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Abstract

Hedgehog signaling is essential for tissue development and stem-
ness, and its deregulation has been observed in many tumors.
Aberrant activation of Hedgehog signaling is the result of genetic
mutations of pathway components or other Smo-dependent or
independent mechanisms, all triggering the downstream effector
Gli1. For this reason, understanding the poorly elucidated mecha-
nism of Gli1-mediated transcription allows to identify novel mole-
cules blocking the pathway at a downstream level, representing a
critical goal in tumor biology. Here, we clarify the structural
requirements of the pathway effector Gli1 for binding to DNA and
identify Glabrescione B as the first small molecule binding to Gli1
zinc finger and impairing Gli1 activity by interfering with its inter-
action with DNA. Remarkably, as a consequence of its robust inhib-
itory effect on Gli1 activity, Glabrescione B inhibited the growth of
Hedgehog-dependent tumor cells in vitro and in vivo as well as the
self-renewal ability and clonogenicity of tumor-derived stem cells.
The identification of the structural requirements of Gli1/DNA inter-
action highlights their relevance for pharmacologic interference of
Gli signaling.
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Introduction

Inappropriate reactivation of the Hedgehog (Hh) developmental

signaling pathway is responsible for the formation and progres-

sion of several human cancers through aberrant regulation of the

functional properties of cancer stem cells (i.e. self-renewal,

survival, metastatic spread, neoangiogenesis) (reviewed in Gulino

et al, 2012; Amakye et al, 2013; Briscoe & Thèrond, 2013;

Aberger & Ruiz I Altaba, 2014). Autocrine/paracrine Shh, Ihh or Dhh

ligands bind to Patched (Ptch) receptor relieving its repressive

activity on the seven-transmembrane protein Smoothened (Smo),

which in turn activates the downstream transcription factors

belonging to the Gli family. Gli proteins harbor a five zinc finger

(ZF) region in which ZF4 and ZF5 domains bind target DNA in a

sequence-specific way, whereas ZF1, ZF2 and ZF3 bind the phos-

phate backbone and possibly contributed to control binding stabil-

ity and recruitment of co-regulatory factors (Kinzler & Vogelstein,

1990; Pavletich & Pabo, 1993). A C-terminal region is provided of

transactivating function through modulation of chromatin remod-

eling induced by recruitment of TFIID TATA box-binding protein-

associated factor TAFII31 (Yoon et al, 1998; Bosco-Clément et al,

2013) or HAT and HDAC (Canettieri et al, 2010; Malatesta et al,

2013), SWI-SNF5 (Jagani et al, 2010) and SWI/SNF-like Brg/Brm-

associated factor (Zhan et al, 2011). In this way, Gli transcription

factors behave as the final effectors for the control of specific

oncogenic target genes (Aberger & Ruiz I Altaba, 2014). Although

many Hh-driven human cancers involve upstream pathway acti-

vation (i.e. either loss-of-function Ptch1 or gain-of-function Smo
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mutations or Smo activation by loss of cAMP/PKA-mediated

inhibitory Ga-GNAS tumor suppressor or ligand overproduction)

(Goodrich et al, 1997; Yauch et al, 2009; He et al, 2014), several

tumors harbor Smo-independent increased function of the

downstream Gli effectors, due to high protein levels or activatory

mechanisms (i.e. Gli gene amplification or epigenetically driven

overexpression, mutation in or loss of heterozygosity of SuFu

gene or a number of post-synthetic modifications such as

decreased ubiquitination-mediated degradation or acetylation of

the Gli proteins or increased PI3K/mTOR/S6K1 kinase-dependent

phosphorylation) (Kinzler et al, 1987; Taylor et al, 2002; Dahlén

et al, 2004; Di Marcotullio et al, 2006a, 2011; Canettieri et al,

2010; Wang et al, 2012; Mazzà et al, 2013; Tang et al, 2014).

Notwithstanding, the mechanisms of regulation of Gli functions

and the way it interacts with target DNA and controls transcrip-

tion are still poorly understood.

Small molecules have been reported to represent helpful tools

to understand the mechanisms of modulation of Hh/Gli function

at the level of Smo transducer and Gli effector. This allowed the

development of several inhibitors targeting components of the

pathway in order to control tumor growth. However, whereas

several Smo antagonists are currently investigated in clinical

trials (GDC-0449 has been recently approved by FDA), a few Gli

inhibitors have been identified (Mas & Ruiz I Altaba, 2010; Coni

et al, 2013a). Therefore, novel drugs targeting specific molecular

steps underlying Gli function would be beneficial either for a

wide spectrum of patients whose tumors have high Gli protein

levels and/or activity. Furthermore, downstream activation of Gli

function is frequently occurring with the appearance of

resistance to Smo antagonists observed during therapy (Galimberti

et al, 2012; Amakye et al, 2013). The lack of information on the

structural and functional requirements of Gli1/DNA interaction

accounts for the low number of small molecules inhibiting Gli.

HPI-1 and HPI-4 have been shown to target the post-translational

events of Gli processing/ activation downstream of Smo, such as

increase of the proteolytic cleavage of Gli2-FL to its repressor

form Gli2-R or overall Gli1 degradation (Hyman et al, 2009).

Arsenic trioxide (ATO) has been recently shown to prevent Gli2

localization to primary cilium, thus leading to its proteolytic

degradation, while binding-dependent inactivation of Gli1 has not

been yet characterized (Kim et al, 2010; Beauchamp et al, 2011).

Similarly, GANT61 inhibits Gli1/DNA binding only in living cells,

suggesting that it indirectly impairs its interaction with target

gene promoters by as yet unelucidated mechanisms (Lauth et al,

2007).

Based on the knowledge of the crystallographic structure of the

zinc finger domain of Gli1 (Gli1ZF) in complex with DNA (Pavletich

& Pabo, 1993), together with NMR studies as well as computational

and experimental mutagenesis, we clarify here the structural

requirements of Gli1/DNA interaction and identify Glabrescione B

(GlaB), an isoflavone naturally found in the seeds of Derris

glabrescens (Leguminosae), as a novel small molecule that binds

Gli1ZF and interferes with its interaction with DNA. This small

molecule turned out to be an efficient inhibitor of the growth of Hh/

Gli-dependent tumors and cancer stem cells in vitro and in vivo,

indicating that Gli/DNA interference is an appealing therapeutic

strategy to control the heterogeneous molecular changes leading to

Hh/Gli pathway activation in cancer.

Results

Structural and functional requirements for Gli1/DNA interaction

To identify the molecular bases of the function of the Gli1/DNA

complex, we established a computational screening protocol, based

on the available X-ray structure of cobalt ion-coordinated Gli1ZF in

complex with DNA (Pavletich & Pabo, 1993) that, although structur-

ally relevant, does not provide by itself information on the energy of

the system. Therefore, we investigated the conformational dynamics

using the physiological zinc within the Zn-coordination system of

each zinc finger by performing four independent replicas of

molecular dynamics (MD) simulations. A representative Gli1ZF

structure was extracted from MD trajectories (Fig 1A, Supplemen-

tary Movie S1) for further ligand design in silico.

Based on MD analysis and X-ray structure, the impact of

serine and basic residues of ZF4 and ZF5 on the thermodynamic

stability of the Gli1ZF/DNA adduct was evaluated by computa-

tional alanine scanning. The delta energy (DG) of binding of Gli1

mutants to DNA was calculated along MD trajectories (Fig 1B,

Supplementary Table S1) and compared to the wild-type Gli1ZF

(Gli1ZF-WT) (DDG). The results show that the strongest DDG
contribution was given by basic residues involved in H-bonding

DNA bases or in electrostatic interaction with the phosphate

backbone of DNA. Indeed, mutation in silico of K340, K350, R354

in ZF4 and K360, K371, R380 and K381 of ZF5 strongly impaired

the Gli1ZF DG of binding to DNA.

To correlate these observations with transactivating function of

Gli1, we performed a functional assay in HEK293T cells,

transiently expressing ectopic Gli1 or different Gli1ZF mutants

and a Gli-dependent luciferase reporter driven by a Gli-responsive

consensus sequence. Mutations in K350 and R354 in ZF4 or R380

and K381 in ZF5 completely abrogated the transcriptional activity

of Gli1, whereas K340, K371 and K360 did it to a lesser extent.

Notably, a significant linear correlation was obtained

(R2 = 0.6918) by comparing each theoretical DDG value with the

respective percentage of luciferase activity observed in cell

assays.

Mutagenesis studies suggested that the above residues may be

involved in Gli1 binding to DNA (Fig 1C, Supplementary

Table S1). We chose the K350A and K340A mutants, showing

the highest and intermediate DDG of binding, respectively

(Supplementary Table S1), to test their direct interaction with

DNA. An electrophoretic mobility shift assay (EMSA) was

performed using equal amounts of recombinant GST-Gli1ZF-WT

or GST-Gli1ZF-K350A or GST-Gli1ZF-K340A (Supplementary Fig S2)

and a DNA probe containing Gli-responsive consensus DNA

sequence or a mutated version unable to bind Gli1 (Fig 1D and E).

Comparison with the strong DNA binding affinity of the

recombinant GST-Gli1ZF-WT confirms that GST-Gli1ZF-K350A

was unable to bind DNA, whereas GST-Gli1ZF-K340A did it, albeit

to a significantly lower extent (Fig 1E, Supplementary Fig S2).

Notably, these results correlate with the impaired and

intermediate transcriptional activity of Gli1ZF-K350A and

Gli1ZF-K340A mutants in cell-based assays, respectively (Fig 1C),

and suggest that both K350 and K340 are involved in DNA

binding and transcriptional activity, although with a different

strength.
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Virtual library and transcriptional screening of Gli1 interacting
small molecules

To understand whether Gli1 binding to DNA and function could be

regulated by small molecules, an in house library composed of more

than 800 unique natural compounds was docked toward the MD

representative Gli1ZF structure using the GOLD program (Supple-

mentary Fig S3) (Verdonk et al, 2003). Literature data (Sheng et al,

2006) and results of the mutagenesis study were used to set up

docking and analyze ligand poses, respectively. Indeed, only small

molecules able to interact at least with one of the basic residues

highlighted by the mutagenesis study were selected. The ligand DG
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Figure 1. Structure-based analysis of Gli1/DNA complex.

A Representative Gli1ZF/DNA structure extrapolated from MD trajectories. Gli1ZF is shown as blue cartoon, residues involved in binding to DNA (based on single point
mutation study) are shown as magenta sticks, and Zn ions as gray spheres.

B Effect of Gli1ZF mutants on the binding affinity to DNA as predicted by in silico alanine scanning. The ΔΔG was calculated along MD trajectories as the difference
between the ΔG of each Gli1ZF alanine mutant and Gli1ZF-WT. Results are shown as ΔΔG values in kcal/mol calculated by means of the MM-PBSA methods � SEM.

C Effect of Gli1ZF mutants on Gli1-dependent transcriptional activation. Luciferase assay was performed in HEK293T cells transfected with 12XGliBS-Luc (GliBS, Gli
binding site), pRL-TK Renilla (normalization control), Flag-Gli1 WT or the indicated Flag-Gli1 mutants. Data show the mean � SD of three independent experiments.
*P < 0.01; **P < 0.05 versus Gli1 WT. Western blot analysis of Flag-Gli1 WT or the indicated Flag-Gli1 mutant expression levels (bottom panel).

D Specific H-bond interactions between K350 of Gli1ZF and Gli1 binding site consensus, as predicted by MD.
E Gli1/DNA binding. Double-stranded oligonucleotide containing the canonical GliBS sequence (50–TTGCCTACCTGGGTGGTCTCTCCACTT–30) or mutated GliBS sequence

used as control (50–TTGCCTACCTCCCACTTCTCTCCACTT–30) was used as probe (P) in EMSA experiments. The assay was performed using recombinant GST-Gli1ZF-WT
(Gli1 zinc finger fragment: aa 242–424), GST-Gli1ZF-K350A and GST-Gli1ZF-K340A. The graph on the right indicates ratio (mean arbitrary units � SD from three
independent experiments) of GST-Gli1ZF-WT or GST-Gli1ZF mutants bound to the labeled GliBS probe/GliBS-free probe normalized to the amount of GST-Gli1ZF-WT/
DNA binding (as described in Materials and Methods). *P < 0.05 versus Gli1 WT.

Source data are available online for this figure.
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of binding was then computed by means of the MM-GBSA method

(Mori et al, 2011) and divided by the number of heavy atoms to

provide the ligand efficiency (LE) as the final scoring parameter. We

identified six molecules (three vismiones, GlaB, the chalcone V94

and the opioid alkaloid narceine) putatively behaving as potential

Gli1 inhibitors (Supplementary Fig S4A). To investigate the

functional activity of these compounds as specific modulators of

Gli1, we used the Gli-dependent luciferase reporter screening

assay. Whereas GlaB and Vismione E inhibited luciferase activity

to a similar extent as GANT61 (a previously characterized Gli1

antagonist, Lauth et al, 2007), Vismione B only partially displayed

inhibitory activity and other compounds were not active at all in

this context (Fig 2A, Supplementary Fig S4B and C). Since

vismiones have been shown to be quite chemically unstable in

different conditions (Delle Monache, 1985), thus possibly limiting

the identification of the bioactive specie, we focused further stud-

ies only on GlaB (Fig 2B).

Structural requirements for Gli1/GlaB interaction

To investigate whether the Gli1 inhibitory activity of GlaB was

associated to the direct interaction of this small molecule with

the transcription factor, we monitored by NMR spectroscopy the

GlaB proton mono-selective relaxation rates (Rms), which prove

the slowing down of the small molecule motion upon binding to

a receptor (Valensin et al, 1986; Neuhaus & Williamson, 1989).

To this end, the protons H-1 and H-3 and the C-2 and C-4

methoxyl groups were chosen as probe for the interaction of ring A,

proton H-11, H-12 and H-15 for ring B and proton H-8 for ring C

(Table 1; Fig 2B).

First, mono-selective relaxation rates of free GlaB (Rf) were

measured to normalize the Rms detected in GlaB/protein mixtures

(Table 1). In the presence of GST-Gli1ZF, a significant increase in

Rms was observed for the vicinal protons H-11 and H-12 (ring B),

and to a lesser extent H-15 (ring B) and H-8 (ring C) (Table 1;

Supplementary Fig S5). Instead, the Rms of ring A protons were not

perturbed by the presence of GST-Gli1ZF-WT and very likely were

not involved in binding to Gli1ZF. To rule out any possible interfer-

ence by the sole recombinant GST, we also monitored the Rms of

GlaB in the GlaB/GST mixture, showing a weak and unspecific

involvement of all rings A, B and C (Table 1; Supplementary Fig S5).

Therefore, ring B was identified as the specific molecular determi-

nant for the interaction between GlaB and GST-Gli1ZF.

Although NMR analysis of O-prenyl groups was not too informa-

tive, because of the broad proton signals, they might be crucial for

the correct positioning of GlaB ring B. Indeed, molecular docking

studies showed that GlaB and Vismione B and E preferably bind

within the same site at the interface between ZF4 and ZF5, with a

noticeable shape and pharmacophoric overlapping (Supplementary

Fig S6). The O-prenyl group at C-13 of GlaB is clearly overimposed

to that of Vismione E, suggesting that a prenyl chain in this position

may be relevant for Gli1 inhibition. GlaB derivatives without prenyl

chains (Supplementary Fig S7) were also tested through the Gli-

dependent luciferase reporter assay, but none of them was active,

reinforcing that ring B prenyl chains may be important for GlaB

biological activity.

To investigate the role of Gli1 K340 and K350 residues, both

involved in DNA binding and transcriptional function (Fig 1C–E),

we monitored Rms of GlaB with the GST-Gli1ZF-K340A single

mutant or the GST-Gli1ZF-K340A/K350A double mutant. Notably,

the specific interaction of GlaB ring B was preserved in binding

to the Gli1ZF-K340A, although with weaker local affinity

(Table 1; Supplementary Fig S5). This suggests that GlaB may

adopt a similar binding conformation toward Gli1ZF-WT and

Gli1ZF-K340A. In contrast, the additional K350A mutation in the

Gli1ZF-K340A/K350A double mutant completely affects the

capability of GlaB ring B to interact with Gli1ZF, thus providing a

GlaB proton pattern spanning non-specifically throughout rings A,

B and C, as observed with the sole GST (Table 1, Supplementary

Fig S5).

In summary, results of NMR studies show that GlaB interacts

directly with Gli1 and further emphasize the role of K340 and K350.

The ring B and prenyl groups turned out to be key determinants for

GlaB activity.

GlaB inhibits Hh signaling by imparing Gli1/DNA binding and
transcriptional activity

Confirming the ability of GlaB to target Gli1, this compound

significatively inhibited the luciferase activity driven by a Gli-

responsive element reporter in Smo�/� MEF cells transfected with

ectopic Gli1 (Fig 2C). Consistently, GlaB reduced the expression

of several endogenous Gli target genes, whereas unrelated

transcripts were unaffected (Fig 2D and F), without influencing

cell survival (Supplementary Fig S8). Indeed, GlaB suppressed Hh

gene signature in genetically defined Ptch1�/� mouse embryonic

fibroblasts (Ptch1�/� MEFs) (Fig 2D), in which deletion of the

inhibitory Ptch1 receptor releases Smo function and leads to a

constitutive activation of Gli transcription factors (Goodrich et al,

1997) (Fig 2E). To further prove that GlaB is acting downstream

of Smo, we used SuFu�/� MEFs. Reporter activity in these cells

is high even in the absence of Shh or Smo stimulation, because

of the loss of the well-known Gli1 inhibitor SuFu (Fig 2E), and is

not suppressed by treatment with the Smo inhibitor cyclopamine

(Svard et al, 2006). In this cellular context, GlaB reduced constit-

utive endogenous Hh target gene expression (Fig 2F). Moreover,

ChIP assay in Gli1-overexpressing MEF cells showed a significant

reduction of the recruitment of Gli1 into the promoter of Ptch1

gene (Fig 2G).

According to the high homology degree between ZF domain of

Gli1 and Gli2, GlaB also inhibited Gli2-mediated transcription

(Supplementary Fig S9). Conversely, since Jun/AP-1 has been

reported to synergize with Gli1 while co-occupying the promoter

region (Laner-Plamberger et al, 2009; Schnidar et al, 2009), we

tested GlaB activity on this transcription factor. GlaB did not affect

Jun/AP-1 activity (Supplementary Fig S10), further indicating its

selectivity for Hh/Gli signaling. To better address the direct effect of

GlaB on Gli, we knocked down Gli1 and Gli2 by siRNA (Fig 2H) in

Hh-dependent Daoy tumor cells belonging to the Shh MB subgroup

(Northcott et al, 2012; Triscott et al, 2013). GlaB was unable to

repress Ptch1 mRNA levels in siGli1/Gli2-knocked down Daoy cells,

indicating that the presence of Gli factors is required for GlaB

activity.

Furthermore, in vitro enzymatic assays demonstrated that GlaB

did not affect the catalytic activity of a number of protein kinases

known to modulate Gli function (Supplementary Fig S11).
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Figure 2. GlaB inhibits Hh signaling by impairing Gli1 function.

A Inhibition of Gli1-induced transcription in transfected HEK293T cells. HEK293T cells were transfected with 12XGliBS-Luc and pRL-TK Renilla (normalization control)
plus control (empty) or Gli1 vector and treated with increasing concentrations of GlaB or GANT61. Treatment time was 24 h, and control cells were treated with
DMSO only.

B GlaB chemical structure with numbering scheme for NMR analysis.
C Inhibition of Gli1-induced transcription in transfected Smo�/� MEF cells. Smo�/� MEF cells were transfected with 12XGliBS-Luc and pRL-TK Renilla (normalization

control) plus control (empty) or Gli1 vector and treated for 24 h with increasing concentrations of GlaB or DMSO only as control.
D The graphs show the Hh target gene expression levels in Ptch1�/� MEFs treated for 48 h with GlaB and DMSO as a control. mRNA levels were determined by

quantitative real-time PCR (qRT–PCR) normalized to endogenous control (b2-microglobulin and HPRT). Pfkfb3 gene was used as a negative control.
E Representative model of Hh signaling hyperactivation: in Ptch1�/� MEFs, constitutive activation of Smo and consequently of Gli1; in SuFu�/� MEFs, release of Gli1

suppression.
F SuFu�/� MEFs were treated for 48 h with GlaB and DMSO as a control. Gli1 and Ptch1 mRNA levels were determined by qRT–PCR normalized to b2-microglobulin

and HPRT expression. Pfkfb3 gene was used as a negative control.
G Promoter occupancy of Gli1 is prevented by GlaB treatment. MEF WT cells were transfected with Flag-tagged Gli1 or empty vectors, and chromatin

immunoprecipitation (ChIP) was carried out. qRT–PCR was performed using primers encompassing the Gli-BS of mouse Ptch1 promoter (right, schematic
representation). Results are indicated as fold difference, relative to empty (pcDNA3) control.

H Ptch1 mRNA expression levels (left panel) were determined by qRT–PCR in Daoy cells transfected with siRNA specific for Gli1 and Gli2 (siGli1/2) or a non-specific
control siRNA (siCtr) and treated for 24 h with GlaB or DMSO as a control. (right panel) The graph shows Gli1 and Gli2 mRNA expression levels determined by
qRT–PCR in Daoy cells transfected with siGli1/2 or siCtr. Results are expressed as fold repression relative to control, and data were normalized to GAPDH and HPRT
expression.

Data information: All data show the mean � SD of three independent experiments. *P < 0.05 versus DMSO.
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Analysis of GlaB binding mode to Gli1

The possible binding mode of GlaB to the representative Gli1 struc-

ture extrapolated from MD was investigated by molecular docking.

Although Gli1 is characterized by a scarce druggability, mostly due

to a rather flat surface, a high flexibility and the lack of deep lipo-

philic pockets, a significant cluster of top-ranking poses was found

in a surface groove between ZF4 and ZF5 (Fig 3A, Supplementary

Fig S12). The putative GlaB binding site was bounded by the resi-

dues at the N-terminal of ZF5 helix and by the side chain of K340,

which significantly contributes to sculpt the groove over the side

chain of R354 where the GlaB ring B performed its most profitable

interactions, in good agreement with NMR data (Fig 3B, Supplemen-

tary Figs S5 and S12). Besides non-specific hydrophobic contacts

within the putative binding site, GlaB also performed H-bond

interaction with the side chain of K350, a key residue in determining

Gli1/DNA binding and Gli1 transcriptional function (Fig 1B–E).

Moreover, the binding of GlaB to Gli1ZF-K340A, Gli1ZF-K350A

and Gli1ZF-K340A/K350A mutants was also investigated by molecu-

lar modeling and compared to that observed toward Gli1ZF-WT. In

agreement with NMR data, K350 was highlighted as the major

anchor point for GlaB within Gli1ZF. Indeed, in Gli1ZF-WT and the

Gli1ZF-K340A mutant, GlaB adopted a very similar binding

conformation and contacted K350 by H-bond interactions (Fig 3B).

Mutation of K350 to alanine significantly affected the specificity of

GlaB binding, as the small molecule was no more able to interact

within ZF4 and ZF5 (Fig 3B). Prediction of the ΔG of binding and

pKd values showed that GlaB has the highest affinity for Gli1ZF-WT,

whereas its affinity for Gli1ZF-K340A was slightly lower (Fig 3B), in

agreement with NMR studies and biological results. Contrarily, the

predicted GlaB affinity for Gli1ZF-K350A and Gli1ZF-K340A/K350A

was significantly lower than for Gli1ZF (Fig 3B), thus reinforcing

the structural relevance of K350 for Gli1 function and inhibition.

Therefore, we hypothesized that, by interacting with Gli1, GlaB

might impair its interaction with target DNA. As verified by EMSA,

the formation of Gli1ZF-WT/consensus DNA complex was strongly

prevented by GlaB (Fig 3C). The formation of DNA/Gli1ZF-K340A

single mutant is partially impaired with respect to WT protein,

implying a role of K340 in strengthening the binding with DNA.

However, the complex was still targeted by GlaB (Fig 3C), suggest-

ing its activity on the residual K350 amino acid of Gli1.

Consistent with the involvement of both K340 and K350 in

interaction with GlaB, this small molecule partially inhibited both

the formation of the DNA/Gli1ZF-K340A complex (Fig 3C) and the

transacting activity of the Gli1-K340A mutant compared to Gli1 WT

(Fig 3D), thus suggesting that GlaB binding to K340 contributes to

Gli1 inhibition.

Overall, these findings strongly support a GlaB direct inhibitory

activity on Gli1 by interfering with the cooperation of both K340

and K350 for binding to DNA and transcription function, thus

blunting Gli-driven gene expression.

GlaB inhibits Gli-dependent growth of cerebellum-derived
normal progenitors in vitro and in vivo

Subversion of Hh-dependent development of cerebellum is critical

for medulloblastoma (MB) formation (Wechsler-Reya & Scott, 2001;

Hatten & Roussel, 2011). Indeed, Hh signaling is crucial for enhancing

the expansion of a subset of granule cell progenitors (GCPs) that

populate the external germinal layer (EGL) of the cerebellar cortex

during the first week after birth in mice (Di Marcotullio et al, 2006b).

This process is triggered by Purkinje cell-derived Shh and is required

for intense GCP proliferation and proper development of the granule

neuron lineage. Importantly, the lack of GCP proliferation arrest

caused by withdrawal of Hh signal, which physiologically occurs

after the first week of age, is responsible for the tumorigenic conver-

sion of these progenitors, considered as the cell of origin of MB

(Schuller et al, 2008; Yang et al, 2008). In fact, mice harboring either

loss-of-function Ptch1 or gain-of-function Smo mutations develop

MB where Gli-dependent activation of specific oncogenic programs

(i.e. NMyc, IGF2) is required for tumor formation (Hahn et al, 2000;

Roussel & Robinson, 2013). Similar defects of Hh signaling pathway

are responsible for human MB (Goodrich et al, 1997).

To assess the in vivo efficacy of GlaB to interfere with Hh-

dependent growth events, we first tested its ability to suppress Hh

signaling in 6-day-old mouse cerebellar progenitors. GlaB treatment

reduced significantly the levels of several Gli target genes in the

cerebellar tissue in vivo (i.e. Gli1, Gli2, Ptch, Hip1) including genes

Table 1. Monoselective relaxation rates (Rms, s�1) of selected protons of GlaB (0.412 mM, 600 MHz, DMSO-d6, 25°C) and corresponding values of
normalized relaxation rates (DR/Rf, where DR = Rms-Rf) in different mixtures.

Proton

GlaB/GST-Gli1ZF GlaB/GST-Gli1ZF K340A
GlaB/GST-Gli1ZF
K340A/K350A GlaB/GST

RING Rf(s
�1) DR/Rf DR/Rf DR/Rf DR/Rf

H-1 A 0.41 0 0 0.03 0.02

2-OMe A 1.20 0 0 0.05 0.06

H-3 A 0.63 0 0 0.05 0.10

4-OMe A 1.39 0 0 n.d.a 0

H-8 C 0.36 0.13 0.05 0.07 0

H-11 B 0.63 1.20 0.15 0.38 0.22

H-12 B 0.89 0.95 0.23 n.d.b 0.03

H-15 B 0.76 0.22 0.22 0.14 0.14

aRelaxation rate of 4-OMe protons was not determined because its signal was partially superimposed to that of the water.
bRelaxation rate of proton H-12 was not measured because of the large linewidth.
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directly involved in Hh-dependent cell proliferation (cyclins D1 and

D2, NMyc, IGF2) (Fig 4A). A significant inhibition of GCPs prolifera-

tion in vivo was observed in response to GlaB treatment, since the

thickness of EGL and the Ki67-labeled cell immunostaining were

reduced (Fig 4B and C). These data confirmed the in vitro ability of

GlaB to downregulate the Shh-enhanced BrdU uptake of cultured

GCPs isolated from 4-day-old mice cerebella in a dose-dependent

way (Fig 4D). Consistently, GCPs isolated from mice treated in vivo

with GlaB displayed reduced levels of mRNA and protein of several Hh

target genes and markers related to cell proliferation (i.e. Gli1, Gli2,

HIP1, Ptch, PCNA, cyclins D1 and D2, NMyc, IGF2) (Fig 4E and F).

GlaB inhibits the growth of Gli-dependent medulloblastoma and
tumor-derived stem-like cells

To verify the GlaB efficacy to inhibit Hh-dependent MB cell growth,

primary MB cells were freshly isolated from Ptch1+/� mice tumors

and tested in short-term cultures to keep Hh sensitivity in vitro

(Berman et al, 2002; Sasai et al, 2006; Kool et al, 2014). As shown

in Fig 5A, GlaB significantly inhibited the proliferation of Ptch1+/�

MB cells with a strength similar to GANT61. Moreover, GlaB also

induced a striking decrease of Gli1 mRNA levels (Fig 5B). Notably,

no effect was observed in Hh-independent HepG2 hepatocellular
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Figure 3. Analysis of Gli1/GlaB interaction.

A The predicted binding mode of GlaB (green sticks) to Gli1ZF (blue cartoons). Residues highlighted by the single-point mutation study to impact on Gli1 binding to
DNA are shown as blue sticks; K340 and K350 of the GlaB binding site are colored magenta. GlaB protons highlighted by the NMR study are shown as orange spheres.

B Detail of GlaB binding to Gli1ZF-WT, Gli1ZF-K340A, GLI1ZF-K350A, GLI1ZF-K340A/K350A mutants and respective theoretical affinity values. Gli1 is shown as blue
transparent surface; K340 and K350 are colored magenta. GlaB is shown as green sticks.

C Inhibition of Gli1/DNA binding by GlaB. EMSA using recombinant GST-Gli1ZF-WT or GST-Gli1ZF-K340A in the presence of different concentrations of GlaB or with
DMSO only. The shifted complex is competed with a 50× excess of cold probe. The graph on the right indicates ratio (mean arbitrary units � SD from three
independent experiments) of GST-Gli1ZF-WT or GST-Gli1ZF-K340A bound to the labeled GliBS probe/GliBS-free probe normalized to the amount of GST-Gli1ZF-WT/
DNA binding in absence of GlaB. *P < 0.05 versus DMSO; **P < 0.05 K340A + GlaB versus Gli1 WT + GlaB.

D HEK293T cells were transfected with 12XGliBS-Luc and pRL-TK Renilla (normalization control) plus control (empty vector) or Gli1 or Gli1K340A mutant and treated
with increasing concentrations of GlaB. Treatment time was 24 h, and control cells were treated with DMSO only. Data show the mean � SD of three independent
experiments. *P < 0.05 versus DMSO; **P < 0.05 K340A versus Gli1 WT.

Source data are available online for this figure.
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carcinoma cells or Jurkat T leukemia cells, which display undetect-

able levels of Gli1 (Lauth et al, 2007; Beauchamp et al, 2011)

(Supplementary Fig S13).

Several tumors, including MB, contain a small subset of stem-like

cells (SCs) responsible for cancer cell population expansion

(through unlimited self-renewal) that triggers tumorigenesis, drives

BA

E FD

C

Figure 4. GlaB inhibits Gli1-dependent growth of cerebellum-derived normal progenitors.

A qRT–PCR shows Hh target mRNA expression levels determined in 6-day-old mouse cerebellar progenitors after s.c. injections of GlaB.
B Representative EGL H&E staining of 6-day-old mouse cerebellum after s.c. injections of GlaB (upper panel); immunohistochemistry shows Gli1 (middle panel) and

Ki67 stainings (lower panel). In all images, the scale bar represents 50 lm.
C The graph shows the percentage of EGL thickness reduction in GlaB-treated mouse cerebella in comparison with vehicle mouse cerebella. Data show the

mean � SD of cerebella (n = 10) for each treatment. *P < 0.05 versus Ctr.
D BrdU assay in GCPs. Cerebellar granule cell progenitors (GCPs) isolated from 4-day-old mice were treated with Shh (recombinant mouse Sonic Hedgehog, amino-

terminal peptide, ShhN, 3 lg/ml) and with different concentrations of GlaB, as indicated, for 48 h. Inhibition of cell proliferation was measured as percentage of
BrdU incorporation in comparison with DMSO-treated sample. Shown is the mean of three independent experiments. Error bars indicate SD. *P < 0.05 Shh versus
DMSO; **P < 0.05 Shh + GlaB versus Shh.

E, F qRT–PCR and Western blot analysis show Hh and proliferation target mRNA and protein expression levels determined in ex vivo GCP culture derived from 6-day-
old mouse cerebella after s.c. injections of GlaB. In all qRT–PCR experiments, the results were normalized to endogenous control (b2-microglobulin and HPRT).
*P < 0.05 versus Ctr.

Source data are available online for this figure.
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resistance to conventional therapies and favors tumor relapse

(Manoranjan et al, 2013). Hh signaling pathway is crucial for the

generation and maintenance of MB-SCs in human and mouse

through Gli-mediated transcriptional activation of the Nanog

stemness gene (Clement et al, 2007; Po et al, 2010; Garg et al,

2013), thus favoring tumorigenesis and MB progression. MB-SCs are

therefore appealing candidates for testing the therapeutic potential

of the novel Gli inhibitor we have identified, in order to eradicate

the tumor. We show that GlaB suppressed the ability of Ptch1+/�

MB-SCs to form spheres from single cell suspension (an expression

of their clonogenic self-renewal ability) that appeared reduced in

number and size (Fig 5C). Consistent with these results, GlaB

strikingly reduced Hh pathway activity as evaluated by the dramatic

decrease of the pathway readout Gli1, Gli2 and Ptch1 mRNAs,
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Figure 5. Inhibition of Gli-dependent MB tumor cell growth.

A, B Ex vivo cell cultures from Ptch1+/� mice MBs were treated with GlaB (5 lM), GANT61 (10 lM) or DMSO only. After the indicated times, a trypan blue count was
performed (A) to determine the growth rate of viable cells. Gli1 mRNA expression levels were determined by qRT–PCR (B) normalized to endogenous control (b2-
microglobulin and HPRT).

C–F GlaB inhibits MB-SCs’ self-renewal and proliferation. (C) Suspension of single MB-SCs isolated from Ptch1+/� mice. MBs were cultured in stem cell medium to allow
the formation of primary neurospheres. Primary neurospheres were dissociated and treated with increasing concentrations of GlaB or DMSO only. After 7 days of
treatment, the number of secondary neurospheres derived from a known number of single cells was counted. The self-renewal MB-SCs’ capability is expressed as
percentage of neurosphere-forming cells (left). Representative bright field images of tumor neurospheres after GlaB treatment are also shown (right). (D, E) MB-SCs
isolated from Ptch1+/� mice MBs were treated for 48 h with GlaB (5 lM) or DMSO only. qRT–PCR and Western blot analysis show Hh, proliferation and stemness
target mRNA and protein expression levels. For qRT–PCR, results were normalized to endogenous control (b2-microglobulin and HPRT). (F) BrdU assay in MB-SCs
treated with GlaB (5 lM) for 24 or 48 h and plated on polylysinated chamber slides. Inhibition of cell proliferation was measured as percentage of BrdU
incorporation in comparison with DMSO-treated sample.

G TUNEL assay in MB-SCs. MB-SCs isolated from Ptch1+/� mice MBs were treated with GlaB (5 lM) and compared to DMSO-treated sample. Bottom panel shows a
Western blot of caspase-3 in GlaB-treated versus control cells.

Data information: In all experiments, data show the mean � SD of three independent experiments. *P < 0.05 versus DMSO.
Source data are available online for this figure.
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stemness markers (Nanog, Oct4) as well as growth (cyclins D1 and

D2, PCNA) and oncogenic (NMyc) related signals (Fig 5D). The

ability of GlaB to suppress clonogenicity is due to inhibition of

stem-like cell proliferation, since BrdU uptake and PCNA protein

expression were significantly decreased at early phases (24 and

48 h) of cell expansion (Fig 5E and F). A pro-apoptotic role of

GlaB was also observed in MB-SCs, since the percentage of

TUNEL-labeled cells and the cleavage of caspase-3 were increased

after 48 h of drug treatment (Fig 5G).

In conclusion, the inhibitory activity of GlaB on the subset of

both normal and tumor progenitor/stem cells as well as the whole

tumor cell populations is restricted to Hh/Gli-dependent cells.

GlaB inhibits Gli-dependent growth of medulloblastoma
cells in vivo

To study the GlaB effect in vivo, we turned to an allograft model of

MB cells. Nude mice were grafted with spontaneous primary MB

from Ptch1+/� mice and treated every second day with s.c. injec-

tions of GlaB at a concentration of 75 lmol/kg or solvent only

(n = 6 for each group).

During an 18-day treatment period, suppression of tumor cell

growth was observed in GlaB-treated mice compared to controls

(Fig 6A and B). GlaB-treated tumor mass displayed a reduced cellu-

larity where a few MB cells were dispersed in a large amount of

Masson’s staining-mediated blue-labeled connective tissue,

compared to control (Fig 6C). Such a reduced cellularity was caused

by inhibition of tumor cell proliferation and survival, since the

percentages of Ki67 and TUNEL labeling were decreased and

increased, respectively, in GlaB-treated tumors (Fig 6C and D).

Consistently, additional markers of cell proliferation (PCNA, cyclins

D1 and D2), apoptosis (active caspase-3), oncogenicity (NMyc) and

stem-like cell content (Nanog) were also modulated by GlaB,

together with a reduction of Gli1 mRNA and protein levels (Fig 6E

and F). Overall, these findings suggest that GlaB interferes with

several Gli-dependent MB-associated processes.

A B

D E F 

C

Figure 6. Ptch1+/� MB allografts.

A Change of tumor volume during GlaB or vehicle treatment period (18 days).
B Representative flank allografts average volumes. Error bars indicate SD. *P < 0.05.
C Representative Masson’s trichrome staining of tumors; immunohistochemistry of Gli1, Ki67 and TUNEL stainings. Scale bars represent 35 lm for Masson’s trichrome

staining, 25 lm for Gli1 and TUNEL, and 10 lm for Ki67 stainings.
D Quantification of Ki67 and TUNEL stainings from immunohistochemistry shown in (C). Error bars indicate SD. *P < 0.05.
E, F qRT–PCR and Western blot analysis show Hh and proliferation target mRNA and protein expression levels. For qRT–PCR, results were normalized to endogenous

control (b2-microglobulin and HPRT). Data show the mean � SD of tumor (n = 6) for each treatment. *P < 0.05 versus Ctr.
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To confirm the inhibitory effect of GlaB to impair MB tumor

growth in vivo, we used a MB orthotopic xenograft animal model.

Human MB Daoy cells were implanted into the cerebellum of NOD/

SCID mice. The animals were divided into two groups and treated

with GlaB (75 lmol/kg) or solvent alone. After treatment period,

mice were sacrificed by in vivo perfusion and cerebella were surgi-

cally excised. Tumor volume (calculated along serial histologic

brain sections as described in Materials and Methods) displayed a

significant reduction of the tumor mass formed by Daoy cells in

GlaB-treated mice compared to the control (Fig 7A and B). Such a

reduced tumor mass was likely caused by inhibition of tumor cell

proliferation since the percentages of Ki67 labeling were decreased

in GlaB-treated tumors (Fig 7A and C).

GlaB inhibits the growth of Gli-dependent basal cell carcinoma
in vitro and in vivo

In addition to MB, basal cell carcinoma (BCC) is also known as a

specific Hh-dependent tumor caused by genetic defects leading to

Gli activation (i.e. Ptch1 mutation in Gorlin syndrome). We tested

A B 

C 

Figure 7. Orthotopic medulloblastoma xenograft models.

A Representative images (low and high magnification) of H&E (upper panel) and Ki67 immunohistochemical staining (lower panel) of a human Daoy MB cell-derived
orthotopic tumor in NOD/SCID mice cerebella after i.p. injections of GlaB. Scale bars represent 500 or 200 lm for H&E staining, and 150 lm or 50 lm for Ki67
staining.

B Representative tumor average volumes at the end of treatment. Error bars indicate SD. *P < 0.05.
C Quantification of Ki67 staining from immunohistochemistry shown in (A). Error bars indicate SD. *P < 0.05.
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the effect of GlaB on ASZ001 BCC cells, previously characterized as

an Hh/Gli-dependent tumor cell line harboring Ptch1 deletion

(Aszterbaum et al, 1999). BCC cell proliferation was impaired by

in vitro treatment with GlaB together with a suppression of Gli1

mRNA before a drug-induced cell death occurred (Fig 8A–C).

Notably, in vivo GlaB-induced tumor growth inhibition was also

observed in BCC s.c. allografts. A significant reduction of tumor

growth, as well as Gli1 mRNA levels, was observed 18 days after

administration of GlaB (100 lmol/kg) compared to solvent alone

(Fig 8D, E and H). GlaB-treated BCC allografts also displayed

decreased and increased Ki67 and TUNEL labeling, respectively, as

well as strong reduction of Gli1 expression (Fig 8F–H), suggesting a

drug-induced impairment of Hh-dependent tumor growth and

survival.

Discussion

In this study, we identify the structural requirements of Gli1/DNA

functional interaction and exploit this information to discover a

A B C

G  D E H  F 

Figure 8. Inhibition of Gli-dependent BCC tumor cell growth.

A, B ASZ001 BCC cells were treated with GlaB (5 lM) or DMSO only. After the indicated times, a trypan blue count was performed to determine (A) the growth rate and
(B) the percentage of cell death. Data show the mean � SD of three independent experiments. *P < 0.05 versus DMSO.

C Gli1 mRNA expression levels were determined by qRT–PCR after treatment of ASZ001 BCC cells with GlaB or DMSO only for the indicated times. Results were
normalized to endogenous control (b2-microglobulin and HPRT). Data show the mean � SD of three independent experiments. *P < 0.05 versus DMSO.

D–H GlaB inhibits Gli1-dependent BCC tumor growth in ASZ001 BCC allografts in vivo. (D) Change of tumor volume during GlaB or vehicle treatment period (18 days).
(E) Representative flank allografts average volumes (upper panel). (F) H&E and immunohistochemical staining of Gli1, Ki67 and TUNEL of allograft tumor samples.
Scale bars represent 50 lm for H&E, 25 lm for Gli1, 25 lm for Ki67 and 30 lm for TUNEL stainings. (G) Quantification of Ki67 and TUNEL stainings from
immunohistochemistry shown in (F). (H) qRT–PCR of Hh and proliferation target mRNA expression levels. Results were normalized to endogenous control
(b2-microglobulin and HPRT). Shown is the mean � SD of tumor (n = 6) for each treatment. *P < 0.05 versus Ctr.
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low-molecular-weight compound capable of inhibiting Hh pathway

by targeting Gli1. Such a pharmacologic interference results in an

anti-tumor response in cultured cells and in vivo in transplanted

Hh-dependent tumor mouse models (MB and BCC).

Molecular bases of Gli1/DNA interaction

The structural and functional requirements of Gli1 interaction with

target promoters are far to be elucidated, although intensively

investigated. We identify here K340 and K350 residues as crucial

determinants of Gli1 binding to DNA and of its transcriptional

activity. Notably, K350 has been shown by MD to specifically bind

to the Gli consensus sequence by means of H-bond interactions with

two guanine bases and not by contacting the phosphate backbone,

thus providing a likely structural explanation for its critical role in

direct targeting specific DNA sequences. Site-specific mutagenesis

further supports this model through EMSA and reporter luciferase

assays.

Molecular mechanisms involved in Gli1 and Gli2 function have

so far addressed specific residues affected by post-translational

modifications occurring outside the DNA binding domain. Phos-

phorylation of S84 by mTOR/S6K1 releases Gli1 from its inhibitor

SuFu (Wang et al, 2012), a mechanism possibly involved also in

phosphorylation controlled by RAS/MAPK pathway (reviewed in

Aberger & Ruiz I Altaba, 2014). Furthermore, Y859, Y872 and S1060

of Gli1 are cooperatively bound by the E3 ligase Itch (Di Marcotullio

et al, 2006a, 2011), while DC degrons (residues 462–467) bind

bTrCP, all leading to protein ubiquitination and degradation

(Huntzicker et al, 2006). Finally, K518 (Gli1) and K757 (Gli2) are instead

acetylatable residues preventing transcriptional activity (Canettieri

et al, 2010; Coni et al, 2013b), whereas T374 of the Gli1ZF is a

major PKA site contrasting Gli1 localization into the nucleus (Sheng

et al, 2006). Once phosphorylated by aPKCι/k, S243 and T304 of

the GliZF confer to the protein an enhanced ability to form a

complex with DNA (Atwood et al, 2013), possibly through a confor-

mational change or binding stabilization or the recruitment of addi-

tional co-regulatory proteins, as these amino acids are located in

ZF-1 and ZF-3 that mainly establish a few contacts only with the

phosphate backbone. Overall, these data also imply that drug-mediated

interference with cell signals driving such a post-translational modi-

fication may impact on Gli1 function. Instead, neither acetylation

nor ubiquitination has been reported to affect K350 and K340,

suggesting that these residues are involved per se in DNA recogni-

tion. Therefore, they are likely direct druggable targets. To this
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Figure 9. Schematic model of GlaB mechanisms of action.
Several tumors harbor a number of genetic/epigenetic changes that activate Hh signaling to induce the Gli1 transcriptional activity. These mechanisms may be targeted
by specific inhibitors (i.e. against Smo, BRD4, kinases, HDAC1/2). Gli1 suppression may be achieved by the common route of the interaction of Gli1 to DNA that is
mediated by specific residues such as K350 localized in Gli1 ZF4. GlaB achieves the most profitable interactions on a groove sculpted by K340 residue on the surface of ZF4 as
well as a direct binding to K350. In this way, GlaB would mask critical DNA docking sites and impair the Gli1/DNA interaction, thus blunting the expression of Gli1
target genes and repressing cell growth consequently.
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regard, by combining mutagenesis studies with NMR spectroscopy

and molecular simulations, we demonstrate here that K340 and

K350 are also bound by GlaB, the first described small molecule able

to impair Hh oncogenic activity in vitro and in vivo by inhibiting

Gli1 interaction to DNA. K340 may sculpt a groove over the side

chain of R354 on the rather flat surface of ZF4 where GlaB achieves

the most profitable interactions, whereas K350 contacts directly

GlaB by H-bond. These findings are consistent with the lack of activ-

ity of GlaB on several enzymes that have been described to modu-

late the function of Gli through post-synthetic modifications (i.e. the

phosphokinases Dyrk1, GSK3b, PKA, p70S6K, RAS/ERK). In this

way, we suggest that GlaB, binding to specific residues involved in

Gli1/DNA interaction, would mask critical DNA docking sites,

blunting the expression of target genes (Fig 9).

Translational relevance of regulation of Gli1/DNA interaction by
small molecules: Smo/Gli activation redundancy versus the
bottleneck of Gli/DNA interference

The biological relevance of our data is provided by the demon-

stration that Gli1/DNA interaction is druggable in order to inhibit

the Gli1 hyperactivation induced not only by upstream Smo/

cilium-derived signals, but also by the emerging downstream

bypass mechanisms (i.e. Gli1 phosphorylation, gene copy number

amplification, BRD4-driven epigenetic activation, deubiquitination,

deacetylation or activation by aPKCι/k or p70S6K or RAS/ERK)

that are responsible for the resistance to anti-Smo drugs

frequently observed in Hh-dependent tumor initiation, progression

and relapse (Amakye et al, 2013; Aberger & Ruiz I Altaba, 2014;

Tang et al, 2014). Indeed, non-canonical Hh/Gli pathway activa-

tion independent of Smo signals is emerging as an oncogenic load

driven by genetic and/or epigenetic hyperactivation of several

oncogenes commonly observed in tumors (Aberger & Ruiz I

Altaba, 2014) (Fig 9). The redundancy of such Gli-activating

mechanisms observed in several types of Hh-dependent tumors

may represent a challenge for the design of targeted personalized

therapies. PI3K/AKT inhibitors have been described to rescue the

anti-Smo drug resistance through inactivation of S6K1-enhanced

Gli1 phosphorylation (Buonamici et al, 2010). Similarly, hyperacti-

vation of aPKCι/k in BCC accounts for the resistance to Smo

inhibitor drugs and can be rescued by specific kinase inhibitors

(Atwood et al, 2013). Finally, HDAC inhibitors are effective in

suppressing Hh signaling and tumor growth cancer cell popula-

tions where HDAC1/2 are overexpressed (Canettieri et al, 2010).

Therefore, drug-mediated inhibition of the multiple signals that

enhance Gli1 through targeting its post-translational modifications

would appear to require a combination of therapeutic approaches

(Fig 9).

Instead, the identification of the structural requirements of

Gli1/DNA binding and of an interfering small molecule provides

valuable insights to optimize the pharmacologic strategies of direct

Gli1 targeting to prevent its interaction with DNA and the subse-

quent functional outputs. This would be an appealing therapeutic

strategy focusing on the unique downstream Gli transcriptional

effector rather than targeting a variety of upstream oncogenic

deregulated signals that either characterize each type of tumor or

sustain the evolution of tumor throughout drug sensitivity

changes.

Materials and Methods

Electrophoretic mobility shift assay

The canonical Gli binding sequence (Gli-BS, 50–TTGCCTAC
CTGGGTGGTCTCTCCACTT–30) or its mutant form unable to bind

Gli1 (50–TTGCCTACCTCCCACTTCTCTCCACTT–30) was produced

by annealing complementary oligos. Fragments were end-labeled

with c32P-ATP using T4 polynucleotide kinase in accordance

with manufacturer’s instructions and purified through G25

columns (Amersham Pharmacia, Milan, Italy) and used as probe

for electrophoretic mobility shift assays (EMSA). Glutathione

S-transferase (GST) fusion proteins, only-GST, GST-Gli1ZF-WT

(Gli1 zinc finger fragment: aa 242–424), GST-Gli1ZF-K340A or

GST-Gli1ZF-K350A, were produced as previously described (De

Smaele et al, 2008). Binding reactions were performed at room

temperature for 20 min using 4 lg of GST fusion proteins and

20,000 c.p.m. of 32P-end-labeled probes in 20 ll. The final concen-

tration of components of the binding buffer for all EMSA experi-

ments were the following: 50 mM HEPES (pH 7.5), 100 mM KCl,

5 mM DTT, 1 mM EDTA, 20% glycerol, 0.05% NP-40, 0.2 lg/ll
BSA, 5 mM MgCl2 and 50 lg/ml poly(dI)-poly(dC). Competition

experiments were performed by adding 50× molar excess of cold

oligonucleotides. Complexes were resolved on a non-denaturating

5% PAGE, dried and exposed for autoradiography. Radiolabeled

bands were quantitated with a PhosphorImager densitometer

(Molecular Dynamics) using IMAGE QUANT software to assess the

ratio of probe bound to GliZF versus free probe.

Docking-based analysis of GlaB binding to Gli1 and its
alanine mutants

The binding conformation of GlaB to Gli1ZF-WT, Gli1ZF-K340A,

Gli1ZF-K350A and Gli1ZF-K340A/K350A was studied by molecular

docking simulations, performed with the same program used for

virtual screening. Docking efficacy was improved to 200%, while

the binding site radius was set at 26 Å. Docking complexes were

further relaxed by 5,000 steps of energy minimization in explicit

water solvent. GlaB affinity was then estimated by means of the

MM-GBSA method, and the pKd was computed by the empirical

functions implemented in XSCORE (Wang et al, 2002, 2003).

Molecular dynamics simulations

Initial coordinates of the Gli1ZF/DNA complex were retrieved from

the Protein Data Bank, under the PDB accession code 2GLI (X-ray

crystal structure at 2.6 Å resolution) (Pavletich & Pabo, 1993). Coor-

dinates of water molecules were removed from the complex, and

original cobalt ions were manually replaced with zinc ions within

the coordination system of each ZF. The Amber11 program was

used for generating MD trajectories and performing energy calcula-

tions. AmberTools1.5 was used for preparing input coordinates and

topology files, and for performing the preliminary analysis of MD

trajectories by the ptraj and cpptraj modules. The ff99bsc0 force

field, which incorporates updates and modifications to the success-

ful ff99 force field, was used. Parameters for the zinc ion and resi-

dues within the zinc coordination system were adapted from a

previous QM study (Mori et al, 2010). The Gli1ZF/DNA complex
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was inserted in a cuboid box of explicit TIP3P-typed water mole-

cules, buffering 8 Å from the macromolecular system. The total

charge of the system was neutralized by the addition of sodium

counterions. The solvated macromolecular system was first energy

minimized by using SANDER. In details, water molecules and coun-

terions were first minimized for 250 steps by using a steepest

descent algorithm (SD) and for 750 steps by using a conjugate gradi-

ent algorithm (CG), while keeping Gli1ZF/DNA frozen. Then, the

solvated system was energy minimized for 1,000 steps SD and

further 4,000 steps CG without positional restraints, before heating

from 0 to 300 K for 50 ps with the Langevin thermostat. Density

was equilibrated for 50 ps. In these steps, Gli1 and DNA backbones

were restrained with a harmonic force constant of 5.0 kcal/mol/Å2.

Restrained MD trajectories were produced for 3 ns while the force

constant was gradually decreased from 5 to 1 kcal/mol/Å2. Finally,

unrestrained MD trajectories were generated for 20 ns. During all

MD simulations, a time step of 0.001 ps was used. Four independent

replicas of unrestrained MD simulations were performed, starting

from slightly different initial coordinates.

In silico alanine scanning

The alanine scanning procedure implemented in Amber11 was

used. The calculation of the delta energy of binding (ΔG) of

Gli1ZF to DNA was performed along 200 frames of each MD

trajectory, by means of the Molecular Mechanics Poisson

Boltzmann Surface Area (MM-PBSA) method. The delta–delta

energy of binding (ΔΔG) was calculated as the difference between

the ΔG of each Gli1ZF alanine mutant and the ΔG of the Gli1ZF-WT.

Water molecules closest to R354 and K381 were explicitly

accounted for in ΔΔG calculations.

NMR

NMR measurements were performed on a spectrometer operating at

600 MHz for 1H. The temperature was controlled to � 0.1°C. The

spin-lattice selective relaxation rates were measured by using the

inversion recovery pulse sequence (180°-s-90°-t)n and by applying a

selective p-pulse at the selected frequency. Measurements were

carried out for some protons of GlaB in the free state and in the

presence of different proteins ([GlaB] = 0.412 mM; GlaB/

protein = 150:1, DMSO-d6 solutions, 25°C). Each measurement was

repeated at least four times.

Source and characterization of GlaB

Glabrescione B (GlaB) was extracted and purified from seeds of

Derris glabrescens (Leguminosae) by following the procedure

already described (Delle Monache et al, 1977). Chemical identity

was established by NMR analysis and mass spectrometry. Purity of

the sample used in this study was higher than 99.5% by HPLC,

performed on a Phenomenex Luna C18, 5.0-lm stainless steel

column (250 × 4.0 mm L. × I.D.). Mobile Phase A: H2O:ACN, 95:5 v/v.

Mobile Phase B: H2O:ACN, 5:95. Gradient elution: 0–5 min A:B,

50:50; 5–20 min up to 100% B; 20–25 min 100% B. Flow rate:

1.0 ml/min. UV detection at 295 nm: retention time: 17.29 min.

GlaB characterization data are described in Supplementary Mate-

rials and Methods.

6-day-old mice injections

Six-day-old CD1 mice were randomly divided into two groups

(n = 6) and injected s.c. with solvent only (2-hydroxypropyl-b-
cyclodextrin:ethanol, 3:1) or GlaB in solvent (100 lmol/kg) for

2 days (2-hydroxypropyl-b-cyclodextrin was purchased from Sigma

Aldrich). Cerebella were collected, and mRNA levels were deter-

mined by qRT–PCR. Histological sections were stained and surface

size calculated by Image Pro Plus 6.2 software.

Allograft experiments

Spontaneous MB from Ptch1+/� mice was isolated, minced and

pipetted to obtain a single-cell suspension. Equal volumes of cells

(2 × 106) were injected s.c. at the posterior flank of female BALB/c

nude mice (nu/nu) (Charles River Laboratories, Lecco, Italy).

Tumors were grown until a median size of ~100 mm3. Animals were

randomly divided into two groups (n = 6) and treated with solvent

only (2-hydroxypropyl-b-cyclodextrin:ethanol, 3:1) or GlaB in

solvent (75 lmol/kg) for 18 days. 2 × 106 ASZ001 BCC cells were

resuspended in an equal volume of 154CF medium and Matrigel

(BD Biosciences, Heidelberg, Germany) and injected s.c. at the

posterior flank of female NOD/SCID mice (Charles River Laborato-

ries, Lecco, Italy), as previously described (Eberl et al, 2012).

Tumors were grown until a median size of ~200 mm3. Animals were

randomly divided into two groups (n = 6) and treated with solvent

only (2-hydroxypropyl-b-cyclodextrin:ethanol, 3:1) or GlaB in

solvent (100 lmol/kg) for 18 days. Tumor growth was monitored

by measuring the size by caliper. Tumor volumes change was calcu-

lated by the formula length × width × 0.5 × (length + width) (Lauth

et al, 2007). All animal experiments were approved by local ethics

authorities.

Intracerebral tumor cell implantation

Adult female NOD/SCID mice were obtained from Charles River

Laboratories. Briefly, mice were anesthetized by i.p. injection of

ketamine (10 mg/kg) and xylazine (100 mg/kg). The posterior

cranial region was shaved and placed in a stereotaxic head frame.

Daoy cells (prepared from fresh culture to ensure optimal viability

of cells during tumor inoculation) were stereotaxically implanted

into the cerebellum (0.2 × 106/3 ll) at an infusion rate of 1 ll/min

by using the following coordinates according to the atlas of Franklin

and Paxinos: 6.6 mm posterior to the bregma; 1 mm lateral to the

midline; and 2 mm ventral from the surface of the skull. After injec-

tion, the cannula was kept in place for about 5 min for equilibration

of pressures within the cranial vault. The skin was closed over the

cranioplastic assembly using metallic clips. After 10 days following

tumor implantation, the animals were randomly divided into two

groups (n = 6) and treated i.p with solvent only (2-hydroxypropyl-

b-cyclodextrin:ethanol, 3:1) or GlaB in solvent (75 lmol/kg) every

second day. After 25 days of treatment, animals were sacrificed and

in vivo perfused and brains were fixed in 4% formaldehyde in 0.1 M

phosphate buffer (pH 7.2) and paraffin embedded. For brain tumor

volume calculation, serial thick coronal sections (2 lm) starting

from the mesencephalon to the end of cerebellum were performed.

The analysis was performed on 40 sections of 2 lm, sampled every

40 lm on the horizontal plan of the cerebellum, in which the
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cerebellum was identified and outlined at 2.5× magnification. Every

40 lm of brain slice H&E staining was performed. Tumor area of

every slice was evaluated with a microscope (Axio Imager M1

microscope; Leica Microsystems GmbH, Wetzlar, Germany)

equipped with a motorized stage and Image Pro Plus 6.2 software.

The following formula was used to calculate brain tumor volume:

tumor volume = sum of measured area for each slice × slice thick-

ness × sampling frequency. All animal experiments were approved

by local ethics authorities.

Statistical analysis

Statistical analysis was performed using StatView 4.1 software (Aba-

cus Concepts). Statistical differences were analyzed with the Mann–

Whitney U-test for nonparametric values, and a P < 0.05 was

considered significant. Results are expressed as mean � SD from an

appropriate number of experiments (at least three biological repli-

cas), as indicated in the figure legends.

Supplementary information for this article is available online:

http://emboj.embopress.org
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