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The Hedgehog (Hh) signaling regulates tissue development, and its aberrant activation is a leading cause of malignancies,
including medulloblastoma (Mb). Hh-dependent tumorigenesis often occurs in synergy with other mechanisms, such as loss of
p53, the master regulator of the DNA damage response. To date, little is known about mechanisms connecting DNA-damaging
events to morphogen-dependent processes. Here, we show that genotoxic stress triggers a cascade of signals, culminating with
inhibition of the activity of Gli1, the final transcriptional effector of Hh signaling. This inhibition is dependent on the p53-mediated
elevation of the acetyltransferase p300/CBP-associated factor (PCAF). Notably, we identify PCAF as a novel E3 ubiquitin ligase of
Gli1. Indeed PCAF, but not a mutant with a deletion of its ubiquitination domain, represses Hh signaling in response to DNA
damage by promoting Gli1 ubiquitination and its proteasome-dependent degradation. Restoring Gli1 levels rescues the growth
arrest and apoptosis effect triggered by genotoxic drugs. Consistently, DNA-damaging agents fail to inhibit Gli1 activity in the
absence of either p53 or PCAF. Finally, Mb samples from p53-null mice display low levels of PCAF and upregulation of Gli1
in vivo, suggesting PCAF as potential therapeutic target in Hh-dependent tumors. Together, our data define a mechanism of
inactivation of a morphogenic signaling in response to genotoxic stress and unveil a p53/PCAF/Gli1 circuitry centered on PCAF
that limits Gli1-enhanced mitogenic and prosurvival response.
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Hedgehog (Hh) is a highly conserved morphogenic pathway
that regulates development in several tissues.1 Its activation is
triggered by the binding of the ligand (Shh, Ihh and Dhh) to the
inhibitory receptor Ptch1, which relieves the transmembrane
transducer Smoothened (Smo), thus allowing the activation of
Gli family of transcription factors (Gli1, 2 and 3). When
inappropriately activated (through Ptch1 or SuFu loss-
of-function or Smo gain-of-function mutations) Hh signaling
can lead to tumor formation such as medulloblastoma (Mb).2,3

Mb is the most frequent childhood malignant brain tumor
arising from cerebellar neuronal progenitors. Current therapies
consist of surgical resection followed by radio- and chemo-
therapy, which cause however short- and long-term severe
adverse effects.4,5 This emphasizes the importance to
develop new therapeutical approaches to improve prognosis
and quality of life of patients. This goal can be achieved by a
deeper comprehension of both the molecular events that lead
to tumorigenesis and the mechanisms underlying the bio-
logical response to the drugs. Although about half of the Mb
tumors display inappropriately high Hh signaling, mutations of

the components of the pathway have been found in only a
minority of cases (20–25%),6 suggesting the existence of
additional genetic or epigenetic hits. The most powerful
effector of the pathway, Gli1, shows strong oncogenic
properties as well as mitogenic and prosurvival activity.7–9

Gli1 is also a transcriptional target of itself and provides a
feedback positive loop, thus reinforcing the strength of the
signaling. Therefore, suppression of Gli1 activity represents
an effective strategy to restrain Hh cascade and its oncogenic
properties. It has been reported that Gli1 function is finely
tuned by posttranslational modifications such as phosphor-
ylation, ubiquitination and acetylation.10–15

Recent work suggests that Gli1 function is also controlled
by oncosuppressor signaling such as the p53 pathway.16 p53
is a well-known transcription factor activated in response to
cellular stresses (oncogenic activation, hypoxia and DNA
damage) leading to cell cycle arrest or apoptosis.17–19 These
p53 activities control cellular homeostasis, protecting from
tumorigenic events and mediate the suppressive effect of
DNA-damaging antitumor drugs.
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The involvement of p53 in Mb development is indicated by
several observations. p53-null genetic background enhances
Hh-dependent Mb formation developed in Ptch1þ /�

mice,20,21 whereas reduced tumorigenesis is observed in
Mdm2-deficient Ptch1þ /� mice in which Mdm2-mediated
degradation of p53 does not occur.22,23 Likewise, individuals
with Li–Fraumeni syndrome, harboring germline p53
mutations,24,25 are predisposed to the development of Shh-
type Mb.26,27 Somatic loss-of-function p53 mutations have
also been observed in B14% of human Shh-group Mb and
have been shown to be predictive of shorter survival.26

Recently, Shh-Mb has also been reported to display
relationship between p53 mutations and chromothripsis, a
catastrophic chromosomal rearrangement event associated
with more aggressive tumors.28 However, the mechanisms
through which p53 counteracts Hh signaling are still poorly
investigated.

Here, we show that p53 inhibits Gli1 levels and function in
response to DNA damage. This effect is mediated by the
induction of PCAF intrinsic E3-ligase activity, leading to Gli1
ubiquitination and proteasome-dependent degradation. This
Gli1 inhibition is part of the DNA-damage response in which
genotoxic stress attenuates the Gli1 mitogenic and pro-
survival properties. Our observations provide a mechanistic
explanation of the cooperative role of p53 loss of function with
the oncogenic Gli1. The discovery of PCAF as a novel Hh
inhibitor identifies this molecule as a potential therapeutical
target in Mb treatment.

Results

Genotoxic stress suppresses Hh/Gli signaling. To
investigate the role of genotoxic stress on Hh activity we
treated D283 human Mb cell line with the DNA-damaging
agents, doxorubicin or cisplatin. As shown in Figure 1a we
found that both drugs suppressed the mRNA levels of Gli1
(a sensitive read out of the pathway) in a dose- and time-
dependent manner. An increased level of p53 protein was
observed as a response to drug-induced DNA damage
(Figure 1a, bottom panel). The inhibition of Hh pathway was
also confirmed by reduction of other Hh target genes (cyclin
D2, Hip1, Bcl2 and Bmi1) (Figure 1b). The same effect on
Gli1 mRNA levels was observed in MEF Ptch1� /� , in which
the Hh pathway is constitutively activated as a consequence
of the loss of the inhibitory receptor Ptch1 (Supplementary
Figure 1). Doxorubicin or cisplatin also suppressed Hh
signaling in NIH 3T3 Shh light II cells, stably incorporating
a Gli1-responsive reporter,29 as indicated by inhibition of
luciferase activity in cells treated with the Smo agonist SAG
(Figure 1c). These findings suggest that DNA damage
suppresses Hedgehog signaling under basal or activated
conditions. Consistently with the drug-induced Hh inhibition,
we observed the downregulation of Gli1 protein levels in both
D283 and MEF Ptch1� /� cells (Figure 1d).

Our observations suggest that these chemotherapeutic
drugs display antitumor properties in Hh-dependent Mb
through the inhibition of Hh/Gli signaling.

Figure 1 Genotoxic stress suppresses Hh signaling. (a) D283 Mb cells were treated with cisplatin (Cispl; left), or doxorubicin (Doxo; right), in a dose- and time-dependent
manner, as indicated in the figure. Levels of Gli1 mRNA were analyzed by quantitative PCR (mean arbitrary units±S.D.). *Po0.05, drugs versus control. Representative
immunoblotting analysis of p53 protein levels in untreated and treated cells (bottom). (b) RNAs from D283 cells exposed to doxorubicin (2mM) for the indicated times were
analyzed by quantitative PCR, as described in (a). *Po0.05, doxorubicin versus control. (c) Shh Light II cells were treated for 48 h with SAG or DMSO and with cisplatin or
doxorubicin for the indicated times and luciferase activity was tested. **Po0.02, SAG versus control; *Po0.05, SAGþ drugs versus SAG. (d) Immunoblotting analysis of Gli1
and p53 protein levels in D283 and MEF Ptch1� /� cells untreated and treated with 2 mM doxorubicin. In all experiments MW of indicated protein are in kDa
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Gli1 suppression in response to DNA damage requires
p53. To understand how genotoxic stress represses Gli1
levels, we investigated the involvement of p53, a tumor
suppressor and master regulator of the DNA damage
response that has been described to also inhibit Hh/Gli1
signaling.16 To this end, we analyzed Gli1 expression in p53-
depleted cells after doxorubicin treatment. The experiment
was performed in D283 cells transduced with lentivirus,
allowing stable expression of either control or p53 short
hairpin RNAs (shRNAs). Depletion of endogenous p53
abrogated the modulation of Gli1 induced by DNA damage
(Figure 2a). Also, we did not observe Gli1 downregulation

(at both mRNA and protein levels) in Daoy Mb cells carrying
a p53 loss-of-function mutation,30 although the doxorubicin-
induced DNA damage was confirmed by observing elevated
expression of gH2AX (Figure 2b). Similar results were
obtained in p53-null Saos-2 cells compared with p53 wild
type U2OS or D341 Mb cells30 (Supplementary Figure 2).
Overall, these findings suggest that p53 is required for the
suppression of Gli1 in response to DNA damage.

Genotoxic stress induces PCAF in a p53-dependent
manner. A common mechanism mediating p53-dependent
response to genotoxic stress requires the activation of

Figure 2 Gli1 suppression in response to DNA damage requires p53 and PCAF. (a) Stable D283-derived cell line expressing either a control shRNA (shCTR) or an shRNA
directed against p53 (shp53) were treated with doxorubicin (Doxo) in a dose- and time-dependent manner, as indicated in the figure. Levels of Gli1 mRNA were analyzed by
quantitative PCR (mean arbitrary units±S.D., from three independent experiments). *Po0.05, doxorubicin versus control. Representative immunoblotting analysis of p53
protein levels in untreated and treated cells (bottom). (b) Daoy cells were treated with 2mM doxorubicin for the indicated times. Levels of Gli1 mRNA were analyzed by
quantitative PCR. Representative immunoblotting analysis of Gli1, gH2AX and p53 protein levels in untreated and treated cells (bottom). (c) D283 cells were treated with
doxorubicin or cisplatin in a dose- and time-dependent manner, as indicated in the figure. Levels of p300 and PCAF mRNA were analyzed by quantitative PCR. *Po0.05,
drugs versus control. (d) Representative immunoblotting analysis of PCAF protein levels after doxorubicin or cisplatin treatment. (e) D283 (left) or Daoy (right) cells were
treated with 2mM doxorubicin for the indicated times. Levels of PCAF mRNA were analyzed by quantitative PCR. *Po0.05, doxorubicin versus control. Representative
immunoblotting analysis of PCAF, p53 and gH2AX protein levels in untreated and treated cells (bottom). (f) Levels of PCAF mRNA analyzed by quantitative PCR in D283 p53-
depleted cells as described in (a). *Po0.05, doxorubicin versus control. (g) Gli1 mRNA levels and immunoblotting analysis of Gli1 and PCAF protein in D283 cells transfected
with siRNA specific for PCAF or a non-specific control and treated with 2 mM doxorubicin for 12 h. In all experiments MW of indicated protein are in kDa
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acetyltransferases (HATs) p300 and PCAF17 and the
acetylation of different substrates. We wondered whether
these coactivators were involved in p53-mediated Gli1
inhibition. We observed that doxorubicin or cisplatin sig-
nificantly upregulated mRNA and protein levels of PCAF,
whereas no effect was observed on p300 (Figures 2c and d).
PCAF upregulation was p53-dependent, like the previously
shown DNA damage induced downregulation of Gli1
(Figures 2a and f). PCAF modulation was observed only in
p53-proficient cells (D283 and U2OS, Figure 2e and
Supplementary Figure 2), but not in Daoy (p53 loss-
of-function), Saos-2 (p53-null) and in D283 p53-depleted
cells (Figures 2e and f, Supplementary Figure 2). PCAF has
been reported to be a transcriptional target of p53.31 To
determine whether p53 is recruited to PCAF promoter in our
cellular context, we performed quantitative chromatin immu-
noprecipitation assay (ChIP) in D283 cells treated with
doxorubicin. ChIP experiments showed that p53 was
recruited to the PCAF promoter in response to DNA damage
in association with an increase of acetylated histone H3
(Supplementary Figure 3), indicating that p53 binds to
transcriptionally active chromatin. Interestingly, p53-depen-
dent modulation of Gli1 and PCAF exhibited an inverse
correlation. This observation prompted us to investigate
whether PCAF was required for Gli1 downregulation in
response to DNA damage. Prevention of PCAF accumulation
by small interference RNA (siRNA) antagonized the geno-
toxic drug-induced suppression of Gli1 mRNA and protein in

D283 cells (Figure 2g). Together, these results demonstrate
that p53-induced upregulation of PCAF is required for the
inhibition of Gli1 in response to DNA damage.

PCAF acetyltransferase activity is dispensable for Gli1
suppression. To deepen our observation, we tested the
ability of PCAF to inhibit Gli1 function. PCAF overexpression
decreased Gli1-induced luciferase activity driven by a
Gli-responsive construct to a similar extent as p300
(Figure 3a) that we previously described to acetylate and
suppress Gli1 transcriptional activity.32 Surprisingly, a mutant
of PCAF deleted of the acetyltransferase domain (PCAFD
HAT) kept its inhibitory effect (Figure 3a). Accordingly, we
observed that Gli1 was not acetylated by PCAF in vivo
(Figure 3b). These results demonstrate that PCAF
acetyltransferase activity is dispensable for Gli1 inhibition.

PCAF ubiquitinates and degrades Gli1. To determine
whether the effect of PCAF on Gli1 requires their physical
interaction, we carried out co-immunoprecipitation and GST
pulldown assays. Both in vivo (Figures 3c and d) and in vitro
(Figure 3e) studies revealed that PCAF and Gli1 form a
complex. In light of this result and having excluded the
involvement of PCAF acetyltransferase activity in the
inhibition of Gli1, we investigated how PCAF could impair
Gli1 function.

In addition to acetyltransferase activity, PCAF has been
recently described to possess intrinsic ubiquitin ligase

Figure 3 PCAF HAT activity is dispensable for Gli1 suppression. (a) Luciferase assay performed in HEK293T cells transfected with Gli1 and 12� Gli Luc reporter, alone
or in combination with PCAF or PCAFDHAT or p300. *Po0.02, Gli1 versus empty; **Po0.02 Gli1þPCAF or Gli1þ PCAFDHAT or Gli1þ p300 versus Gli1. (b) HEK293T
cells were transfected with Gli1 alone or in combination with PCAF or p300. After immunoprecipitation with Flag antibody, acetylated Gli1 was detected by anti-acetylated
lysine antibody (AcK). The blot was reprobed with Flag antibody. Lower panels show p300, Gli1 and PCAF protein levels in total cell lysate. (c) HEK293T cells were transfected
with Gli1 in the absence or presence of PCAF, immunoprecipitated with anti-Flag agarose beads and immunoblotted with HA antibody. As a negative control, beads were
pre-blocked with Flag peptide (0.1 mg/ml). (d) Cell lysates from HEK293T cells were immunoprecipitated with rabbit-Gli1 antibody or control rabbit-antisera (IgG) and
immunoblotted with Gli1 and PCAF antibodies. (e) GST-PCAF was bound to glutathione-sepharose beads and used for in vitro pulldown assay. Gli1 was in vitro-translated and
then incubated with free GST control or GST-PCAF. Protein complexes were detected by immunoblot assay. In all experiments MW of indicated protein are in kDa
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function leading to Mdm2 ubiquitination and degradation.33

Therefore, we investigated the ability of PCAF to ubiquitinate
Gli1. Immunoprecipitation experiments showed that PCAF
induces the ubiquitination of Gli1 in a dose-dependent manner
(Figure 4a, left). Similar results were observed in the presence
of a PCAFDHAT mutant (Figure 4a, middle), but not upon
overexpression of the acetyltransferase p300 (Figure 4a,
right), also described to harbor ubiquitin ligase properties.34

PCAF most likely affected poly-ubiquitination, as demon-
strated by its failure to promote Gli1 ubiquitination in presence
of ubiquitin[mono]substrate (Supplementary Figure 4a). Notably,
PCAF deleted of its ubiquitination domain (PCAFDUb)33

was ineffective (Figure 4b and Supplementary Figure 4b).
These observations demonstrate that PCAF is a novel
E3-ubiquitin ligase for Gli1.

To link PCAF E3-ligase activity to the impairment of Gli1
function, we assessed whether PCAF also induces Gli1
degradation. In agreement with previous data pointing to the
involvement of the proteasome system in the processing of
ubiquitinated Gli1 protein,35,36 cells treated with the protea-
some-inhibitor MG132 displayed significant accumulation of
ubiquitinated Gli1 (Figure 4c). This observation suggests that
Gli1 is degraded following PCAF-mediated ubiquitination.

Steady-state levels of Gli1 protein were decreased following
transfection of increasing amounts of PCAF, but not of
PCAFDUb mutant (Figure 4d). Further, siRNA-mediated PCAF
depletion increased the half-life of Gli1 protein, supporting the
role of PCAF to promote Gli1 proteolysis (Figure 4e).

To investigate whether PCAF-induced ubiquitination affects
distinct Gli1 functional domains, we performed ubiquitination

Figure 4 PCAF ubiquitinates and degrades Gli1. (a) HEK293T cells were co-transfected with HA-Ubiquitin and Gli1 in the absence or presence of increasing amounts of
PCAF or PCAFDHAT or p300. Cellular lysates were immunoprecipitated with Gli1 antibody, followed by western blot with HA antibody to detect coniugated HA-Ub. The blot
was reprobed with Gli1 antibody. PCAF and p300 protein levels in total cell lysate (bottom). (b) HEK293T cells were transfected with HA-Ub in the presence or absence of
PCAF or PCAFDUb mutant. Endogenous Gli1 was immunoprecipitated with rabbit-Gli1antibody and ubiquitinated forms revealed as described in (a). PCAF protein levels in
total cell lysate (bottom). (c) HEK293T expressing HA-Ub in the presence or absence of PCAF were treated with the proteasome inhibitor MG132 (50 mg/ml) for 6 h prior of
lysis. Immunoprecipitation of endogenous Gli1 was performed as in (a). PCAF protein levels in total cell lysate (bottom). (d and e) Degradation of transfected Flag-Gli1 in
HEK293T in the presence of increasing amount of Flag-PCAF or Flag-PCAFDUb (d) or after treatment with 30mg/ml cycloheximide (CHX) in the presence of control or PCAF
siRNAs for the indicated time points (e). The graphs indicate densitometric analysis of three independent experiments (mean arbitrary units±S.D.). Data are shown as
a ratio of Gli1/Actin normalized to the amount of Gli1 in absence of overexpressed PCAF (d) or at the beginning of CHX treatment (e). In all experiments, MW of indicated
proteins are in kDa
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and transactivation assays on either N-terminal (aa 1–424) or
C-terminal (aa 424–1106) regions. To this end we tested two
types of fusion proteins: N terminus of Gli1 (containing the
DNA-binding domain) fused to the VP16 transactivation
domain (Gli1N-VP16) and C terminus of Gli1 (containing the
transactivating domain) fused to the Gal4 DNA-binding domain
(Gal4-Gli1C) (Figure 5a). Gli1 C terminus (Gal4-Gli1C), but not
its N terminus (Gli1N-VP16), was ubiquitinated by both PCAF
and PCAFDHAT (Figures 5b and c). Accordingly, while PCAF
significantly decreased the activity of Gal4–Gli1C fusion protein
on a Gal4-luciferase reporter, the activity of transfected Gli1N–
VP16 fusion protein was not affected (Figure 5d). These
findings indicate that the PCAF-responsive site of Gli1 is
functionally located on the C terminus. Docking sites for others
Gli1 E3 ubiquitin ligases (bTrCP, DC and Itch, DI) (Figure 5a)
have been described to reside in this region.11,36 However, we
did not observe changes in the PCAF-induced ubiquitination
levels of Gli1 mutants lacking bTrCP (Gli1DDc) or Itch (Gli1)
degrons (Supplementary Figures 5a and b).

Gli1 ubiquitination in response to DNA damage requires
PCAF and p53. The ability of PCAF to impair Gli1 stability
suggests that DNA damage would suppress Gli1 function by
promoting its ubiquitination. Indeed, doxorubicin increased
the ubiquitination of endogenous Gli1 in D283 cells, in

association with increased PCAF levels (Figure 6a). This
event was abrogated when PCAF expression was depleted
by siRNA-knockdown (Figure 6a). As a result of the ability of
p53 to activate PCAF transcription in response to DNA
damage, Gli1 ubiquitination and PCAF induction by doxor-
ubicin were significantly reduced in D283 cells transduced
with an shp53 (Figure 6b). Overall, these findings suggest
that the inhibition of Hh signaling by DNA damage is due to
Gli1 ubiquitination by p53-induced PCAF expression.

p53-mediated PCAF activation prevents the growth and
survival promoting activity of Gli1. To determine whether
the above-described p53/PCAF/Gli1 pathway works in vivo,
we analyzed Gli1 and PCAF levels in Mb tumors isolated
from Ptch1þ /� or Ptch1þ /� ;p53� /� mice. Remarkably,
PCAF levels were significantly downregulated, whereas Gli1
levels were upregulated in Ptch1þ /� ;p53� /� compared with
Ptch1þ /� Mb (Figure 7a). This is consistent with the model
whereby p53 suppresses Gli1 through activation of PCAF.

To address the involvement of PCAF/Gli1 pathway in
restraining tumor cell growth, we studied D283 cell prolifera-
tion and survival in response to doxorubicin treatment. As
evaluated by BrdU incorporation assay, the drug-induced
growth arrest was rescued by exogenous Gli1 (Figure 7b).
Gli1 enhanced levels also abolished the doxorubicin-induced

Figure 5 PCAF-responsive site of Gli1 is located at the C terminus. (a) Schematic representation of Gli1 and subdomains used to generate the Gli1N-terminal VP16 and
Gal4 C-terminal fusion proteins and reporters. Gli1 (2–424 aa) fragment was fused to VP16 transactivation domain (Gli1N-VP16); Gli1 (424–1106 aa) fragment was fused to
the Gal4 DNA-binding domain (Gal4-Gli1C). ZNF: DNA-binding domain; TAD: trans-activation domain; DC: bTrCP-binding site; DI: Itch-binding site. (b and c) Gal4-Gli1C (b) or
Gli1N-VP16 (c) mutants were co-transfected in HEK293T cells with HA-Ub in the presence or absence of PCAF or PCAFDHAT. Cellular lysates were immunoprecipitated with
Gal4 (b) or VP16 (c) antibodies, followed by western blot analysis using an HA antibody to detect conjugated HA-Ub. The blot was reprobed with the indicated antibodies.
PCAF protein levels in total cell lysates (bottom panel). (d) A luciferase assay was performed in HEK293T cells transfected with: Gli1N-VP16 and 12XGli Luc reporter, alone or
in combination with PCAF or with Gal4-Gli1C and Gal4-responsive luciferase reporter, in the absence or presence of PCAF. *Po0.02, Gal4-Gli1C versus empty Gal4 or
Gli1N-VP16 versus empty VP16; **Po0.02, Gal4-Gli1CþPCAF versus Gal4-Gli1C. In all experiments, MW of indicated proteins are in kDa
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apoptosis, as assessed by the expression of the PARP-
cleaved form and the presence of apoptotic nuclei (Figure 7c).
These results suggest that Gli1 impairment is involved in both
growth arrest and apoptosis in response to DNA damage.
Consistently, drug-dependent effect requires PCAF, as
siRNA-mediated PCAF depletion abrogated Mb cells sensi-
tivity to doxorubicin-induced growth arrest and cell death
(Figures 7d and e).

PCAF may increase p53 levels by inducing Mdm2
degradation.33 To rule out the involvement of this mechanism,
we analyzed the effect of PCAF on Mb cell growth in Daoy
cells harboring a defective p53 mutation.30 Exogenous PCAF,
but not PCAFDUb, a mutant unable to induce Gli1 degrada-
tion, decreased cell growth in this cell line as evaluated by
BrdU incorporation assay (Figure 7f). Importantly, over-
expressed PCAF inhibited cell growth to the same extent as
Gli1 siRNA-mediated knockdown and combined PCAF over-
expression in Gli1 knockdown did not inhibit cell growth to
greater extent. These results suggest that these proteins are
in the same pathway for inhibition of cell proliferation
(Figure 7f). Colony-formation assays confirmed the role
of PCAF to modulate Mb cell growth by inhibition of Gli1.
As expected, Gli1 overexpression or depletion promoted or
inhibited, respectively, Mb colony-formation ability (Figure 7g
and Supplementary Figure 6a). Accordingly, ectopic expres-
sion of PCAF, but not PCAFDUb, caused a significant
decrease in the number of colonies compared with cells
transfected with the empty vector (Figure 7g). The effect of
Gli1, PCAF and PCAFDUb on Mb cell proliferation was also
supported by an analysis of cumulative cell number over time
(Figure 7h and Supplementary Figure 6b). Together, our
findings suggest that degradation of Gli1 by PCAF has an

important role in restraining the Hh-dependent Mb growth in
response to genotoxic stress.

Discussion

Aberration of the Hedgehog pathway leads to malignancies,
including medulloblastoma. Hh-dependent tumorigenesis is
favored by the loss of p53, but the mechanisms connecting
DNA-damage response to morphogen-dependent control of
cancer are still unclear. In this work we identify a novel
molecular mechanism (Figure 8), whereby drug-induced DNA
damage triggers a cascade of events that results in Hh/Gli
inhibition through the activation of the PCAF/p53 axis. We
observed that genotoxic stress downregulates the mRNA and
protein levels of Gli1 and blunts its function. We demonstrated
that these effects are strictly dependent on the presence of a
functionally active p53 that in response to DNA damage
triggers the transcription of PCAF and promotes its accumula-
tion. The intrinsic E3-ligase activity of PCAF is then respon-
sible for the ubiquitin-dependent degradation of Gli1, thus
restraining its mitogenic and prosurvival activity. Interestingly,
these observations are consistent with the enhanced growth
arrest and cell death induced by the Gli1 antagonist
GANT61.37,38 Targeting the Hh pathway has a crucial role
for the therapy of Hh-dependent tumors (e.g. Mb).39 Inhibition
of Smo protein is currently exploited by several small
molecules in clinical trials. However, acquired resistance to
these drugs has been reported, as a consequence of
subsequent amplification of Gli2 or further mutations of Smo
or activation of overcoming oncogenic pathways.40,41 A still
unresolved issue is represented by the targeting of Gli1, whose
small molecule inhibitors are at a very early stage of
development. Therefore, a promising therapeutic strategy
would be targeting the mechanisms that lead to inactivation
(i.e. degradation) of Gli1. The identification of PCAF as a key
enzyme to inhibit Gli1 would allow the use of p53-activating
drugs (e.g. DNA-damaging drugs or the inhibitors of Mdm2/
p53 interaction, Nutlin-3 or RITA) in combination therapies of
Hh-dependent tumors or to control the disease recurrence due
to acquired anti-Smo drug-resistance. Remarkably, Nutlin-3
and RITA are currently tested as promising anticancer
treatments.42 Our observations might explain the ability of
Nutlin-3 treatment to suppress Mb, which in most cases
display high Mdm2 levels.43,44

In conclusion, we have described a p53/PCAF/Gli1 circuitry
centered on PCAF, whose coordinated p53 acetylating and
Gli1 ubiquitin/proteolytic functions are candidates as ther-
apeutic targets, thus preventing the Hh-mediated tumorigenic
process. Likewise, Hh/Gli antagonists are predicted to
sensitize cancer cells to the tumor-suppressive effect of
p53-enhancing drugs due to the role of both p53 and Hh
pathways in cell growth and apoptosis. Conversely, aberrant
Hh activation together with loss of PCAF-mediated restraining
signals (e.g. loss of p53) would enhance tumorigenesis, a
process that might be counteracted by PCAF-activating
drugs.

Materials and Methods
Cell culture, tranfection and reagents. HEK293T, MEF Ptch1–/–, Shh
light II, U2OS and Saos-2 were cultured in DMEM plus 10% FBS; D283 and Daoy

Figure 6 PCAF ubiquitinates Gli1 in response to genotoxic stress via p53.
(a and b) D283 cells were transfected with siRNA specific for PCAF or a non-specific
control (a) or transduced with shp53 or a non-specific control (b) and treated with
2mM doxorubicin for 12 h. Cellular lysates were immunoprecipitated with rabbit-Gli1
antibody, followed by immunoblotting with mouse-Ubiquitin (Ub) antibody. The blots
were reprobed with mouse-Gli1 antibody. PCAF and p53 protein levels in total cell
lysate (bottom). In all experiments MW of indicated protein are in kDa
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cells in MEM plus 20% and 10% FBS, respectively. Transient transfections were
performed using Lipofectamine 2000 or Lipofectamine Plus (Invitrogen, Eugene,
OR, USA). For RNA interference, D283 and MEF Ptch1–/– cells were transfected
with scrambled or PCAF short interfering oligos (Sigma Aldrich, St. Louis, MO,
USA) using Dharmafect 2 (Dharmacon, Lafayette, CO, USA); Daoy cells were
transfected with scrambled or Gli1 short interfering oligos (Dharmacon) using
Dharmafect 2. Cells were treated with SAG (Alexis Biochemicals, Farmingdale,
NY, USA), MG132 (Calbiochem, Nottingham, UK), doxorubicin, cisplatin,
cycloheximide (Sigma Aldrich).

Plasmids. pCX-PCAF, pCX-PCAFDHAT (lacking aa 550–623) and pCI-p300
were a gift from M Fanciulli (Regina Elena Cancer Institute, Italy). PCAFDUb was
constructed, as previously described, using PCR-amplified fragments of
amino acids 1–121, and 242 to the stop codon, fused in frame with Flag
epitope-tagged.33

Gli1 constructs and Gli–RE–Luc (containing 12 repeated Gli consensus
sequences in a TK minimal promoter vector) have been described previously.35

Gli1 Dc was kindly provided by Oro A.11 Gli1 is described previously.36

Ubiquitin–Flag constructs were provided by I Dikic (Goethe University, Germany).
Lentiviral vectors, pLV-WPXL-shp53, pLV-WPXL-shCTR, pLKO.1-puro-shCTR and

Figure 7 PCAF prevents the mitogenic and prosurvival activity of Gli1 in response to genotoxic stress. (a) Protein levels of Gli1 and PCAF in Mb tumor samples from
Ptch1þ /� or Ptch1þ /� ;p53� /� mouse model. (b) D283 medulloblastoma cells were transfected for 24 h with Gli1 or control vector and then treated with 2 mM doxorubicin.
Percent of BrdU incorporation was assessed in the population of transfected cells to monitor cell proliferation. *Po0.05, doxo versus control; **Po0.05 Gli1þ doxo versus
emptyþ doxo. (c) D283 cells were transfected and treated as in (b). Apoptosis was assessed in the population of transfected cells by evaluation of cPARP and nuclear
morphology. *Po0.05, doxo versus control; **Po0.05, Gli1þ doxo versus emptyþ doxo. (d) D283 medulloblastoma cells were transfected with siPCAF or siCTR and then
treated with 2 mM doxorubicin. Percent of BrdU incorporation was assessed as described in (b). *Po0.05, doxo versus control; **Po0.05 siPCAFþ doxo versus
siCTRþ doxo. (e) D283 cells were transfected and treated as in (d). Apoptosis was evaluated as described in (c). *Po0.05, doxo versus control; **Po0.05 siPCAFþ doxo
vs siCTRþ doxo. (f) Daoy medulloblastoma cells were transfected with the specified siRNA and with the indicated plasmids. Percent of BrdU incorporation was assayed to
monitor cell proliferation. *Po0.05, siGli1 versus siCTR or PCAF/siCTR versus empty/siCTR. (g) Daoy cells were transfected with the indicated plasmids, grown with G418 for
2 weeks, fixed and stained with crystal violet. Colony formation assay was performed to monitor cell proliferation. Counts from the colony formation assays and representative
images from experiments are shown. *Po0.05, PCAF or Gli1 versus empty. (h) Cells derived from triplicate plates from the colony assays were grown in culture as
monolayers, and cell growth rates were determined by analyzing cumulative cell number over time. Cells were counted in triplicate. Unless otherwise indicated, all experiments
were performed in triplicate, and mean±S.D. is shown

Figure 8 Model of p53/PCAF/Gli1 autoregulatory loop. In response to genotoxic
stress, PCAF acetylates and enhances p53 function that in turn induces
transcriptional activation of PCAF itself. The enhancement of PCAF levels leads
to ubiquitination and degradation of Gli1, through PCAF intrinsic E3-ligase activity.
The activation of the p53/PCAF/Gli1 circuitry releases cell cycle checkpoints (p53),
thus preventing uncontrolled cell growth and promoting apoptosis. In contrast,
inappropriate activation of Hh/Gli or loss of DNA damaged-induced inhibitory signals
(p53 and PCAF) determines uncontrolled cell proliferation, leading to tumorigenesis
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pLKO.1-puro-shGli1 (kindly provided by Barbara Stecca, Istituto Toscano Tumori,
Italy) were transfected into HEK293T packaging cells, and after 48 h, viral
supernatant was collected.

Antibodies. Mouse anti-Gli1 and rabbit anti-gH2AX were from Cell Signaling
(Beverly, MA, USA); rabbit anti-Gli1, mouse anti-PCAF, mouse anti-Ub, mouse
anti-p53, goat anti-Actin, mouse anti-p300, mouse anti-HA, anti-GFP-HRP, anti-
HA-HRP and HRP-conjugated secondary antibodies were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA, USA); rabbit anti-p53 was kindly provided by
S Soddu (Regina Elena Cancer Institute, Italy); rabbit anti-acetylated lysine was
from Upstate Biotechnology (Lake Placid, NY, USA); mouse anti-Flag-HRP was
from Sigma Aldrich; 594- or 488-conjugated anti-mouse and anti-rabbit secondary
antibodies were purchased from Molecular Probes (Invitrogen).

Biochemical methods. After transfection or drug treatments cells were
lysed in Tris–HCl (pH 7.6) 50 mM, NaCl 150 mM, NP-40 1%, EDTA 5mM,
deoxycholic acid sodium salt 0.5%, NaF 100mM and protease inhibitors. The
lysates were centrifuged at 13 000g for 20 min. For immunoblotting, protein extract
was separated by SDS-PAGE. Immunoprecipitation, acetylation and in vivo
ubiquitination assays were carried out as described previously.32,35 Briefly, for
ubiquitination assay, HEK293T transfected with various plasmids or D283 cells
treated with doxorubicin were lysed with denaturing buffer (1% SDS, 50 mM Tris at
pH 7.5, 0.5 mM EDTA, 1 mM DTT) to disrupt protein–protein interactions and
then the lysates were diluted 10 times with lysis buffer and subjected to
immunoprecipitation with antibodies (indicated in Figures 4–6 and Supplementary
Figures 4 and 5) overnight at 4 1C. The immunoprecipitates were then washed five
times with the lysis buffer described above, resuspended in sample loading buffer,
boiled for 5 min, resolved in a 3–8% SDS-PAGE (Invitrogen) and then subjected to
immunoblot analysis. Polyubiquitinated species were detected using anti-HA, anti-
Flag or anti-Ub antibodies. For acetylation assay, HEK293T were transfected with
the indicated plasmids and cell lysates were immunoprecipitated with anti-Gli1
(Santa Cruz). Acetylated species were detected using anti-acetylated lysine
(Upstate Biotechnology).

GST-pulldown assay. GST recombinant proteins were bound to glutathione
beads (GE Healthcare, Pittsburgh, PA, USA) and incubated for 1 h with in vitro
translated protein in binding buffer (4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid 20 mM, MgCl2 2 mM, KCl 100 mM, 20% glycerol, EDTA 0.2 mM, 0.05%
NP40) and analyzed by immunoblotting.

Luciferase, cell proliferation, colony formation and apoptosis
assays. Luciferase and renilla activity were assayed with a dual-luciferase
assay system (Promega, Madison, WI, USA). Results are expressed as luciferase/
renilla ratios and represent the mean±S.D. of at least three experiments, each
performed in triplicate. Cell proliferation was evaluated by BrdU incorporation as
previously described.45 Briefly, cells were treated with doxorubicin or transfected
with the indicated plasmid. After the BrdU pulse, cells were fixed with 4%
paraformaldehyde and permeabilized with 0.1% Triton X-100, and BrdU detection
(Roche, Welwyn Garden City, UK) was performed according to the manufacturer’s
instructions. Nuclei were counterstained with Hoechst reagent. At least 500 nuclei
were counted in triplicate, and the number of BrdU-positive nuclei was recorded.
Apoptosis was measured by analysis of nuclear morphology and immunofluor-
escence using rabbit anti-cPARP antibody (Promega). Cells were fixed,
permeabilized and counterstained as above described. At least 200 cells were
counted in each well and experiments were conducted in triplicate. For colony
formation assays, 1� 104 transfected or transduced Daoy Mb cells were plated in
10-cm-diameter dishes, and after 2 weeks of neomycine or puromycin selection,
cell colonies were counted after staining in 20% methanol and crystal violet. Cells
derived from triplicate plates from the colony assays were grown in culture as
monolayers, and cell growth rates were determined by analyzing cumulative cell
numbers over time as previously described.46 Cells were counted in triplicate.

mRNA expression analysis. Total RNA was isolated with Trizol
(Invitrogen) and reverse-transcribed with Superscript II reverse transcriptase and
random hexamers (Invitrogen). Quantitative PCR (Q-PCR) analysis of Gli1, PCAF,
p300, Bmi1, Hip1, CyclinD2, Bmp2 and Bcl2 mRNA expression was performed on
each cDNA sample using the ABI Prism 7900 Sequence Detection System
employing Assay-on-Demand Reagents (Applied Biosystems, Foster City, CA,
USA). A reaction mixture containing cDNA template, TaqMan Universal PCR

master mix (ABI) and primer probe mixture was amplified using standard Q-PCR
thermal cycler parameters. Each amplification reaction was performed in triplicate
and the average of the three threshold cycles was used to calculate the amount of
transcript in the sample (using SDS version 1.7a software). mRNA quantification
was expressed, in arbitrary units, as the ratio of the sample quantity to the quantity
of the calibrator. All values were normalized with three endogenous controls,
GAPDH, b-actin and HPRT, which yielded similar results.

Statistical analysis. Statistical analysis was performed using StatView 4.1
software (Abacus Concepts, Berkeley, CA, USA). Statistical differences were
analyzed with the Mann–Whitney U-test for non-parametric values and a Po0.05
was considered significant. Results are expressed as mean±S.D. from an
appropriate number of experiments (at least three biological replicas), as indicated
in the figure legends.
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