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Summary
Activation of p53 by DNA damage results in either cell cycle arrest, allowing DNA repair and cell
survival, or induction of apoptosis. As these opposite outcomes are both mediated by p53
stabilization, additional mechanisms to determine this decision must exist. Here we show that
glycogen synthase kinase-3 (GSK-3) is required for the p53-mediated induction of the pro-
apoptotic BH3 only-protein PUMA, an essential mediator of p53-induced apoptosis. Inhibition of
GSK-3 protected from cell death induced by DNA damage and promoted increased long-term cell
survival. We demonstrate that GSK-3 phosphorylates serine 86 of the p53-acetyltransferase Tip60.
A Tip60S86A mutant was less active to induce p53 K120 acetylation, Histone 4 acetylation and
expression of PUMA. Our data suggest that GSK-3 mediated Tip60S86-phosphorylation provides
a link between PI3K signaling and the choice for or against apoptosis induction by p53.
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Introduction
DNA damage constitutes a potentially deleterious lesion, which triggers signals promoting
the stabilization and activation of p53 and the initiation of DNA repair. Activated p53
mediates the arrest of the cell cycle through transcriptional induction of the CDK inhibitor
p21WAF/CIP, thereby allowing DNA repair and, if successful, cell survival. In the absence of
survival signals however, DNA damage may instead lead to the elimination of a potentially
hazardous cell by apoptosis, which also requires stabilization and activation of p53
(Vousden and Lu, 2002).

Apoptosis is induced by p53 through its sequence-specific transcription factor activity,
mainly by transcriptional induction of the pro-apoptotic BCL-2 family member PUMA
(Nakano and Vousden, 2001; Yu et al., 2001), which is required for p53-induced apoptosis
(Jeffers et al., 2003; Villunger et al., 2003). In addition, p53 was found to directly activate
BAX in the cytoplasm (Chipuk et al., 2004).

By binding to pro-survival BCL-2 family proteins, PUMA mediates mitochondrial outer
membrane permeabilization by release of activators of BAX or BAK (Chipuk et al., 2005;
Kuwana et al., 2005; Letai et al., 2002), or BAX/BAK themselves from their inhibitory
sequestration by BCL-2, BCL-xL and MCL-1 (Willis et al., 2007). Possibly, PUMA also
acts as a direct activator of BAX and BAK (Kim et al., 2006). While the models for
cytochrome c release by PUMA are therefore controversial, a key role of PUMA for the
elimination of potentially harmful cells by p53-mediated apoptosis is established (Michalak
et al., 2008; Villunger et al., 2003).

The molecular basis for the choice between cell cycle arrest and apoptosis induction by p53
is not well understood. As p53 is subject to various posttranslational modifications (Kruse
and Gu, 2009), this may provide the level of regulation for or against the choice of cell death
through p53. In addition to phosphorylation, mediating p53 stabilization, the acetylation of
p53 has recently been shown to be a key signal, promoting its activation upon DNA damage
(Kruse and Gu, 2009; Tang et al., 2008). Acetylation at lysine 164 (K164) and six lysines in
the C-terminal region of p53 by the acetyltransferase CBP/p300 (Tang et al., 2008) was
shown to block repression of p53, mediated by Mdm2- and Mdmx, by preventing their
recruitment to target promoters (Kruse and Gu, 2009; Tang et al., 2008). In addition, the
pro-apoptotic activity of p53 was demonstrated to depend on its acetylation on lysine 120
(K120) by the acetyltransferases Tip60 and hMOF, demonstrating a role of the
acetyltransferase Tip60 for the choice between p53-mediated cell cycle arrest or apoptosis
(Sykes et al., 2006; Tang et al., 2006).

Tip60, as part of the evolutionary conserved Tip60/NuA4 complex, was characterized as a
histone acetylase involved in gene transcription in yeast and mammalian cells (Allard et al.,
1999; Doyon et al., 2004). Further research has extended Tip60 functions as being involved
in DNA repair (Kusch et al., 2004; Sun et al., 2005) and required for apoptosis induction
upon DNA damage (Ikura et al., 2000). It is now evident that Tip60 acts on multiple levels
in gene transcription, the DNA damage response and growth control, by acetylating histone
and non-histone proteins (Squatrito et al., 2006).

Importantly, Tip60 was recently characterized as a haplo-insufficient tumor suppressor, as
mice lacking a single allele of the Tip60 gene (Htatip) exhibited accelerated myc-induced
lymphomagenesis (Gorrini et al., 2007).

A requirement of Tip60 for the p53 pathway was first demonstrated by knock-down and
overexpression experiments (Doyon et al., 2004; Legube et al., 2004) and by the
identification of Tip60 as a p53 activator in an unbiased large-scale RNAi screening study
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(Berns et al., 2004). Tip60 was later shown to promote p53-mediated apoptosis (Tyteca et
al., 2006). However, while Tip60 modulates p53 activity, the question remains as to how
Tip60 acetyltransferase activity is regulated.

It was also proposed that the activity of PI3K/PTEN might contribute to the choice for or
against apoptosis upon p53 stabilization (Vousden and Lu, 2002). In support of this idea,
mouse embryonic fibroblasts deficient for PTEN were reported to be refractory to p53-
induced cell death (Stambolic et al., 2001).

PI3K signaling, induced by growth factor, leads to the inhibition of glycogen synthase
kinase-3 (GSK-3). GSK-3 is present in two isoforms, GSK-3α and GSK-3β, which are both
repressed by inhibitory phosphorylation through AKT on serine 21 and serine 9,
respectively. Accordingly, growth factor stimulation of cells has been shown to reduce
GSK-3 activity by 40-50%, while PI3K inhibition increases GSK-3 activity (Cross et al.,
1995).

In this study, we set out to investigate the influence of PI3K signaling on p53-mediated
apoptosis. We show that p53-induced PUMA, but not p21 expression, requires GSK-3
activity. We have identified the p53-acetyltransferase Tip60 as a novel direct target of
GSK-3. GSK-3 phosphorylates S86 of Tip60, and S86 phosphorylation of Tip60 is required
for Tip60-mediated acetylation of p53 at K120, H4 acetylation at the puma promoter and the
induction of PUMA. These findings demonstrate that Tip60 phosphorylation by GSK-3
contributes to the choice for apoptosis, by promoting the induction of PUMA.

Results
GSK-3 is required to induce PUMA, but not p21 expression

We investigated the role of the PI3K pathway and GSK-3 for the induction of PUMA and
apoptosis upon DNA damage. U2OS cells were treated with the PI3K inhibitor LY294002,
which results in enhanced GSK-3 activity (Cross et al., 1995; Maurer et al., 2006), combined
or not with the potent and specific GSK-3 inhibitor CT98014 as previously described
(Cohen and Goedert, 2004; Maurer et al., 2006; Ring et al., 2003). Upon subsequent γ-
radiation, p53 and p21 were induced independently of the pharmacological modulation of
GSK-3 or PI3K (Fig. 1A, 1B and S1A). However, while we observed some PUMA mRNA
induction by inhibition of PI3K, a maximal induction of PUMA mRNA and protein was
observed when γ-radiation and the inhibition of PI3K were combined (Fig. 1A, 1C and
S1B). Conversely, the pharmacological inhibition of GSK-3 abrogated PUMA, but not p21
expression (Fig. 1A, 1B, 1C and Fig. S1A and S1B). The expression of Noxa mRNA (Fig.
S1C) and Bax mRNA and protein (Fig. S1D and S1E) was not largely affected by inhibition
of GSK-3, thus indicating a specific requirement of GSK-3 for the induction of PUMA, but
not other pro-apoptotic p53 target genes.

To confirm these data, we knocked down GSK-3α, GSK-3β, or both by siRNA or shRNA in
U2OS cells. Combined knock-down of GSK-3α and GSK-3β by siRNA substantially
diminished PUMA protein (Fig. 1D, compare lanes 2 and 4) and mRNA levels (Fig. S2A),
and similar results were obtaind by shRNA-mediated knockdown of GSK-3α and GSK-3β
(Fig. S2B). Knock-down of each GSK-3α or GSK-3β expression partly reduced PUMA
protein expression (Fig. 1D, lanes 2, 6, 8), indicating that both GSK-3 isoforms contribute to
PUMA induction.

We next investigated the regulation of PUMA in growth factor-dependent cells. IL-3
dependent BAF3 cells, which exhibit intact p53 signaling (Canman et al., 1995), were pre-
incubated with PI3K inhibitor, GSK-3 inhibitor, or both and subjected to γ-radiation. While
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PI3K inhibition alone resulted in some PUMA mRNA induction, expression of PUMA
mRNA and protein were strongly induced upon combined exposure to γ-radiation and PI3K
inhibition (Fig. S3A and S3C). Expression of p21 mRNA and protein did not depend on
PI3K or GSK-3 (Fig. S3B and S3C). Accordingly, PI3K inhibition and γ-radiation
cooperated to induce apoptosis (Fig. S3D).

In a different approach, IL-3 dependent BAF3 and FL5.12 cells were pre-incubated with a
reduced concentration of IL-3, in order to attenuate PI3K signaling and de-repress GSK-3
activity (Frame and Cohen, 2001; Maurer et al., 2006). This treatment, by itself, did not
result in the induction of apoptosis. When BAF3 cells were exposed to γ-radiation, we
observed an induction of p53, p21 and PUMA (Fig. 1E, lane 4). Inhibition of GSK-3
specifically abrogated PUMA, but not p53 and p21 induction in BAF3 (Fig. 1E, lane 8, Fig.
1F and 1G) and FL5.12 cells (Fig. S4A and S4B). Again, BAX expression did not depend
on GSK-3 (Fig. S4C). Consistent with the loss of PUMA induction upon GSK-3 inhibition,
the occurrence of apoptosis by γ-radiation was substantially decreased in BAF3 (Fig. 1H)
and FL5.12 cells (Fig. S4D).

To extend our observations to primary cells, we investigated the role of GSK-3 in IL-2
dependent activated lymphocytes. The concentration of IL-2 was reduced in order to
increase GSK-3 activity and cells were subjected to γ-radiation. While this treatment
induced p53 and p21 independently of GSK-3, the pharmacological inhibition of GSK-3
again selectively repressed PUMA protein and mRNA induction (Fig S5A, lanes 3 and 4,
and Fig. S5B). Consistent with PI3K and GSK-3 being regulated by growth factor
availability, the induction of Puma mRNA upon γ-radiation was repressed by IL-2 in a dose
dependent manner, and Puma mRNA expression (Fig. S5C) and apoptosis (Fig. S5D) was
prevented by inhibition of GSK-3.

We did not, however, observe a major effect of GSK-3 on the mRNA induction of Noxa and
Bax in these cells (Fig. S5E and S5F). Thus, GSK-3 activity appears to specifically promote
the expression of PUMA, but not other pro-apoptotic p53 target genes.

Induction of PUMA expression requires GSK-3 activity in vivo
As PUMA is required for lymphocyte apoptosis by DNA damage in vivo (Jeffers et al.,
2003; Villunger et al., 2003), we tested the contribution of GSK-3 to DNA damage-
mediated PUMA induction in mice. GSK-3 inhibitors CT98014 or CT99021, as described
(Bain et al., 2007; Cohen and Goedert, 2004; Maurer et al., 2006; Ring et al., 2003), were
injected C57BL/6 in mice, which were subjected to whole body γ-irradiation. Splenocytes
from mice which had received the pharmacological GSK-3 inhibitors CT98014 or CT99021
exhibited a reduced induction of Puma mRNA (Fig. 2A) and protein (Fig. S6A). Likewise,
thymocytes from mice, which had received CT98014 expressed significantly reduced puma
mRNA upon γ-irradiation (Fig. S6B). Thus, pharmacological inhibition of GSK-3 modulates
PUMA expression in vivo.

Inhibition of GSK-3 confers long-term survival to irradiated cells
To assess whether inhibition of GSK-3 promotes sustained cell survival after γ-irradiation,
we performed clonogenic assays in methylcellulose with growth factor-dependent FL5.12
and BAF3 cells. As described above, cells were initially maintained for 12 h in reduced IL-3
in order to decrease PI3K activity (de-repressing GSK-3 activity), and then were either left
untreated, or subjected to doses of γ-irradiation of 2, 4 and 6 Gy, either in presence or
absence of the GSK-3 inhibitor. Eight hours after irradiation, cells were plated in
methylcellulose containing IL-3. After 7 days, FL5.12 and BAF3 cells, which had been
irradiated in presence of the GSK-3 inhibitor, showed substantially elevated relative
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clonogenicity, demonstrating that inhibition of GSK-3 during the period of γ-irradiation
promotes increased long term cell survival (Fig. 2B, 2C and 2D).

p53-dependent, DNA damage-induced apoptosis requires GSK-3 and acetylation of p53 on
K120

To investigate whether the role of GSK-3 in damage-induced cell death depends on p53, we
subjected activated lymphocytes generated from p53+/+ and p53-/- mice to γ-irradiation, after
maintaining them for 12 h in reduced growth factor. In order to achieve DNA damage-
induced cell death in absence of p53, a high radiation dose of 25 Gy was applied, in
presence or absence of the GSK-3 inhibitor. After 12 h of irradiation, about 50% of p53+/+

lymphocytes were apoptotic, which was, despite the high radiation dose, partially
suppressed by inhibition of GSK-3, while p53-/- cells were all viable (Fig. 3A). In p53-/-

lymphocytes, a similar extent of cell death was reached only after 48 h (when p53+/+ cells
were all dead). This was, however, barely changed by the presence of the GSK-3 inhibitor
(Fig. 3B). Thus, the promotion of DNA damage-induced cell death by GSK-3 in activated
lymphocytes is to a large part dependent on p53.

We next addressed the requirement of p53 for the regulation of PUMA, employing
HCT116p53+/+ or HCT116p53-/- cells. While PI3K inhibition alone resulted in low
induction of PUMA mRNA and protein in both HCT116 p53+/+ and HCT116 p53-/- cells
(which was not prevented by kockdown of the p53-relative p73 [Fig. S7A and B]), Puma
mRNA and protein were strongly induced after a combination of PI3K inhibition and γ-
irradiation in HCT116 cells retaining p53, which was reduced by inhibition of GSK-3 (Fig.
3C, 3D and Fig. S7C).

Foxo3a has recently been reported to be a transcriptional inducer of PUMA upon growth
factor withdrawal (You et al., 2006), and we interrogated its contribution to PUMA
induction upon DNA damage, combined with attenuated PI3K signaling. Using activated
lymphocytes from wild-type (Foxo3a+/+) and Foxo3a-deficient (Foxo3atrap/trap) lymphocytes
(Lin et al., 2004), observed similar PUMA and apoptosis induction by DNA damage and
maintenance in low growth factor (Fig. S7D, E and F). This suggests that GSK-3, rather than
Foxo3a, determines PUMA induction and apoptosis upon low PI3K signaling.

Recently, the importance of p53 acetylation at lysine 120 (K120) by the acetyltransferase
Tip60 was demonstrated for the pro-apoptotic function of p53 (Sykes et al., 2006; Tang et
al., 2006). We investigated the requirement of the acetylation of K120 of p53 for the
cooperation of inhibition of PI3K signaling and DNA damage to induce PUMA. HCT116
p53-/- cells, infected with retrovirus encoding either p53wtERtam or K120-acetylation
defective p53K120RERtam were treated with etoposide and 4-hydroxytamoxifen (4-OHT) in
presence or absence of LY294002. Consistent with the observations described before, high
induction of PUMA was observed in cells infected with p53ERtam after addition of
etoposide and 4-OHT only when PI3K was inhibited. This effect was considerably
diminished in cells expressing p53K120RERtam, while only a slight decrease of p21 protein
expression was observed (Fig. 4A, lanes 8 and 16).

Likewise, Puma mRNA induction by the same treatment was decreased in cells expressing
the K120R mutant, while p21 mRNA induction was similar (Fig. 4B and 4C). These data
suggest that K120 acetylation of p53 contributes to PUMA induction by PI3K inhibition and
DNA damage.

Consistently, in p53-null H1299 cells expressing p53wtERtam, the inhibition of the PI3K
pathway (activating GSK-3) enhanced cell death induced by 4-OHT-mediated p53wtERtam
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activation. In contrast, cells expressing the K120-acetylation-deficient mutant p53K120R and
treated with 4-OHT and PI3K inhibitor exhibited diminished apoptosis (Fig. 4D).

Together, these results show that full PUMA induction after DNA damage depends on
GSK-3 and p53 K120-acetylation.

GSK-3 phosphorylates Tip60 on S86 in vitro and in vivo
Recent reports have shown that p53 acetylation on K120 is mediated by the lysine-
acetyltransferase Tip60 (Sykes et al., 2006; Tang et al., 2006). As the presence of K120 of
p53 was required to induce PUMA expression after PI3K inhibition and DNA damage, we
investigated the possibility that GSK-3 and the p53 K120-acetyltransferase Tip60 are part of
the same pathway.

We therefore asked whether inhibition of PI3K creates a pro-apoptotic signal, acting on
K120 of p53, by way of an activating phosphorylation of Tip60 by GSK-3. In support of this
idea, Tip60 contains an evolutionary conserved GSK-3 phosphorylation site (S86XXXS90,
Fig. 5A).

We investigated the phosphorylation of Tip60 by GSK-3 by an in vitro kinase assay. In
order to phosphorylate its substrates, GSK-3 requires a priming phosphorylation, located
four amino acids C-terminal of the serine to be phosphorylated by GSK-3 (Cohen and
Frame, 2001). Tip60wt, the GSK-3 phosphorylation mutant Tip60S86A or the priming
phosphorylation mutant Tip60S90A were subjected to a kinase assay with recombinant
GSK-3β as described before (Maurer et al., 2006). While wild-type Tip60 was
phosphorylated by recombinant GSK-3β, phosphorylation was absent in the GSK-3
phosphorylation mutant Tip60S86A and in the priming phosphorylation mutant Tip60S90A

(Fig. 5B). In order to investigate S86-phosphorylation of Tip60 in cells, we generated a
phospho-S86Tip60-specific antibody, which specifically recognized phosphoS86Tip60 (Fig.
S8A and S8B).

We expressed wild-type Tip60, as well as the mutants Tip60S86A, Tip60S90A and
Tip60S86A/S90A along with constitutively active GSK-3β (GSK-3βS9A) or kinase-inactive
GSK-3β (GSK-3βK85R) in 293T cells. The presence of GSK-3βS9A, but not GSK-3βK85R,
resulted in the phosphorylation of S86 of wild-type Tip60, while no signal for S86-
phosphorylation was detected with any of the mutants (Fig. 5C, lanes 3, 6, 9, and 12).

To explore if Tip60 phosphorylation depended on PI3K signaling, we expressed Tip60wt, as
well as Tip60S86A, Tip60S90A and Tip60S86A/S90A in BAF3 cells and incubated them with
the PI3K inhibitor LY294002 (increasing GSK-3 activity) with or without the GSK-3
inhibitor (CT98014). Tip60wt was phosphorylated on S86 at a basal level, while PI3K
inhibition further increased S86 phosphorylation of Tip60. Inhibition of GSK-3 completely
abolished LY294002-induced S86 phosphorylation of Tip60. Again, none of the mutants
were phosphorylated upon GSK-3 activation (Fig. 5D).

These data not only indicate that GSK-3 phosphorylates Tip60 on S86, but also that
phosphorylation of Tip60 by GSK-3 requires the priming phosphorylation of S90, as
demonstrated before for other GSK-3 substrates (Cohen and Frame, 2001).

We next addressed the phosphorylation of endogenous Tip60 in nuclear extracts of HCT116
cells. Inhibition of PI3K enhanced the phosphorylation of endogenous Tip60 at S86, which
was completely lost upon inhibition of GSK-3 (Fig. S8C).

Importantly, S86-phosphorylation of endogenous Tip60 was largely reduced in U2OS cells
which had been transfected with siRNA specific for GSK-3α and β, but not in cells
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transfected with a siRNA control, confirming the data obtained by pharmacological
inhibition of GSK-3 (Fig. 5E).

PI3K signaling leads to activation of AKT, which suppresses GSK-3 activity by inhibitory
phosphorylation (Cross et al., 1995). We therefore investigated the effect of AKT on Tip60
phosphorylation by in FL5.12 cells expressing constitutively active (myristoylated) AKT
(Maurer et al., 2006), which had been maintained in reduced growth factor permitting
GSK-3 activity. Consistent with a suppression of GSK-3 activity by AKT (Cross et al.,
1995), we found that expression of myrAKT in these cells prevented S86-phosphorylation of
endogenous Tip60 (Fig. 5F) and that myrAKT prevented induction of PUMA mRNA (Fig.
S8D), while having no suppressive effect on p21 expression (Fig. S8E).

Consistently, in activated lymphocytes, maintained in decreasing concentrations of IL-2, the
extent of Tip60S86 phosphorylation depended on growth factor availability and was
correlated with the extent of DNA damage-induced apoptosis after 24 h (Fig. S9A and B).

To validate our results in vivo, we administered the GSK-3 inhibitors CT98014 and
CT99021 to C57BL/6 mice and analyzed Tip60 S86-phosphorylation in splenocytes. The
Tip60 α and β isoforms (Ran and Pereira-Smith, 2000) were expressed in murine
splenocytes, and were both phosphorylated on S86. Tip60 S86-phosphorylation was strongly
reduced 90 min after injection of the GSK-3 inhibitos, corroborating our results in vivo (Fig.
S9C).

We observed that Tip60S86 phosphorylation was independent of DNA damage induced by
γ-radiation (Fig. 5G, Fig. S8B). Also, it was not influenced by cdc2/CDK1, which had been
reported to phosphorylate S90 of Tip60 in vitro, representing the priming site for GSK-3
(Lemercier et al., 2003) (Fig. S10A and B).

Phosphorylation of Tip60 on S86 by GSK-3 is required for PUMA induction after PI3K
inhibition and DNA damage

We next asked whether S86-phosphorylation of Tip60 is required for the induction of
PUMA by DNA damage. We stably knocked down endogenous Tip60 in U2OS cells by
lentiviral shRNA, while re-introducing retrovirus encoding shRNA-resistant wild-type
Tip60 or the Tip60S86A mutant, respectively.

Upon γ-radiation and inhibition of PI3K, PUMA was strongly induced in cells where
Tip60wt was re-expressed. U2OS cells expressing Tip60S86A, however, displayed largely
reduced PUMA induction (Fig. 6A, lanes 4 and 6).

In a different approach, increasing amounts of Tip60wt or Tip60S86A were transiently
transfected into HCT116 cells before treatment with γ-radiation and PI3K inhibitor. PUMA
protein and mRNA induction was higher in cells transfected with wildtype Tip60, compared
to those expressing Tip60S86A (Fig. 6B, compare lanes 8 and 9 to lanes 11 and 12 and Fig.
6C).

This demonstrates the importance of Tip60S86-phosphorylation for the induction of PUMA
by p53, when DNA damage is combined with loss of PI3K signaling.

Acetylation of p53 and H4 acetylation at the puma promoter depend on Tip60 S86-
phosphorylation and GSK-3

Two separate functions of Tip60 were previously described to play a role for DNA-damage
mediated pro-apoptotic signaling: Tip60 was shown to directly acetylate p53 on K120
(Sykes et al., 2006; Tang et al., 2006), and to mediate acetylation of histone H4 (Ikura et al.,
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2000). H4 acetylation at the puma promoter was shown to depend on p53K120 acetylation
and involved p53-dependent recruitment of Tip60 to the puma promoter (Tang et al., 2006).

Therefore, we investigated how Tip60 phosphorylation affected both the p53 and the histone
acetyltransferase activities of Tip60.

We first explored whether phosphorylation of Tip60 on S86 influenced the p53K120
acetyltransferase activity of Tip60. We observed that p53 was acetylated at K120 only upon
co-expression of Tip60wt, but much less by the phosphorylation-defective Tip60S86A mutant
(Fig. 7A). This demonstrates that the absence of S86 phosphorylation substantially
diminishes the p53K120-acetyltransferase activity of Tip60.

We next analyzed the histone acetyltransferase (HAT) activity of Tip60. Tip60wt, expressed
and purified from 293T cells in absence of the GSK-3 inhibitor, mediated H4 acetylation in
a HAT ELISA, using a H4 peptide as a substrate. Tip60 expressed in 293T upon inhibition
of GSK-3 displayed compromised Tip60 HAT activity, as did the S86A mutant (Fig. 7B).
Thus, S86-phosphorylation, mediated by GSK-3, modulates Tip60 HAT activity.

We did not find, however, that the interaction of Tip60 with p53 was dependent on S86
phosphorylation of Tip60 (Fig. S11).

Finally, we questioned whether PI3K and GSK-3 influence p53 binding to the puma
promoter, and histone H4 acetylation at the puma promoter, respectively, by Chromatin-
Immunoprecipitation (ChIP) followed by quantitative real-time PCR.

HCT116 p53-/- cells expressing p53wtERtam were treated with 4-OHT/etoposide, PI3K
inhibitor, or combined, and subjected to ChIP employing antibodies specific for p53 and
AcH4 and primers, annealing proximal or distal from the p53-binding site in the puma
promoter (Wang et al., 2007). We found that inhibition of PI3K, along with induction of p53
by 4-OHT/etoposide, increased the association of p53 with the puma promoter, as assessed
by quantitative real-time PCR using the proximal primers, but not to a region distal from the
p53 binding site. The binding of p53 to the puma promoter was, however, not reduced by
inhibition of GSK-3 (Fig. 7C).

The puma promoter-specific H4 acetylation proximal, but not distal to the p53 binding site
was also promoted by the combination of PI3K inhibition and induction of p53 by 4-OHT/
etoposide. Inhibition of GSK-3, however, reduced H4 acetylation at the puma promoter,
which is consistent with a suppression of Tip60-histone acetyltransferase activity upon
GSK-3 inhibition (Fig. 7D). Thus, by modulating Tip60 phosphorylation, GSK-3 regulates
H4 acetylation at the puma promoter, while it did not influence p53 binding to the puma
promoter.

Discussion
The data presented here show that GSK-3 determines p53-mediated PUMA expression and
apoptosis. We show that the underlying mechanism is the phosphorylation of Tip60 on S86
by GSK-3, which is enhancing the acetyltransferase activity of Tip60.

Tip60 was shown to promote PUMA induction and apoptosis by acetylating p53 on K120
(Sykes et al., 2006; Tang et al., 2006). Moreover, H4 acetylation at the Puma promoter
depended on p53K120 acetylation and was associated with the recruitment of Tip60 to the
Puma promoter (Tang et al., 2006).
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Our results show that S86 phosphorylation of Tip60 influences both the p53K120
acetyltransferase activity as well as the H4 HAT activity of Tip60. We further show that H4
acetylation at the puma promoter, proximal to the p53 binding site, was reduced by
inhibition of GSK-3. This is consistent with the reduced HAT activity of Tip60 upon
inhibition of GSK-3 we find, and with an earlier study showing that Tip60 histone acetylase
activity was attenuated due to the absence of the phosphorylation site S86/S90 (Lemercier et
al., 2003). The observation that GSK-3 dependent H4 acetylation occurred proximal, but not
distal to the p53 binding site, indicates that H4 acetylation was dependent on p53.

Together, while not ruling out additional ways of PI3K to influence p53 signaling, our data
show that the PI3K signaling pathway, via GSK-3 and Tip60, and the DNA damage
pathway converge on p53-mediated transcriptional regulation of PUMA.

While GSK-3 facilitated p53-dependent PUMA induction and death, it was not required for
p53-mediated p21 expression. Interestingly, we observed mostly in cytokine-dependent
cells, that in contrast to the repression of PUMA induction, GSK-3 inhibition leads to an
increase of p53 and p21 expression upon DNA damage. Likewise, elevation of p21 mRNA
was also observed in cells expressing constitutively active AKT, which inactivates GSK-3.
This may be explained by GSK-3-mediated MDM2 phosphorylation, which has been shown
to contribute to p53 degradation (Kulikov et al., 2005). Thus, the state of GSK-3 activation
contributes to the choice as to whether p53 induces cell cycle arrest or apoptosis.

Our data suggest that the activity of GSK-3 increases PUMA induction, but not the
expression of BAX or NOXA, both pro-apoptotic p53 target genes (Miyashita and Reed,
1995; Oda et al., 2000). Thus, GSK-3 exhibits a selective enhancement of PUMA as a pro-
apoptotic p53 target. It is unclear how this specificity is mediated, but it is possible that p53
and pS86Tip60 interact with a factor specific for the PUMA promoter.

An earlier report has shown that IL-3 dependent cells, when treated with γ-radiation,
undergo cell cycle arrest in presence of IL-3 and rapid apoptosis upon deprivation of the
growth factor (Canman et al., 1995). As IL-3 regulates AKT and GSK-3 signaling (Maurer
et al., 2006), our results suggest that this effect is mediated, at least in part, by GSK-3.

In contrast, Foxo3a which also has been shown to be a PUMA regulator induced by
cytokine-withdrawal (You et al., 2006) did not influence PUMA expression induced by
DNA damage and low growth factor, indicating that PUMA, under these conditions, is
controlled in a GSK-3-dependent, but Foxo3a-independent manner.

We observed a low PUMA induction upon PI3K inhibition or growth factor reduction alone,
which also was GSK-3 dependent. As p53 is not stabilized in the absence of DNA damage,
this observation seems incompatible with a GSK-3-promoted mechanism involving
p53K120 acetylation to induce PUMA.

There is, however, evidence that p53 plays a role for apoptosis by growth factor withdrawal,
independent of DNA damage. A recent study, exploring PUMA induction in IL-3 dependent
and primary hematopoietic progenitor cells, respectively, demonstrated that growth factor
withdrawal-induced up-regulation of PUMA occurred in the absence of detectable p53
stabilization, but not in p53-/- cells, therefore being dependent on p53 (Jabbour et al., 2010).
This confirms an earlier study, reporting that p53-/- bone marrow cells show enhanced
viability and increased colony formation in conditions of limited growth factor (Lotem and
Sachs, 1993). Likewise, PUMA protein induction was shown to depend on p53 in activated
lymphocytes deprived from IL-2 (Zhao et al., 2008). Interestingly, this study also showed
that only PUMA, but not BAX or p21 was p53-dependently induced by growth factor
withdrawal, which is consistent with our data. Thus, the GSK-3 dependent induction of
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PUMA upon growth factor withdrawal or PI3K inhibition we have observed, may be
mediated by Tip60-dependend K120 acetylation of low levels of p53 (possibly a
consequence of stress-induced, moderate p53 activation due to in vitro-cell culture
conditions), which contribute to PUMA induction. Indeed, by Western blotting, we observed
low but detectable levels of p53 in the absence of DNA damage in U2OS and FL5.12 cells.
In addition, Tip60 S86-phosphorylation was independent of DNA damage, permitting its
activation as a transcriptional co-activator for PUMA in the absence of DNA damage
response signaling.

We did not find that GSK-3 substantially facilitates DNA damage-induced apoptosis of p53-
deficient, IL-2 dependent activated lymphocytes, indicating that the promotion of apoptosis
by GSK-3 required p53 in this system. We observed, however, a low induction of PUMA in
HCT116p53-/- cells upon activation of GSK-3 by inhibition of PI3K, which obviously
cannot be explained by GSK-3 promoting PUMA induction through p53. It is conceivable,
however, that another transcription factor, acting PI3K/GSK-3 dependently in cooperation
with Tip60 as well, accounts for this observation.

GSK-3 substrates require a priming phosphorylation four amino acids C-terminal of the
GSK-3 target site (Frame and Cohen, 2001; Frame et al., 2001). CDK-1 was reported to
phosphorylate the GSK-3 priming site S90 of Tip60 in vitro (Lemercier et al., 2003). Our
data show however, that under the conditions we investigated, CDK-1 is unlikely to provide
the priming phosphorylation of Tip60 on S90, since no change in GSK-3 mediated
phosphorylation of Tip60-S86 was observed.

Axin, which interacts with GSK-3 in the Wnt signaling pathway, has been shown to play an
important role for p53-mediated apoptosis in a signaling complex with Tip60 and HIPK2 (Li
et al., 2009). It is an important question how Axin-dependent p53 signaling and the
mechanism described here are interconnected.

We think that our results potentially have therapeutic implications: It has been shown that
the p53-mediated pathological response to DNA damage, causing massive cell death of bone
marrow cells and small intestine epithelium, has no tumor suppressive function
(Christophorou et al., 2006). In contrast, after acute DNA damage, when rare oncogene
activations occured, p53 was required for a protection from tumorigenesis (Christophorou et
al., 2006). Thus, sparing bone marrow cells and small intestine epithelium from cell death
during acute DNA damage (inflicted by chemo-or radiation therapy) by turning off p53-
mediated cell death would potentially be beneficial for a patient, without the risk of
increased malignancy. This could be achieved by transient pharmacological inhibition of
GSK-3 during the period of the insult, as we demonstrate that application of GSK-3
inhibitors suppress PUMA induction in vivo. Subsequent discontinuation of pharmacological
GSK-3 inhibition after the insult would reinstate p53-induced apoptosis and thus, response
to potential oncogene activation. Consistent with this idea, a recent study showed that
administration of pharmacological GSK-3 inhibitors to mice substantially increased survival
after whole-body γ-irradiation (Thotala et al., 2010).

Experimental procedures
Cell fractionation, Immunoblotting and antibodies

Cells were subjected to nuclear fractionation as described previously (Charvet et al., 2006).
Whole cells lysis was described previously (Maurer et al., 2006). Proteins (20-60µg) were
separated by SDS-PAGE and transferred on nitrocellulose membranes. The membranes
were then probed with anti-Puma (#3043, Prosci Incorporated, San Diego, Califiornia), anti-
GSK-3 (sc-56913), anti-p53 (DO-1, sc-126), and anti-Tip60 (N-17, sc-5725) (all Santa Cruz,
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Santa Cruz, California), anti-p21 (#556430, BD Pharmingen, San Diego, California), anti-
myc (#2276, 9B11), anti-Ku80 (#2753) and anti-Akt (#9272, all from Cell Signaling,
Danvers, Massachusetts) anti-Bcl-2 (10C4, Zymed, San Francisco, California), anti-actin
(A2026, Sigma, Taufkirchen, Germany), anti-V5 (#R960-25, Invitrogen, Carlsbad,
California), and anti-FOXO3a (#07-702, Millipore, Billerica, Massachusetts) antibodies.
Anti-AcK120p53 antibody was described (Tang et al., 2006). The anti-phosphoSerine86
Tip60 was generated using the immunogenic peptide CGGNGLPGpS86RPG (ProSci
Incorporated, San Diego, California).

For co-immunoprecipitation of p53 and Tip60, HCT116p53-/- cells were transfected with
Flag-p53 and CMV-Tip60 using Lipofectamine™ 2000 and lysed with the BC100 buffer
and mild sonication according to the protocol described previously (Tang et al., 2006).

Colony assay
FL5.12 or BAF3 cells were maintained in low IL-3 medium (0.05 µg/L) for 12 h and
subjected to different doses of γ-irradiation (2, 4 or 6 Gy) or left untreated, in presence or
absence of CT98014 (0.75 µM). Eight hours after γ-irradiation, 103 cells were plated in
methylcellulose-based media (Methocult™) containing recombinant IL-3 (1 µg/L). After 7
days, relative clonogenicity was calculated from the number of colonies for each condition
relative to the number of colonies from the untreated condition (with or without GSK-3
inhibitor, respectively), defined as 100%.

In vivo acetylation of p53 at K120 by Tip60 phosphorylation mutants
H1299 cells were transiently transfected with Flag-p53 along with Tip60wt or Tip60S86A as
indicated. Cells were treated with deacetylase inhibitors TSA (1 µM) and nicotinamide (5
mM) for the last 4 h of culture. To immunoprecipitate Flag-p53, total cell extracts were
incubated with M2 flag beads (Sigma, Taufkirchen, Germany) overnight. Beads were
washed five times with Flag lysis buffer (Tang et al., 2006) and the bound materials were
eluted using Flag peptides (Sigma, Taufkirchen, Germany). Total cell extracts and the M2
immunoprecipitated materials were analyzed by western blot using the anti-Tip60, anti-
AcK120-p53 and anti-p53 antibodies (Tang et al., 2006).

Apoptosis assays
Apoptosis was determined by staining with recombinant GFP-coupled Annexin V (25 µM,
made in our laboratory) for 10 min and propidium iodide (5 µg/ml) and analyzed by flow
cytometry.

HAT ELISA
The HAT ELISA was performed essentially according to the manufacturer's protocol
(Millipore, Billerica, MA). Briefly, HIS-tagged Tip60wt (+/- CT98014 for the last 1 h before
harvest) and Tip60S86A were expressed in 293T cells. Proteins were purified by Ni2+

affinity, and HAT activity was determined with a H4 peptide as a substrate by HAT ELISA.

Real-time PCR
Relative expression of PUMA was determined by real-time PCR in comparison to the L32
housekeeping gene as described before (Maurer et al., 2006). Primers sequences are in the
supplemental table.

Statistics
Statistical significance was analyzed by 2-tailed Student's t test. Unless indicated otherwise,
data represent the mean ± SD.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• PUMA and apoptosis induction by p53 require GSK-3

• GSK-3 phosphorylates the acetyltransferase Tip60 on Serine 86

• Tip60S86A exhibits diminished acetylation of p53 at K120, H4, and expression
of PUMA

• Acetylation of H4 at the puma promoter depends on GSK-3 and p53
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Figure 1. PI3K inhibition and DNA damage synergize to induce PUMA expression and apoptosis
in a GSK-3-dependent manner
(A) U2OS cells were treated as indicated with LY294002 (10 µM) in the presence or the
absence of the GSK3 inhibitor CT98014 (0.75 µM) for 1 h and irradiated (10 Gy). Six hours
later, cell lysates were separated on SDS-PAGE and analyzed for p53, p21, PUMA
expression and AKT for normalization using specific antibodies. (B) U2OS cells were
treated with LY294002 (10 µM) in the presence or absence of GSK-3 inhibitor CT98014
(0.75 µM) for 1 h and subjected to ©-irradiation (10 Gy, black bars). After 3 h, p21 mRNA
expression was analyzed and normalized to L32 mRNA. Error bars represent standard
deviation of triplicate measurements. (C) U2OS cells were treated as in B and puma mRNA
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expression was analyzed and normalized to L32 mRNA. Error bars represent standard
deviation of triplicate measurements. (D) U2OS cells were transfected with a control
siRNA, or siRNA knocking down GSK-3〈, ® or both. Fourty-eight hours later, transfected
cells were treated as indicated with LY294002 (10 µM) and subjected to irradiation (10 Gy).
Six hours after irradiation, cell lysates were analyzed by SDS-PAGE and probed for p53,
PUMA, GSK-3 expression and AKT for normalization using specific antibodies. (E) BAF3
cells were maintained in low growth factor (0.05 µg/L IL-3) media for 12 h. Cells were then
treated with the GSK3 inhibitor CT98014 (0.75 µM) for 1h and irradiated (10 Gy). Four
hours after irradiation, total cell extracts were analyzed for p53, p21, PUMA expression and
Bcl-2 for normalization. (F) BAF3 cells were maintained in low IL-3 (0.05 µg/L) for 12 h.
Cells were then treated with the GSK-3 inhibitor CT98014 (0.75 µM) for 1 h and subjected
to ©-irradiation (10 Gy, black bars). After 2 h, p21 mRNA expression was analyzed and
normalized to L32 mRNA. Error bars represent standard deviation of triplicate
measurements. (G) BAF3 cells were treated as in F and PUMA mRNA expression was
analyzed and normalized to L32 mRNA. Error bars represent standard deviation of triplicate
measurements. (H) BAF3 cells were treated as in E and stained with Annexin V-GFP and PI
to monitor cell death at the indicated time points. Error bars represent standard deviation of
triplicate measurements.
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Figure 2. Inhibition of GSK-3 upon γ-irradiation represses induction of Puma in vivo and
confers long-term clonogenic survival
(A) C57BL/6 mice were injected with two different GSK-3 inhibitors, either CT98014 or
CT99021 (30 mg/kg) or vehicle and subjected to whole-body irradiation (5 Gy) (black bars)
or not (gray bars). Two and a half hours later, splenocytes were isolated and PUMA mRNA
expression was analyzed by real-time PCR and normalized to L32 mRNA. (n= mouse
number). Error bars represent standard deviation of data obtained from indicated number of
mice, with each measurement done in triplicate. (B) FL5.12 cells were maintained on low
IL-3 concentration (0.05 µg/L) for 12 h in order to activate GSK-3 at a concentration of
0.75×106/ml. Cells were then treated or not (-) with GSK-3 inhibitor CT98014 (0.75 µM)
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for 1 h and γ-irradiated (2, 4 or 6 Gy) or left untreated. Eight hours after, cells were plated in
methylcellulose containing IL-3 (1 µg/L). Clonogenicity was calculated relative to the
colony number in the untreated condition, with or without GSK-3 inhibitor, respectively, as
a percentage. Error bars represent standard deviation of triplicate measurements. (C) BAF3
cells were treated as in B and relative clonogenicity was determined. Error bars represent
standard deviation of triplicate measurements. (D) FL5.12 cells were treated as in B. A
representative picture is shown for each condition.
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Figure 3. DNA-damage-induced cell death depends on p53 and GSK-3
(A) IL-2-dependent lymphocytes generated from p53+/+ or p53-/- mice were maintained in
low IL-2 (5 U/ml) for 12 h in order to activate GSK-3. After pre-treatment with the GSK-3
inhibitor (CT98014, 1.5 µM, 1 h) as indicated, cells were ©-irradiated (25 Gy). After 12 h,
apoptosis was analyzed by flow cytometry analysis of AnnexinV+ cells. Error bars represent
standard deviation of triplicate measurements. (B) Assessment of cell death of IL-2-
dependent p53-/- lymphocytes at 48 h. Error bars represent standard deviation of triplicate
measurements. (C) HCT116 p53+/+ and HCT116 p53-/- cells were treated with the PI3K
inhibitor LY294002 (10 µM) the GSK-3 inhibitor CT98014 (1.5 µM) for 1 h as indicated
and γ-irradiated (10 Gy). After 3 h, puma mRNA expression was analyzed by realtime RT-
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PCR and normalized to L32 mRNA. Error bars represent standard deviation of triplicate
measurements. (D) HCT116 p53+/+ and HCT116 p53-/- cells were treated as in C and 5 h
after ©-radiation, total cell extracts were analyzed for p53, p21, PUMA expression and AKT
for normalization.
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Figure 4. PUMA expression upon PI3K inhibition and DNA damage depends on p53 acetylation
on K120
(A) HCT116 p53-/- cells overexpressing p53wtERtam or p53K120RERtam were treated with
LY294002 (10 µM) and/or Etoposide (100 µM) with or without 4-OHT (100 nM) for 6 h.
Total cell extracts were analyzed for p53, p21, PUMA expression and AKT for
normalization. (B) HCT116 p53-/- cells overexpressing p53wtERtam or p53K120RERtam were
treated as in A. Two hours after ©-radiation, p21 mRNA expression was analyzed and
normalized to L32 mRNA. Error bars represent standard deviation of triplicate
measurements. (C) HCT116 p53-/- cells overexpressing p53wtERtam or p53K120RERtam were
treated as in B and puma mRNA expression was analyzed and normalized to L32 mRNA.
Error bars represent standard deviation of triplicate measurements. (D) H1299 p53null cells
overexpressing p53wtERtam (gray bars) or p53K120RERtam (black bars) were treated with
LY294002 (10 µM) and/or 4-OHT (100 nM) for 24 h and AnnexinV+ cells were analyzed
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by flow cytometry. Error bars represent standard deviation of triplicate measurements.
Overexpressed p53wtERtam and p53K120RERtam proteins are shown in the inset.
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Figure 5. Tip60 is phosphorylated by GSK-3 on Serine 86 in vitro and in vivo
(A) Alignment of the potential Tip60 GSK-3 target site in different species using the
multiple sequence alignment MAFFT. The S86 and S90 residues are indicated. (B) V5/His-
tagged Tip60wt, Tip60S86A and Tip60S90A were expressed and purified from 293T cells and
incubated for 20 min in the presence of 33P©-ATP (12.5 µCi) with or without recombinant
GSK3® (0.1 µg/reaction). After blotting, the membrane was exposed on a film for 12 h, and
subsequently probed with the anti-Tip60 antibody. (C) 293T cells were transiently
transfected with V5-tagged Tip60wt and mutants along with myc-tagged constitutively
active GSK-3S9A or kinase-inactive GSK-3K85R. Whole cell lysates were analyzed for
pS86Tip60, V5-Tip60, myc-GSK-3 and Actin. (D) BAF3 cells were transiently transfected
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with empty vector, V5-tagged Tip60wt and mutants. Twenty-four hours later, transfected
cells were treated with LY294002 (10 µM) with or without CT98014 (0.75 µM) for 4 h.
Total cell extracts were analyzed by western blot using anti-pS86Tip60, anti-V5 and anti-
Actin antibodies. (E) U2OS cells were infected with either control lentivirus or lentiviruses
encoding shRNA targeting GSK-3〈 and GSK-3®. After 72 h, cells were subjected to nuclear
fractionation and nuclear extracts were analyzed for phosphoS86-Tip60, Tip60, GSK-3 and
Ku80 for normalization. (F) FL5.12wt cells and Fl5.12 cell infected with a control retrovirus
(pLXIP) or retrovirus encoding myristoylated AKT (Myr-AKT) were maintained in low
IL-3 concentrations (0.05 µg/L) for 12 h to activate GSK-3, FL5.12wt were treated with
CT98014 as indicated, and nuclear extracts were analyzed for pS86-Tip60, Tip60, Ku80 and
AKT. (G) BAF3 cells were maintained in low IL-3 (0.05 µg/L) for 12 h and subjected to ©-
irradiation (10 Gy). Four hours later, nuclear extracts were analyzed for phosphoS86-Tip60,
Tip60, p53 and Ku80 for normalization.
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Figure 6. GSK-3-phosphorylation of Tip60 on Serine 86 is required for optimal PUMA induction
(A) U2OS cells were infected with virus encoding sh-resistant Tip60wt, Tip60S86A or
Tip60S90A mutants along with lentivirus encoding control shRNA or shRNA to knockdown
endogenous Tip60. Infected cells were incubated with the PI3K inhibitor LY294002 (10
µM) and γ-irradiated (10 Gy). Four hours later, cells were lysed and analyzed for Tip60,
p53, PUMA and actin expression. (B) HCT116p53+/+ cells were transiently transfected with
increasing doses (0.1 µg, 0.5 µg and 1 µg) of plasmid DNA encoding Tip60wt or Tip60S86A

mutant. Twenty-four hours later, cells were treated with LY294002 (10 µM) and irradiated
(10 Gy). Five hours later, nuclear and cytosolic extracts were analyzed for pS86Tip60,
Tip60, p53 and PUMA and AKT, respectively. (C) HCT116p53+/+ cells were transfected
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and treated as in B. Three hours after irradiation, expression of puma mRNA was analyzed
by real-time RT-PCR and normalized to L32 mRNA. Error bars represent standard deviation
of triplicate measurements.
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Figure 7. Serine-86 phosphorylation of Tip60 modulates p53K120 and H4 acetyltransferase
activity
(A) H1299 cells were transfected with plasmid DNA expressing Flag-p53 and Tip60wt or
the S86A phosphorylation mutant. Cells were treated with HDAC inhibitors TSA (1 ⎧M)
and nicotinamide (5 mM) 4 h before harvesting. To immunoprecipitate p53 protein, cells
were lysed and total cell extracts were immunoprecipitated with M2 Flag beads. Total cell
extracts and the M2 immunoprecipitation were analyzed by Western blot using the anti-
Tip60 (CLHF), anti-AcK120-p53, and anti-p53 (DO-1) antibodies, respectively. (B) Control
vector (Ctrl) or V5/His-tagged Tip60wt, Tip60S86A and Tip60S90A were expressed, and
purified from 293T cells and subjected to in vitro a HAT assay using a H4 peptide as a
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substrate. Right panel shows expression and S86-phosphorylation of Tip60. Error bars
represent standard deviation of triplicate measurements. (C and D) HCT116p53-/- cells
expressing p53wtERtam were treated with a combination of 4-OHT (100 nM) and etoposide
(100 µM) with or without LY294002 (10 µM) in the presence or absence of GSK-3 inhibitor
CT98014 (1.5 µM) for 5 h and subjected to ChIP using anti-p53 or anti-AcH4.
Immunoprecipitated material and input were subjected to quantitative real-time PCR using
primers annealing in the puma promoter proximal or distal from the p53 binding site.
Promoter occupancy by either p53 (C) or Ac-H4 (D) was determined relative to input. Error
bars represent standard deviation of triplicate measurements.
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