
Glycogen synthase kinase 3b inhibitors protect
hippocampal neurons from radiation-induced
apoptosis by regulating MDM2-p53 pathway
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Exposure of the brain to ionizing radiation can cause neurocognitive deficiencies. The pathophysiology of these neurological
changes is complex and includes radiation-induced apoptosis in the subgranular zone of the hippocampus. We have recently
found that inhibition of glycogen synthase kinase 3b (GSK-3b) resulted in significant protection from radiation-induced
apoptosis in hippocampal neurons. The molecular mechanisms of this cytoprotection include abrogation of radiation-induced
accumulation of p53. Here we show that pretreatment of irradiated HT-22 hippocampal-derived neurons with small molecule
inhibitors of GSK-3b SB216763 or SB415286, or with GSK-3b-specific shRNA resulted in accumulation of the p53-specific E3
ubiquitin ligase MDM2. Knockdown of MDM2 using specific shRNA or chemical inhibition of MDM2-p53 interaction prevented the
protective changes triggered by GSK-3b inhibition in irradiated HT-22 neurons and restored radiation cytotoxicity. We found that
this could be due to regulation of apoptosis by subcellular localization and interaction of GSK-3b, p53 and MDM2. These data
suggest that the mechanisms of radioprotection by GSK-3b inhibitors in hippocampal neurons involve regulation of MDM2-
dependent p53 accumulation and interactions between GSK-3b, MDM2 and p53.
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The hippocampus is a critical neurological center for cognitive
abilities,1 and its damage from radiation therapy leads to
defects in learning, memory, spatial navigation, visual motor
processing, quantitative skills and attention.2 Independent of
dose and manner of exposure (brain only or whole body), cells
of the dentate subgranular zone (SGZ) are extremely
sensitive to irradiation, undergoing apoptosis after doses
ranging from 0.4 to 18 Gy.2–7 There is a number of studies
using animal models that show close relations between
neurogenesis and cognitive function after irradiation.5,8–11

Our recent study demonstrated that inhibition of glycogen
synthase kinase 3b (GSK-3b) by lithium or small molecule
inhibitors resulted in significant protection from radiation-
induced apoptosis in hippocampal neurons.5,11 As a result, we
observed significant improvement in cognitive performance of
mice treated with GSK-3b inhibitors before cranial irradiation.
These findings suggest potential novel mechanism of radio-
protection of hippocampal neurons involving inhibition of
GSK-3b.

GSK-3 is a serine/threonine kinase that was initially
identified as an enzyme that regulates glycogen synthesis.12

GSK-3b, one of two GSK-3 isoforms, is widely expressed and
participates in multiple cellular processes such as cell growth
and differentiation, structure and functions and cell
survival.13–17 Direct overexpression of wild-type GSK-3b is

known to induce apoptosis in various cell types in culture, and
specific inhibitors of GSK-3b are able to ameliorate this
apoptotic process.5,14,15,18 GSK-3b is subject to multiple
regulatory mechanisms including inhibiting (Ser9) and activat-
ing (Tyr216) phosphorylation, protein complex formation and
intracellular localization.16,17,19,20 Subcellular localization
of GSK-3b determines its access to substrates. Although
GSK-3b is predominantly localized in cytosol, nuclear and
mitochondrial fractions of GSK-3b are characterized by much
higher activity.21 Nuclear localization of GSK-3b facilitates
interaction with its nuclear substrates and leads to regulation
of specific cellular function. For example, GSK-3b-dependent
phosphorylation and degradation of b-catenin also activates
pro-apoptotic response.22

The tumor suppressor transcription factor p53 has been
implicated in the pro-apoptotic actions of GSK-3b in several
studies.23,24 Following DNA damage, the normally short-lived
p53 protein is stabilized and modified by a complex array of
post-translational modifications, such as phosphorylation,
acetylation, methylation, ubiquitination, sumoylation, glyco-
sylation and neddylation, and a large number of proteins
interact with p53 to regulate its actions.25,26 One of these
regulatory proteins is GSK-3b, which forms a complex with
nuclear p53 to promote p53-induced apoptosis.23,27,28

GSK-3b binds directly to p53, and the C-terminal region of
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p53 is necessary for this interaction.27 GSK-3b was shown to
directly phosphorylate p53 at Ser33,29 and to mediate p53
phosphorylation at Ser315 and Ser376.30,31 GSK-3b promotes
p53-mediated transcription of specific genes and regulates
the intracellular localization of p53.27,28,31 In addition to GSK-
3b regulating p53, GSK-3b is also regulated by p53. The
activity of GSK-3b is increased by a phosphorylation-
independent mechanism of a direct binding of p53 to GSK-
3b.23 Nuclear localization of GSK-3b also could be regulated
by binding of activated p53.24

In addition to direct interaction, GSK-3b can regulate p53
levels through the phosphorylation of the p53-specific E3
ubiquitin ligase MDM2.32 Regulation of p53 by MDM2 is
multifaceted. In the classical model, N-terminal phosphoryla-
tion of p53 at Ser15 (mouse Ser18) and Ser20 (mouse Ser23)
inhibits the interaction with MDM2 and thereby prevents
MDM2-mediated ubiquitination and the resulting proteasomal
degradation of p53.26 Stabilized p53 is subjected to a complex
regulatory network to induce DNA binding and transcriptional
activation of p53 target genes, in part through the recruitment
of coactivators and corepressors. This determines the specific
cellular response including survival, growth arrest, DNA repair
or apoptosis.26

We have previously shown that inhibition of GSK-3b
protects hippocampal neurons from radiation-induced apop-
tosis.5,11 In the present study, we found that the mechanisms
of this protection involved subcellular localization and inter-
action of GSK-3b, p53 and MDM2. In HT-22 hippocampal-
derived neurons, GSK-3b inhibitors blocked radiation-induced
accumulation of p53 by upregulating levels of MDM2 that
subsequently resulted in decreased radiation-dependent
apoptosis. Knockdown of MDM2 using specific shRNA or
chemical inhibition of MDM2-p53 interaction prevented
protective changes triggered by GSK-3b inhibition in irra-
diated HT-22 neurons and restored radiation cytotoxicity.
These results suggest a pivotal role of MDM2-p53 axis in
radioprotective effects of GSK-3b inhibitors.

Results

GSK-3b inhibition increases MDM2 and abrogates
radiation-induced p53 accumulation. To analyze the
effects of GSK-3b inhibitors on p53 and MDM2
accumulation, HT-22 cells were treated with 10 mM
SB216763 or 25mM SB415286 for 16 h, irradiated with
3 Gy, lysed at 6 h after irradiation and subjected to
immunoblot analysis. Protein level of b-catenin was used to
evaluate GSK-3b activity.5,11 Irradiation with 3 Gy increased
phosphorylation of p53 at Ser18 and resulted in p53
accumulation, but did not significantly affect level of MDM2
(Figure 1). As expected, treatment with SB216763 and
SB415286 elevated the accumulation/stabilization of b-
catenin compared with their respective controls indicating
GSK-3b inhibition. Interestingly, GSK-3b inhibitors
significantly increased levels of MDM2, but did not affect
p53 accumulation. In combination, GSK-3b inhibitors with
radiation produced a sustained increase in the level of
MDM2, whereas radiation-induced p53 accumulation was
abrogated (Figure 1).

MDM2 mediates the effect of GSK-3b inhibitors on
radiation-induced accumulation of p53. As the stability
of p53 is predominantly regulated by MDM2 and GSK-3b
inhibitors prevent radiation-induced p53 accumulation, we
studied the role of MDM2 in this process by knocking down
MDM2 in HT-22 neurons using shRNA (Figure 2a). When
transfected with non-silencing shRNA, HT-22 neurons
treated with GSK-3b inhibitors demonstrated prevention of
radiation-induced p53 accumulation (Figure 2a, lanes 1–6)
similar to the response observed previously (Figure 1). In
contrast, MDM2 knockdown by specific shRNA resulted in
p53 accumulation, which was sustained under all conditions,
including radiation, treatment with GSK-3b inhibitors and
their combination (Figure 2a, lanes 7–12). To further study
the role of MDM2 in the observed phenomenon, we knocked
down GSK-3b using specific shRNA, and inhibited MDM2-
p53 interaction by either nutlin-3a or RITA, in irradiated
HT-22 neurons. As expected, in HT-22 neurons transfected
with non-silencing shRNA, radiation resulted in p53
accumulation (Figure 2b, lanes 1–2). Inhibition of MDM2-
p53 interaction either by 10 mM nutlin-3a or 1 mM RITA also
led to accumulation of p53 in the presence of GSK-3b
(Figure 2b, lanes 3–6). In contrast, after knockdown of GSK-
3b, treatment of HT-22 neurons with radiation, inhibitors
of MDM2-p53 interaction or combination of both did not result
in the significant accumulation of p53 (Figure 2b,
lanes 7–12).
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Figure 1 GSK-3b inhibition leads to increased level of MDM2 and abrogates
radiation-induced p53 accumulation. HT-22 neurons were treated with 10 mM
SB216763 or 25mM SB415286 for 16 h, irradiated with 3 Gy and harvested 6 h after
radiation. Cellular proteins were immunoblotted using antibodies to phospho-p53
(Ser18), p53, MDM2 and b-catenin to analyze levels of expression of these proteins.
Actin was used to evaluate the protein loading in each lane. Relative protein levels
were determined by densitometry and normalized to actin and to control (cells
treated with DMSO)
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Effect of GSK-3b inhibitors and irradiation on
subcellular localization and interaction of GSK-3b, p53
and MDM2. Using immunofluorescence microscopy
(Figure 3a) and immunoblot analysis of subcellular protein
fractions (Figure 3b), at 6 h after irradiation with 3 Gy, we
observed a significant increase in nuclear p53 suggesting
that radiation leads to predominant accumulation of nuclear
p53 (Figures 3a and b). No significant changes occurred for
GSK-3b or MDM2 subcellular localization (Figures 3a and b).
Treatment with GSK-3b inhibitors alone or in combination
with radiation significantly reduced nuclear localization of p53
and increased cytosolic fraction of MDM2 (Figures 3a and b).

To study interactions between GSK-3b, p53 and MDM2, we
performed co-immunoprecipitation experiments. In untreated
HT-22 cells, p53 and MDM2 were detected in GSK-3b
immunoprecipitations in both nuclear and cytoplasmic
fractions, suggesting complex formation between these
proteins (Figure 4a). Radiation dramatically decreased bind-
ing of p53 to GSK-3b in the cytoplasm but enhanced binding in
the nucleus. SB216763 and SB415286 alone or in combina-
tion with radiation significantly decreased binding between
GSK-3b and p53 in both fractions, thereby preventing

radiation-induced three-protein complex formation in the
nucleus (Figure 4a). Similar effects were observed with
protein levels of GSK-3b and p53 detected in immunopreci-
pitations of MDM2 (Figure 4b). Taking together, these results
demonstrate that GSK-3b inhibition decreases complex
formation between GSK-3b, p53 and MDM2 suggesting that
GSK-3b activity is essential for interactions between GSK-3b,
p53 and MDM2 in subcellular compartments.

MDM2 mediates the cytoprotective effect of GSK-3b

inhibitors in irradiated HT-22 neurons. To determine
whether MDM2 is essential for the cytoprotective effect of
GSK-3b inhibitors on irradiated HT-22 neurons, we
performed colony forming assay following transfection with
non-silencing or MDM2-specific shRNA. In HT-22 neurons
transfected with non-silencing shRNA, GSK-3b inhibitor
SB415286 showed significantly increased survival following
irradiation (Figure 5a), confirming previously published
results.5,11 However, transfection with MDM2-specific
shRNA abrogated this increase (Figure 5a). We next
performed colony-forming assay on irradiated HT-22
neurons with knocked down GSK-3b using specific shRNA
and inhibition of MDM2-p53 interaction by nutlin-3a.
Knockdown of GSK-3b led to an increased survival of
irradiated HT-22 neurons compared with non-silencing
control (Figure 5b), confirming the effects of GSK-3b
chemical inhibitors (Figure 5a).5,11 Inhibition of MDM2-p53
interaction with 10 mM nutlin-3a abrogated this cytoprotective
effect (Figure 5b), supporting the results obtained with
MDM2-specific shRNA (Figure 5a).

The role of MDM2 on programmed cell death was studied
by apoptosis assays (Figures 6 and 7). Cells were first
analyzed for apoptosis by annexin V/propidium iodide staining
(Figure 6). HT-22 neurons transfected with non-silencing
shRNA and pretreated with GSK-3b inhibitor SB415286
demonstrated a radioprotective effect with a reduced number
of apoptotic cells compared with DMSO-pretreated-irradiated
controls (Figure 6a, bar 4 versus 2). This protection was
completely abrogated in irradiated HT-22 neurons transfected
with MDM2-specific shRNA and pretreated with SB415286
(Figure 6a, bar 8 versus 2). HT-22 neurons transfected with
non-silencing shRNA and pretreated with inhibitor of MDM2-
p53 interaction nutlin-3a showed amount of apoptosis
compared to DMSO-pretreated-irradiated cells (Figure 6b,
bar 4 versus 2). As expected, GSK-3b knockdown by specific
shRNA led to a radioprotective effect compared with non-
silencing irradiated control (Figure 6b, bar 6 versus 2). Similar
to Figure 6a, treatment with nutlin-3a abolished the radio-
protection by GSK-3b knockdown (Figure 6b, bar 8 versus 6).

We next evaluated the nuclear morphology of dying
cells using 40,6-diamidino-2-phenylindole (DAPI) staining
(Figure 7), and the results were similar to the assessment of
apoptosis by annexin V/propidium iodide staining (Figure 6).
We observed the cytoprotective effect of GSK-3b inhibitor
SB415286 from radiation-induced apoptosis in HT-22 neu-
rons that were transfected with non-silencing shRNA (Figures
7a and b). This protection was completely abrogated in HT-22
neurons transfected with MDM2-specific shRNA and pre-
treated with SB415286 (Figures 7a and b). The treatment
of HT-22 neurons with inhibitor of MDM2-p53 interaction
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Figure 2 MDM2 mediates the effect of GSK-3b inhibition on radiation-induced
accumulation of p53. (a) HT-22 neurons were transiently transfected with the non-
silencing or MDM2-specific shRNA co-expressing GFP in a bicystronic vector. The
GFP-positive cells were sorted, treated with DMSO, 10 mM of SB216763 or 25mM
of SB415286 for 16 h, irradiated with 3 Gy and harvested 6 h after radiation. Cellular
proteins were immunoblotted using antibodies to MDM2, b-catenin and p53 to
analyze levels of expression of these proteins. Actin was used to evaluate the
protein loading in each lane. (b) HT-22 neurons were infected with viruses
generated in HEK293T cells transfected with the non-silencing or GSK-3b-specific
shRNA. The cells selected with puromycin were treated with DMSO, 1mM of RITA
or 10mM of nutlin-3a for 16 h, irradiated with 3 Gy and harvested 6 h after radiation.
Cellular proteins were immunoblotted using antibodies to MDM2, b-catenin, GSK-
3b and p53 to analyze levels of expression of these proteins. Actin was used to
evaluate the protein loading in each lane

GSK-3b, MDM2 and p53 in irradiated neurons
DK Thotala et al

389

Cell Death and Differentiation



DMSO

DMSO + 3 Gy

SB216763

SB216763 + 3 Gy

GSK-3� p53

SB415286

SB415286 + 3 Gy

MDM2

GSK-3�

MDM2

p53

DMSO SB216763 SB415286 DMSO SB415286

nuclear

tubulin

cytoplasmic

lamin A/C

IR (3 Gy)

SB216763

GSK-3b, MDM2 and p53 in irradiated neurons
DK Thotala et al

390

Cell Death and Differentiation



nutlin-3a (10mM) did not offer any protection against radiation
induced apoptosis; moreover, the protective effect of GSK-3b
knockdown was abrogated by nutlin-3a (Figures 7c and d).

Discussion

The critical role of p53 in cellular radiosensitivity is widely
accepted.33 Several factors are involved in the p53 regulation
of downstream cellular effects in response to ionizing

radiation, including tissue specificity. In normal tissues,
specifically in hippocampal neurons, therapeutic doses of
radiation induce apoptosis that is regulated by p53.11,34,35 On
the other hand, GSK-3b is also involved in regulation of the

Figure 3 Effect of GSK-3b inhibitors and irradiation on subcellular localization of GSK-3b, p53 and MDM2. HT-22 cells were treated with 10 mM SB216763 or 25mM
SB415286 for 16 h and irradiated with 3 Gy. (a) At 6 h after irradiation, cells were fixed and stained with anti-GSK-3b, anti-p53 and anti-MDM2 antibody followed by secondary
Alexa 568-conjugated anti-rabbit antibody (Molecular Probes) for GSK-3b and MDM2 and Alexa 488-conjugated anti-mouse antibody (Molecular Probes) for p53. Shown are
the representative micrographs. (b) At 6 h after irradiation, cells were lysed using NE-PER, and 40 mg of cytosolic or nuclear extracts were immunoblotted using antibodies to
MDM2, p53 and GSK-3b to analyze levels of expression of these proteins. Tubulin and lamin A/C were used to evaluate the purity and protein loading of nuclear and
cytoplasmic fraction in each lane
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Figure 4 Effect of GSK-3b inhibitors and irradiation on GSK-3b, p53 and
MDM2 complex formation. HT-22 cells were treated with 10 mM SB216763 or 25mM
SB415286 for 16 h, irradiated with 3 Gy and lysed using NE-PER at 6 h after
irradiation. Cytosolic (200mg) and nuclear (100mg) extracts were immunoprecipi-
tated using anti-GSK-3b (a) or anti-MDM2 (b) antibodies covalently bound to protein
A sepharose. The co-immunoprecipitated proteins were immunoblotted using
antibodies to p53, GSK-3b and MDM2. (c) Input and negative controls for
immunoprecipitations. Cytosolic (100mg) and nuclear (50 mg) extracts from
untreated HT-22 cells were were used for input controls or were immunoprecipitated
using anti-GSK-3b, anti-MDM2 or anti-total IgG antibodies covalently bound to
protein A sepharose
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Figure 5 MDM2 mediates the protective effect of GSK-3b inhibitors on survival
of irradiated HT-22 neurons. (a) HT-22 neurons were transfected with the non-
silencing (NS) or MDM2-specific shRNA co-expressing GFP in a bicystronic vector
(MDM2). The GFP-positive cells were sorted, treated with DMSO (K, J) or 25mM
of SB415286 (’, &) for 16 h, irradiated with 0, 2, 4, 6 and 8 Gy and plated for
clonogenic survival assay. After 10 days, the colonies were fixed, stained with 1%
methylene blue and counted. Shown are the survival fractions for non-silencing or
MDM2-targeting shRNA. S.E.M. are from three experiments; *Po0.05 (comparison
of NS-SB415286 versus NS-DMSO). (b) HT-22 neurons were infected with viruses
generated in HEK293T cells transfected with the NS or GSK-3b-specific shRNA
(GSK). The cells selected with puromycin were treated with DMSO (m, n) or 10mM
of nutlin-3a (E, B) for 16 h, irradiated with 0, 2, 4, 6 and 8 Gy and plated for
clonogenic survival assay. After 10 days, the colonies were fixed, stained with 1%
methylene blue and counted. Shown are the survival fractions for non-silencing or
GSK-3b-targeting shRNA. S.E.M. are from three experiments; *Po0.05
(comparison of GSK-DMSO versus NS-DMSO)
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survival of damaged hippocampal neurons, and inhibitors of

GSK-3b exhibit a radioprotective effect in these cells.5,11,36,37

In addition, GSK-3b was shown to regulate p53 activity by

interacting with and phosphorylating p53 and p53-specific E3

ubiquitin ligase MDM2.23,27,32,38 We speculate that the

mechanisms of radioprotection by GSK-3b inhibitors in

hippocampal-derived neurons involve regulation of MDM2-

dependent p53 accumulation and subcellular localization of

GSK-3b, MDM2 and p53 that closely correlates with their

activity and functions.
At 6 h after exposure of HT-22 hippocampal-derived

neurons to radiation (3 Gy), we observed considerably

elevated phosphorylation of p53Ser18, p53 protein stabilization

and increased nuclear localization, whereas MDM2 changes

were minimal (Figures 1 and 3). This classical p53 response to

a cytotoxic agent suggests that radiation-induced apoptosis in

HT-22 neurons is p53 dependent. The small molecule

inhibitors of GSK-3b blocked radiation-induced effects on

p53 leading to the prevention of radiation-induced apoptosis

and increased survival of HT-22 neurons. The role of

attenuated p53 function in the prosurvival effects of the

GSK-3b inhibitors have been previously reported.11,28,39,40

However, the specific molecular mechanisms of this effect are

yet to be defined.
GSK-3b inhibition also resulted in the accumulation of

MDM2. This suggests that presence of sufficient amount of

active GSK-3b is essential for MDM2 functions. Inhibition of

GSK-3b activity (Figure 1) or knockdown of GSK-3b
(Figure 2b) leads to upregulation of MDM2 and degradation

of p53, which could not be significantly altered by addition of

inhibitors of MDM2-p53 interaction, nutlin-3a or RITA

(Figure 2b). This particular observation requires further

investigation. As we did not performed time course study of

this effect, there could merely reflect an attenuation in p53

accumulation followed by addition of nutlin-3a or RITA.

However, we speculate that possible mechanisms of this

phenomenon include complex formation between MDM2,

GSK-3b and p53 that is facilitated by active GSK-3b. Once

GSK-3b inhibited or knocked down, MDM2 is accumulated.

MDM2 accumulation could change binding affinity of small

molecule inhibitors of MDM2-p53 interaction, such as nutlin-

3a, in favor to MDMX or other unidentified target(s).41

Interestingly, we do not observe MDM2 induction in the

presence of inhibitors of MDM2-p53 interaction RITA or

nutlin-3a without GSK-3b inhibition (Figure 2b). In the cells

with the wild-type functional p53 and MDM2, such as HT-22

neurons, the biological variability and temporal relationships

between stimulated p53 transcriptional activity and increased

protein levels of its downstream targets (such as MDM2) are
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Figure 6 MDM2 mediates the protective effect of GSK-3b inhibitors from
radiation-induced apoptosis in HT-22 neurons (annexin V-APC/propidium iodide
staining). (a) HT-22 neurons were transiently transfected with the non-silencing or
MDM2-specific shRNA co-expressing GFP in a bicystronic vector. The GFP-positive
cells were sorted, treated with DMSO or 25 mM of SB415286 for 16 h and irradiated
with 3 Gy. At 24 h post irradiation, cells were stained with annexin V-APC/propidium
iodide and analyzed by flow cytometry. Shown is a bar graph of the average percent
of apoptotic cells versus total cell number for each treatment with S.E.M. from three
experiments; *Po0.05. (b) HT-22 neurons were infected with viruses generated in
HEK 293T cells transfected with the non-silencing or GSK-3b-specific shRNA. The
cells selected with puromycin were treated with DMSO or 10 mM of nutlin-3a for 24 h
and irradiated with 3 Gy. At 24 h post irradiation, cells were stained with annexin V-
APC/propidium iodide and analyzed by flow cytometry. Shown is a bar graph of the
average percentage of apoptotic cells versus total cell number for each treatment
with S.E.M. from three experiments; *Po0.05

Figure 7 MDM2 mediates the protective effect of GSK-3b inhibitors from radiation-induced apoptosis in HT-22 neurons (morphological assessment with DAPI staining).
(a and b) HT-22 neurons were transiently transfected with the non-silencing or MDM2-specific shRNA co-expressing GFP in a bicystronic vector. The GFP-positive cells were
sorted, treated with DMSO or 25 mM of SB415286 for 16 h and irradiated with 3 Gy. At 24 h post irradiation, cells were fixed and stained with DAPI, and apoptotic cells indicated
by arrows were counted in multiple randomly selected fields. Shown are representative micrographs (a) and a bar graph of the average percentage of apoptotic cells versus
total cell number for each treatment with S.E.M. from three experiments; *Po0.05 (b). (c and d) HT-22 neurons were infected with viruses generated in HEK 293T cells
transfected with the non-silencing or GSK-3b-specific shRNA. The cells selected with puromycin were treated with DMSO or 10 mM of nutlin-3a for 24 h and irradiated with
3 Gy. At 24 h post irradiation, cells were fixed and stained with DAPI, and apoptotic cells indicated by arrows were counted along with total cell number per HPF (five to seven
randomly selected HPF were counted). Shown are representative micrographs (c) and a bar graph of average percent of apoptotic cells versus total cell number for each
treatment with S.E.M. from three experiments; *Po0.05 (d)
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the key determinants of p53-dependent MDM2 accumulation.
In the majority of the experiments, we do not observe
increased levels of MDM2 in irradiated HT-22 neurons at the
same time as we detect p53 accumulation; usually it requires
additional time. Similar phenomenon is observed for the small
molecule inhibitors of MDM2-p53 interaction. This is sup-
ported by number of publications, specifically for nutlin-
3a.42,43 After treatment with nutlin-3a, p53 levels go up first;
after some time, the increases in levels of its downstream
targets (such as MDM2) are observed. We believe that our
data (Figure 2b) correspond to such time point after treatment
with nutlin-3a or RITA.

Although the exact mechanism of how GSK-3b inhibitors
lead to upregulation of MDM2 is yet to be discovered, there
could be two major possibilities. It was shown that GSK-3b
phosphorylates MDM2;32 this phosphorylation could poten-
tially interfere with MDM2 autoubiquitination.44 The other way
to inhibit MDM2 autoubiquitination involves protein–protein
interactions.44 In this study, we hypothesize that complex
formation between MDM2, GSK-3b and p53 is responsible for
MDM2 upregulation. Most important, in addition to abrogation
of radiation-induced p53 stabilization and upregulation of
MDM2, GSK-3b inhibition leads to decreased nuclear levels of
MDM2 compared with cytoplasm and decreased nuclear
levels of p53 compared with treatment with radiation alone.
These data strongly support the idea that radioprotective
effect of GSK-3b inhibition in HT-22 neurons engages GSK-
3b-dependent regulation of MDM2, which, in turn, regulates
p53 functions and p53-dependent cellular responses.

To further confirm this idea, we undertook comprehensive
inhibitory approach: we genetically knocked down either
MDM2 or GSK-3b with specific shRNA, or inhibited either
GSK-3b or MDM2-p53 interaction with small molecule
inhibitors. Summarizing these experiments, we confirmed
two important molecular events occurring in hippocampal
neurons: (1) presence of active GSK-3b is required for
radiation-induced p53 accumulation; (2) prevention of radia-

tion-induced p53 accumulation by GSK-3b inhibition involves
MDM2 upregulation. Therefore, we could conclude that
radiation responses in hippocampal neurons involve, at least,
GSK-3b, MDM2 and p53, as GSK-3b inhibition prevented
radiation-induced p53 accumulation through MDM2 upregula-
tion and abolished radiation-induced apoptosis. Direct
involvement of GSK-3b in radiation effects in hippocampal
neurons is yet to be determined, as we did not observe a
significant radiation-induced change in GSK-3b phosphoryla-
tion or subcellular localization.5,11 These observations are in
disagreement with the results published by Kulikov et al.32 that
demonstrated significant radiation-induced inhibition of
GSK-3b. One of the possible explanations for the differences
could be the cell type specificity: in our study, we used
hippocampal-derived neurons, whereas Kulikov et al. used
cancer cell lines. We have reported previously dramatic
differences in the radiation-induced cell survival of HT-22
hippocampal-derived neurons and brain tumor cell lines.5,11

We also demonstrated that radioprotective effect of GSK-3b
inhibition is specific for hippocampal-derived neurons as
compared with brain tumor cell lines.5,11 There is a possibility
that GSK-3b involvement in the radiation responses is
indirect, through interaction with p53 after its translocation to
the nucleus. This could trigger p53 downregulation of several
survival-promoting transcription factors that are known to be
phosphorylated by GSK-3b in the nucleus, the inhibition of
which would promote p53-dependent apoptosis.19

We suggest that the radioprotective effects of GSK-3b
inhibition also involve, at least, three proteins, GSK-3b, p53
and MDM2, and the role of MDM2 in these effects is essential.
In our co-immunoprecipitation study, we demonstrated that
GSK-3b, p53 and MDM2 bind to each other in cytosolic and
nuclear fractions of HT-22 cells (Figure 4). Depending on
treatment, there are preferences in three-protein complex
formation in subcellular compartments. The proposed inter-
action between MDM2, GSK-3b and p53 and resulting cellular
responses are described in Figure 8. On irradiation of HT-22
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Figure 8 The proposed interaction between MDM2, GSK-3b and p53 in subcellular compartments and resulting cellular responses. (a) Upon irradiation of HT-22 neurons,
p53 stabilizes and accumulates in nucleus that triggers increased GSK-3b/p53/MDM2 binding and results in apoptosis. (b) GSK-3b inhibition causes cytoplasmic MDM2
accumulation followed by MDM2-dependent p53 degradation that leads to cellular radioprotection. (c) Additional MDM2 knock down or inhibition of MDM2-p53 interaction
reverses radioprotective effect of GSK-3b inhibition
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neurons, p53 stabilizes and accumulates in the nucleus that
triggers increased GSK-3b/p53/MDM2 binding and results in
apoptosis (Figure 8a). GSK-3b inhibition causes cytoplasmic
MDM2 accumulation followed by MDM2-dependent p53
degradation that leads to cellular radioprotection (Figure 8b).
Additional MDM2 knockdown or inhibition of MDM2-p53
interaction reverses radioprotective effect of GSK-3b inhibition
(Figure 8c).

In summary, these findings uncover mechanisms of
radiation-induced cytotoxicity and radioprotection in HT-22
hippocampal-derived neurons involving GSK-3b, p53 and
MDM2. The revelation that the neuroprotective effect of GSK-
3b inhibitors includes modulation of p53 function through a
MDM2-dependent mechanism presents opportunities for
therapeutic intervention. Specifically, GSK-3b inhibitors could
be developed for protection of the brain and thereby prevent
radiation-induced neurocognitive deficiencies observed in
cancer survivors.

Materials and Methods
Cell cultures and treatment. HT-22 cells, glutamate-sensitive clone derived
from immortalized mouse hippocampal cell line,45 were obtained from David
Schubert (The Salk Institute, La Jolla, CA, USA) and maintained in Dulbecco’s
modified Eagle’s medium with 10% fetal bovine serum (FBS) and 1% penicillin/
streptomycin (Life Technologies, Gaithersburg, MD, USA). Cells were grown in a
5% CO2 incubator at 371C. For experiments with GSK-3b inhibitors, cells were
treated with 10mM SB216763 or 25mM SB415286 for 16 h before irradiation.11 For
experiments with MDM2 inhibitors, cells were treated with 1mM RITA or 10mM
nutlin-3a for 24 h before irradiation. For the radiation of cells, Therapax DXT 300
X-ray machine (Pantak Inc., East Haven, CT, USA) delivering 2.04 Gy/min at
80 kVP was used.

Chemicals. SB415286 (3-((3-chloro-4-hydroxyphenyl)amino)-4-(2-nitrophenyl)-
1H-pyrrole-2,5-dione), SB216763 (3-(2,4-dichlorophenyl)-4-(1-methyl-1H-indol-3-yl)-
1H-pyrrole-2,5-dione) and RITA (5,50-92,5-furandiyl) bis-2-thiophenemethanol)
were purchased from Tocris biosciences (Ellisville, MO, USA). Nutlin-3a ((±)-4-
(4,5-Bis(4-chlorophenyl)-2-(2-isopropoxy-4-methoxy-phenyl)-4,5-dihydro-imidazole-1-
carbonyl)-piperazin-2-one) was purchased from Sigma-Aldrich (St. Louis, MO,
USA). Nutlin-3a binds to MDM2 and alters the binding of MDM2 to other proteins.

Silencing of MDM2 with shRNA. HT-22 cells were transiently transfected
using the pGIPZ lentiviral plasmid vector (Open Biosystems, Huntsville, AL, USA).
This bicistronic vector allows estimation of the level of transfection by expressing of
shRNA of interest in the first cistron, while keeping a high level of expression from
second cistron encoding green fluorescent protein (GFP). The vector contained
either non-silencing scrambled shRNA or shRNA specific for mouse MDM2 (50-TCT
TGTTGACAGTGAGCGCGGATTGAAGCGGAGATCTAAATAGTGAAGCCACAG
ATGTATTTAGATCTCCGCTTCAATCCATGCCTACTGCCTCGGA-30). HT-22 cells
were seeded at 40–50% confluency and transfected the following day with 5–10mg
of expression vectors with Lipofectamine 2000 reagent (Invitrogen Corporation,
Carlsbad, CA, USA) according to the manufacturer’s protocol. Cells were examined
microscopically at 24 and 48 h post transfection for TurboGFP expression to
estimate the level of transfection. The cells were trypsinized, resuspended in
phosphate-buffered saline (PBS) and sorted for GFP-positive cells using the BD
FACS Aria cell sorter (BD Biosciences, San Jose, CA, USA). The GFP-positive cells
were further tested for MDM2 expression by immunoblotting and then used for
clonogenic survival assays, apoptosis assays and immunoblot analyses.

Silencing of GSK-3b with shRNA. To identify shRNA sequences that
could knockdown GSK-3b in HT-22 hippocampal neuronal cells, we screened five
MISSION shRNA clones NM_019827.2-1527s1c1 (Sigma, St. Louis, MO, USA)
targeted against the mouse GSK-3b sequence. The effect of the shRNA clones on
GSK-3b protein levels in HT-22 cells was assayed by immunoblotting using anti-
GSK-3b antibody (Cell Signaling Technologies, Danvers, MA, USA). The clone with
the best results for knockdown of GSK-3b was selected (50-CCGGCATGAAA
GTTAGCAGAGATAACTCGAGTTATCTCTGCTAACTTTCATGTTTTT-30), and a

clone that gave no significant change in GSK-3b expression (50-CCGGCGAGAA
GAAAGATGAGGTCTACTCGAGTAGACCTCATCTTTCTTCTCGTTTTT-30) was
used as a control. MISSION shRNA clones together with packaging and
envelope plasmids pUMVC and pCMV-VSV-G (provided by Sheila Stewart,
Washington University) were transfected into HEK293T packaging cells using
Fugene (Promega, Madison, WI, USA). At 48 h post transfection, virus-containing
media was used to infect HT-22 cells. GFP was used to monitor the efficiency of
HEK293T transfection and HT-22 infection. After selection with puromycin (2 mg/ml)
for 36–48 h, cells were tested for GSK-3b expression by immunoblotting and then
used for clonogenic survival assays, apoptosis assays and immunoblot analyses.

Clonogenic survival assay. Colony-forming assay was performed as
previously described.5 Briefly, counted cells were plated to enable normalization for
plating efficiencies. Cells were allowed to attach for 5 h and then irradiated with 0, 2,
4, 6 or 8 Gy. After 7–10 day incubation, plates were fixed with 70% EtOH and
stained with 1% methylene blue. Colonies consisting of 450 cells were counted
using microscopy. The survival fractions were calculated as: (number of colonies/
number of cells plated)/(number of colonies for corresponding control/number of
cells plated).

Apoptosis assays. Apoptosis was determined by annexin V-APC/propidium
iodide staining using Apoptosis Detection Kit (BD PharMingen, San Diego, CA,
USA). Briefly, aliquots of 105 treated cells were incubated with annexin V/propidium
iodide for 15 min at room temperature and analyzed by flow cytometry using a two-
color FACS analysis (BD LSR II, BD Biosciences). For each treatment, the average
fold-increase of apoptotic cells over control (±S.E.M.) was calculated.

Apoptosis was also determined by DAPI staining. The cells were grown on
slides, treated, washed with PBS, fixed in 4% paraformaldehyde for 10 min and
stained with 5 mg/ml of DAPI at room temperature for 10 min. The nuclear
morphology was observed using fluorescent microscope equipped with digital
camera. Condensed or fragmented nuclei were scored as apoptotic; average
percentage of apoptotic cells (±S.E.M.) was calculated in five to seven randomly
selected HPF.

Immunoblot analysis. Cells were lysed using M-PER (Pierce, Rockford, IL,
USA). Nuclear and cytoplasmic cell extracts were prepared using NE-PER (Pierce).
Protein concentration was quantified using bicinchoninic acid reagent (Pierce).
Protein extracts (40 mg) were subjected to western immunoblot analysis using
antibodies for the detection of b-catenin, p53, phospho-p53ser18, GSK-3b (all from
Cell Signaling Technologies) and MDM2 (Santa Cruz Biotechnology, Inc., Santa
Cruz, CA, USA); antibody to actin (Sigma) was used to evaluate protein loading in
each lane. Immunoblots were developed using the western Lightning
Chemiluminescence Plus detection system (PerkinElmer, Wellesley, MA, USA)
according to the manufacturer’s protocol. Relative protein levels were determined by
densitometry and normalized to actin and to control (cells treated with DMSO).

Immunofluorescence staining. HT-22 cells were plated on glass cover
slips in six-well plates. After treatment, cells were fixed with 4% paraformaldehyde
for 15 min at 371C. The cells were permeabilized using 0.1% Triton X-100 (Fisher
Scientific, Pittsburgh, PA, USA) for 10 min, blocked with 10% FBS in PBS for 1 h at
room temperature and incubated with primary antibodies for either GSK-3b, p53
(Cell Signaling Technology), or MDM2 (Santa Cruz Biotechnology) in 10% FBS in
PBS overnight at 41C. After washing with 1% FBS in PBS for 20 min, cells were
incubated with the secondary Alexa 488-conjugated antibody (Molecular Probes,
Invitrogen; anti-mouse for p53 or anti-rabbit for GSK-3b and MDM2, respectively)
for 30 min at room temperature. The cells were washed with PBS, mounted using
Aqua-Mount (Fisher Scientific), visualized using Leica microscope (Leica
Microsystems Inc., Buffalo Grove, IL, USA) and digital images were captured
using the IP Lab software (BD Biosciences).

Co-immunoprecipitation analysis. The anti-GSK-3b and anti-MDM2
antibodies (200mg) were covalently coupled to protein G-Sepharose (1 ml of 50%
slurry) using the dimethyl pimelimidate method as previously described.46 Cell
lysates (100–200mg total protein) were incubated with coupled antibody (40 ml of
50% slurry) at 41C overnight. The co-immunoprecipitated proteins were eluted by
adding 30ml of 2� Laemmli sample buffer, boiled with 5% (v/v)
b-mercaptoethanol, separated on SDS-PAGE and analyzed by immunoblotting
using antibodies to detect GSK-3b, p53 and MDM2.
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Statistical analyses. The mean and S.E.M. of each treatment group were
calculated for all experiments. The number of samples is indicated in the description
of each experiment. Statistical analysis was performed using Kruskal–Wallis
one-way analysis of variance. All pair wise comparison procedures including
calculation of P-value were performed by use of Student–Newman–Keuls method.
A P-value of o0.05 was considered significant.
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