the mitochondria, which has
been shown to induce mitochondrial apoptosis, led us to examine the contribution of
GSKa3 to the actions of p53 in mitochondria. In the mitochondria, p53 was reported to
form complexes with Bcl2 and Bcl-xI, antiapoptotic members of the Bcl2 family that
play critical roles in controlling the mitochondrial outer membrane permeabilization
(MOMP). Consequently, this interaction of p53 with Bcl2/Bcl-xI induced MOMP,
leading to cytochrome C release and subsequently apoptosis (14). Our study also
found that p53 interacts with Bcl2 following etoposide treatment, and inhibition of
GSKS3 reduced this interaction. However, we were unable to detect the interaction of
p53 with Bcl-xL in these cells. Additionally, we found that inhibition of GSK3 reduced
etoposide-induced Bax oligomerization, which leads to MOMP. Bax oligomerization
results from disruption of Bcl2-Bax complexes that inhibit MOMP following the
sequestration of Bcl2 by p53. p53 has been shown to form a pore complex with Bax,
suggesting the potential for a direct interaction with Bax in triggering MOMP (27).
However, we did not detect p53 complexed with oligomerized Bax in our experiment
paradigm, which is consistence with a previous report (14). Interestingly, although Bax
phosphorylation by GSK3 has been shown to increase its translocation to mitochondria
(30), GSK3-meidiated Bax phosphorylation is unlikely to be critical for Bax
mitochondrial translocation in our experimental conditions as the level of Bax in
mitochondria was not affected by GSKS inhibition (Fig 5B).

It is clearly evident that mitochondrial p53 can induce apoptosis independent of
its transcriptional activity, and induction of apoptosis is one of the major mechanistic
targets for chemotherapeutic agents especially those cause DNA damage. Extended
from our finding that GSK3 promotes DNA damage-induced p53 mitochondrial
translocation and mitochondrial pathway of apoptosis, enhanced GSKS activity may be
beneficial for chemotherapy of cancer harboring wild-type p53. Moreover,
mitochondrial p53 was demonstrated experimentally to have tumor suppressor activity
in vivo as expression of mitochondrial targeted p53 suppressed tumor growth in p53
null lymphoma xenograft mice (31). Hence, augmentation of p53 level in the
mitochondria by GSK3 activation may improve p53 tumor suppressor action. It is
interesting to note that generally, under normal physiological condition GSK3 activity is
suppressed in response a number of cellular signaling including growth factor
mediated Akt activation and insulin signaling. Indeed, GSK3 activity possibly increases
by inactivation of Akt by growth factor withdrawal and inhibition of insulin signaling,
andrapamycin treatment (32). However, it remains to be investigated whether increase
in GSK3 activity will be sufficient to enhance p53 mitochondrial translocation in
unstressed condition.

In summary, this study found that inhibition of GSK3 reduced wild-type, but not
mutant, p53 mitochondrial translocation, the mitochondrial interaction of p53 with Bcl2,
and Bax oligomerization concomitant with a reduction of cytochrome C release. These
results indicate that GSK3 promotes mitochondrial apoptosis partly through facilitating
p53 translocation to mitochondria where it binds and neutralizes Bcl2, thus allowing
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Bax oligomerization and the subsequent release of cytochrome C release in the
mitochondrial apoptotic signaling pathway.
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Figure legends

Figure 1. GSKS inhibition attenuates DNA damage-induced increased p53 levels and
caspase activation SH-SY5Y cells were treated with doxorubicin (Dox, 2 uM),
etoposide (10 uM, Eto), or camptothecin (CT, 5 uM) for 5 hr with or without a 30 min
pretreatment with GSK3 inhibitors, lithium (Li, 20 mM) or SB216763 (SB, 20 uM). (A)
Levels of p53, PARP, pS21/9-GSK3a/B, pY279/216-GSK3u/B, GSK3a/B, Bcl2, and
Bax were analyzed by immunoblot analysis and B-actin was used as a loading control.
Caspase activation was determined by measuring PARP proteolysis.

Figure 2. Inhibition of GSK3 reduced p53 mitochondrial translocation

The mitochondrial, nuclear, and cytosolic fractions were prepared from cells treated
with doxorubicin, etoposide, or camptothecin for 5 hr with or without a 30 min
pretreatment with GSK3 inhibitors, lithium or SB216763. (A) Mitochondria (Mito),
cytosolic (Cyto), and nuclear (Nuc) fractions were immunoblotted with a protein marker
for each fraction, the F1 subunit ATP synthase for mitochondria, B-tubulin for the
cytosol, and histone H1 for the nucleus to verify the purity of each fraction. (B) The
levels of mitochondrial, cytosolic and nuclear p53 were detected by immunoblotting.
(C) The quantitative data of mitochondrial p53 were expressed as % individual
chemical treatment without GSK3 inhibition (mean + SD; n=3), * p< 0.05.

Figure 3. Inhibition of GSK3 reduced cytochrome c release from the mitochondria
SH-SY5Y cells were treated with doxorubicin (Dox, 2 uM), etoposide (10 uM, Eto), or
camptothecin (CT, 5 uM) for 5 hr with or without a 30 min pretreatment with GSK3
inhibitors, lithium (Li, 20 mM) or SB216763 (SB, 20 uM), and cytochrome C released
into the cytosol was measured by immunoblotting.

Figure 4. GSKS3 regulates the mitochondrial translocation of wild-type but not mutant
p53

(A) Levels of mitochondrial p53 in SH-SY5Y (wild-type p53) and T47D (L194F p53)
cells. (B) T47D cells were treated with 20 mM lithium for 1, 3 or 5 hr and the levels of
mitochondrial p53 were measured by immunoblot analysis. (C) T47D cells were
treated with etoposide (10 uM) with or without 20 mM lithium for 24 hr and the levels of
mitochondrial p53 were analyzed by immunoblotting.

Figure 5. Inhibition of GSK3 reduced the interaction of p53 with Bcl2 and Bax
oligomerization associated with mitochondria

SH-SY5Y cells were treated with 10 uM etoposide for 5 hr with or without a 30 min
preincubation with the GSK3 inhibitor, lithium (20 mM). (A) Mitochondrial p53 was
immunoprecipitated. The interaction of p53 and Bcl2 was detected by co-
immunoprecipitation. (B) Mitochondria were lysed with 2% CHAPS lysis buffer followed
by chemical cross-linking with EGS. Cross-linked proteins were resolved in 4-20%
SDS-PAGE, and immunoblotted for Bax.
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