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Natural products (NPs) are highly profitable pharmacological
tools due to their chemical diversity and ability to modulate
biological systems. Accessing new chemical entities while
retaining the biological relevance of natural chemotypes is a
fundamental goal in the design of novel bioactive compounds.
Notably, NPs have played a crucial role in understanding
Hedgehog (HH) signalling and its pharmacological modulation
in anticancer therapy. However, HH antagonists developed so
far have shown several limitations, thus growing interest in the
design of second-generation HH inhibitors. Through smart
manipulation of the NPs core-scaffold, unprecedented and
intriguing architectures have been achieved following different

design strategies. This study reports the rational design and
synthesis of a first and second generation of anthraquinone-
based hybrids by combining the rhein scaffold with variously
substituted piperazine nuclei that are structurally similar to the
active portion of known SMO antagonists, the main transducer
of the HH pathway. A thorough functional and biological
investigation identified RH2_2 and RH2_6 rhein-based hybrids
as valuable candidates for HH inhibition through SMO antago-
nism, with the consequent suppression of HH-dependent
tumour growth. These findings also corroborated the successful
application of the NPs-based hybrid design strategy in the
development of novel NP-based SMO antagonists.

Introduction

The failure of the large synthetic combinatorial libraries of small
molecules represented an important issue of the drug discovery
process.[1] Although combinatorial chemistry techniques have

succeeded in structural optimization, in the generation of large
synthetic compounds libraries, and have been successfully used
in the optimization of many recently approved agents, the
utilization of natural products (NPs) and/or synthetic variations
using their unique structures, to discover and develop the final
drug entity, is still alive and well.[2] NPs are highly profitable
pharmacological tools due to their chemical diversity and
tendency to interact with proteins and modulate biological
systems. For example, in the area of cancer, over the time frame
from 1946 to 1980, of the 75 small-molecule anticancer drugs,
around 53% are NPs or their derivatives (i. e., 40 molecules).
However, despite significant progress and several drugs avail-
able to treat cancer, the onset of resistance is a major drawback
that often causes treatment failure.[3,4] Identifying novel drugs
or drug candidates, acting with unexplored and selective
mechanisms of action and/or towards novel targets, represents
a challenge for anticancer drug discovery and development. In
the last decades, targeting specific signalling pathways widely
known to be related to the onset and development of tumours
has emerged as a great opportunity to develop more effective
and less toxic anticancer therapeutic approaches.[4,5] In this field
of study, particular interest has been focused on Hedgehog
(HH) signalling, a conserved developmental pathway whose
aberrant reactivation is responsible for several human cancers,
including medulloblastoma (MB) and basal cell carcinoma
(BCC), thus emerging as an attractive target for anticancer
therapy.[6–12] Extensive efforts were mostly focused on the
development of HH modulators acting as antagonists of the
upstream G protein-coupled-like receptor SMOOTHENED
(SMO).[7] Although some of them have moved into clinical trials
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for the treatment of HH-dependent tumours and vismodegib,
sonidegib, and glasdegib have already been approved by the
Food and Drug Administration (FDA) for the treatment of BCC
and Acute myelogenous leukemia (AML), respectively, several
side effects (i. e., nausea, muscle spasms, and alopecia) and
pitfalls, including the onset of SMO drug-resistant mutations,
limit their use.[13–17] Currently, one of the most promising
strategies to overcome these limitations is the development of
second-generation SMO antagonists taking advantage of NPs.
Indeed, NPs have played a critical role in understanding HH
signalling and its pharmacological modulation, mostly thanks to
the steroidal alkaloid cyclopamine, the first inhibitor able to
block HH signalling by directly binding to the SMO receptor,
identified in the late ‘90s.[18,19] Indeed, many of the HH inhibitors
occur in nature or derive from NPs by means of chemical
transformations or total syntheses, which further emphasizes
the renewed interest in nature as a source of “hit and lead”
compounds in drug discovery.[20] Different design strategies
have been utilized to achieve unprecedented and intriguing
architectures by intelligently manipulating the NP’s core-
scaffold.[21–27]

In this context, an alternative approach to discover new
biologically relevant compounds, by exploiting the biologically
relevant chemical space of NPs, starts from natural chemotypes
and employs the combination of the basic skeleton of a NP
with a molecularly targeted drug bullet.[28,29] Among the differ-
ent classes of natural products, anthraquinones, which are
secondary metabolites widely distributed in higher plants (aloe,
cascara sagrada, senna and rhubarb), microorganisms, lichens
and insects, display a wide variability of biological effects.[30]

Remarkably, a significant portion of anthraquinone-based drugs
approved for clinical practice are antitumour agents.[31] The
prominent anthraquinone-based drugs doxorubicin, mitoxan-
trone, as well as more recent epirubicin, idarubicin, and
valrubicin, are successfully used in chemotherapy of haemato-
logical malignancies and solid tumours.[32] The anthraquinone
core remains a promising scaffold for discovering novel drug
candidates.[30,31,33,34]

Based on these findings, this work provides an innovative
exploitation of the chemical versatility as well as the affinity for
the HH pathway of the anthraquinone scaffold by combining it
with the active portion of well-known SMO antagonists
(Taladegib and Anta XV) to design, synthesize and test specific
antagonists. Our strategy implied the design, supported by
computer-aided methods, and synthesis of a library of anthra-
quinone derivatives featuring variously substituted piperazine
linkers, able to interact in silico with the SMO receptor, and the
investigation of the HH inhibitory properties of the synthesized
compounds, to validate the computational modelling predic-
tions.

This study offers an alternative approach to turn natural
products from nontargeted to targeted anticancer therapies by
exploiting natural sources and combining them with modern
technologies for guided lead identification and synthesis/
development.

Results and Discussion

First generation of anthraquinone-like SMO antagonists: Hit
identification

To discover new potent SMO-targeting antagonists, the natu-
rally-occurring anthraquinone structure was selected as a
promising scaffold based on its chemical features and versatility
besides its wide distribution in nature.[28,35] From a chemical
standpoint, anthraquinones are a group of polyketides of the
quinone family with a basic cyclic scaffold composed of three
fused benzene rings, including two ketone groups on the
central 9,10-carbons. The rigidity, planarity, and aromaticity of
the anthraquinone system have been widely studied with
respect to its pharmacological properties. Indeed, anthraqui-
nones have attracted chemists’ interest in accessing diversely
substituted derivatives via different synthetic protocols.
Although several synthetic approaches are available to synthe-
size substituted anthraquinones, most of the derivatives have
been prepared via efficient semi-synthetic approaches starting
from commercially available compounds in recent years. Herein,
due to the easy accessibility to plant sources, low commercial
cost, and structural features, emodin (1,3,8-trihydroxy-6-meth-
ylanthraquinone) was identified as an ideal candidate for the
preparation of a novel generation of SMO antagonists by
exploring hybrid scaffold design approach.[36] Therefore, a small-
focused library of anthraquinone derivatives, EP1-EP22 (Fig-
ure S1), was rationally designed by combining the basic
skeleton of emodin with piperazine or piperidine nuclei
structurally similar to the SMO-targeting bullet of well-estab-
lished SMO antagonists (Taladegib and Anta XV) (Figure 1).

Moreover, the methylene connection between the C-2
position of emodin and piperazine or piperidine linkers
variously substituted was conceived based on a facile multi-
component Mannich-type reaction procedure. The binding
mode and theoretical affinity of the emodin derivatives were
evaluated by molecular docking with the FRED program from
OpenEye, Cadence Molecular Sciences, using the settings and
protocols already refined and validated in previous works.[37–39]

The outcomes of this initial molecular docking investigation
showed that all designed molecules bind in an improper
orientation toward the SMO antagonists’ site. Indeed, the sp3

hybridization of the nitrogen atoms of the piperazine or
piperidine portion linked via a methylene bridge to the C-2
position of the anthraquinone core favours its protonation at
physiological pH values (i. e., pH=7.4), thus hindering the
interaction within the deepest portion of the SMO binding site
(data not shown), which is targeted by the anthraquinone core.
In order to overcome these structural issues, the related
anthraquinone metabolite rhein (1,8-dihydroxyanthraquinone
3-carboxylic acid), featuring an easily functionalizable acid
group at C-3 position, was exploited as an alternative scaffold.
Therefore, a small-size focused library of rhein derivatives was
rationally designed to further reduce the polarity of the
anthraquinone scaffold by methylating hydroxyl groups, and to
avoid the nitrogen protonation at pH 7.4 by linking the
standard SMO-targeting bullet of Anta XV with rhein (Figure 2)
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via an amide bond formation. In this case, missing the nitrogen
basic properties, the protonation at pH 7.4 should be pre-
vented, thus favouring the correct orientation of the molecule
inside the binding pocket of the SMO receptor.

As a result, the series RH1-RH6 (Figure S2) was conceived
and enhanced upon the previous EP1-EP22 series. Notably,
docking studies revealed that molecules of this small-focused
library of naturally-inspired compounds share a highly similar
binding mode within the antagonists site of the SMO receptor.
Specifically, molecular docking highlighted four compounds
(RH1-RH4) favourable binding poses and best scores at the
receptor site. The large and flat anthraquinone moiety binds

near the entrance of the binding site within the region of the
receptor that is located in proximity to the outer side of the
membrane (Figure 3A). Here, hydrogen-bond interactions with
Asn219, Tyr394 and Gln477 are established. In contrast, the
variable portion of the molecules binds in the inner and narrow
region of the receptor where it stacks to the side chain of
Phe391 (Figure 3A). Finally, a good overlapping with the bind-
ing mode of crystallographic ligand Anta XV is observed
(Figure 3B). Based on these findings, rhein-based derivatives,
RH1-RH4, were selected for organic synthesis and functional
evaluation.

Figure 1. Rational design of emodin derivatives as potential SMO antagonists.

Figure 2. Rational design of rhein derivatives as potential SMO antagonists.

Figure 3. Predicted binding mode of RH2 to SMO. A) Docking pose of RH2 is shown as green sticks, the X-ray crystallographic structure of SMO coded by PDB-
ID: 4JKV is shown as cyan cartoon and lines (residues within 5 Å from the ligand are shown, others are hidden), H-bonds are highlighted by black dashed
lines. B) structural overlapping between the crystallized Smo antagonist, Anta XV (yellow sticks), and RH2 (green sticks).
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A convergent synthetic strategy, involving Steglich-like
coupling of the dimethyl rhein with variously substituted
piperazines, has been considered the most suitable approach
for the preparation of RH1-RH4 (Scheme 1). Starting from
commercially available rhein (1), the methylation of the
anthraquinone hydroxyl and carboxylic acid groups was
performed using methyl iodide (CH3I) in the presence of NaH as
base affording 2 in quantitative yield. To allow the further
condensation reaction, the methyl ester functionality of 2 was
hydrolysed by using a basic solution of NaOH (1 M) in ethanol/
water (1 : 1, v/v) followed by an acid solution of HCl (1 M) to
obtain the corresponding carboxylic acid derivative 3 in 87%
yield. The further step consisted in the Steglich-type amidation
of 3 with the corresponding piperazine linkers featuring
phenyl/pyridine/pyrimidine moieties at position 4.

The reaction was performed under mild conditions by
employing the coupling reagent EDCI, a water-soluble deriva-
tive of carbodiimide, in the presence of DMAP: commercially
available amino linkers, i. e., 1-phenylpiperazine and 1-(4-
fluorophenyl)-piperazine, were employed for the synthesis of
RH1 (43% yield) and RH2 (46% yield) derivatives; 2-(6-
(piperazin-1-yl)pyridin-3-yl)propan-2-ol and 2-(5-(piperazin-1-
yl)pyrazin-2-yl)propan-2-ol linkers were synthesized according
to previously developed procedures and used for the prepara-

tion of RH3 (50% yield) and RH4 (60% yield), respectively
(Scheme S1).[40]

The HH inhibitory properties of the synthesized compounds,
RH1-RH4, were investigated in a luciferase reporter assay, which
is widely used for characterizing HH antagonists.[36] To this end,
NIH3T3 SHH-Light II cells stably incorporating a Gli-responsive
firefly luciferase reporter (Gli-RE) and the pRL-TK Renilla as
normalization control, were treated with the synthetic SMO
agonist (SAG) alone or in combination with the selected
molecules. Among the tested compounds only RH2 showed
inhibitory activity with an IC50 of 5.698 μM (Figure 4), whereas
RH1 was inactive (Figure 4) and RH3 and RH4 showed unspecific
effect due to the modulation of the internal normalization
control (Figure S3).

Second generation of anthraquinone-like SMO antagonists:
Hit optimization

The iterative cycle of design-synthesis-testing was implemented
to accelerate the optimization of chemical structures with
respect to HH inhibition. Therefore, the most promising
compound RH2, featuring a piperazine linker substituted at
position 4 with a p-fluorophenyl group, emerged from the

Scheme 1. Synthesis of rhein-amides (RH1-RH4). Reagents and conditions: a) NaH, CH3I, dry CH2Cl2, N2, 0 °C to rt, o/n, quantitative. b) 1) NaOH, EtOH, 50 °C,
2.5 h; 2) HCl, 0 °C, 87%; c) EDCI, DMAP, dry CH2Cl2, 0 °C to rt, o/n.

Figure 4. Inhibitory effect of RH compounds on HH signaling activity. Dose-response curve of compounds RH1 (A) and RH2 (B) in SAG-treated NIH3T3 Shh
Light II cells. Treatment time was 48 h and data were normalized against Renilla luciferase. Data show the mean�SD of three independent experiments. (****)
p <0.0001 vs SAG.
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functional evaluation of the first generation of rhein-based
derivatives, and it was used as a privileged hit compound
towards this aim. A second generation of anthraquinone-like
SMO antagonists, RH2_1-RH2_9, was rationally designed by
modifying the p-fluoro substitution on the phenyl group, the
region of the scaffold responsible for the selective antagonism
of SMO, with several functional groups. In particular, in RH2_1-
RH2_6, the phenyl group linked to the piperazine nucleus
shows different substituents at para position, while in RH2_7-
RH2-9, the phenyl group is substituted with a pyridine group in
which the nitrogen atom is in the 2- (RH2_7), 3- (RH2_8) or 4-
(RH2_9) position, respectively (Figure S4). The second gener-
ation of anthraquinone-like derivatives was tested in silico to
evaluate the binding mode and theoretical affinity towards the
crystallographic structure of SMO. Based on a combination of
visual inspection of binding modes and analysis of docking
score, compounds RH2_3, RH2_4, RH2_5 and RH2_6 resulted
the most interesting of the series (Figure S5) since they appear
to be even more effective than the parent RH2, whereas other
compounds proved less effective than, or at least comparable
to, RH2. Accordingly, all the derivatives of this series were
selected for organic synthesis and biological studies.

The synthetic strategy used for obtaining the second series
of RHs compounds is the same one previously discussed
(Scheme 1) and involves the same reactions. Notably, it has
been found that the second series was more advantageous
compared to the previous one, which required the synthesis of
some piperazine linkers for RH3 and RH4, before being linked to
the anthraquinone core of rhein (Scheme 2). As a matter of fact,
the piperazine linkers (13-21) used for obtaining RH2_1-RH2_9
are all readily available in commerce and are reasonably cheap
(Scheme 2).

The RH2_1-RH2_9 derivatives have been tested in a range
from 1 to 50 μM for their ability to suppress HH signalling by
luciferase reporter assays in NIH3T3 SHH-Light II cells as
described above (Figure 5).[41] Among them, RH2_3 and RH2_9
showed unspecific effect due to the modulation of the internal

normalization control TK-Renilla (Figure S6), whereas the deriv-
atives RH2_2 and RH2_6 emerged as the most active, with an
IC50 value of 1.585 and 1.658 μM, respectively (Figure 5B,E).
Notably, electron-donating groups proved more effective than
the electron-withdrawing group substituted to the phenyl ring
connected to the rhein core by the piperazine linker. The effect
of RH2_2 and RH2_6 to inhibit the HH pathway was confirmed
in Ptch1� /� mouse embryonic fibroblasts (MEFs), in which the
constitutive activation of HH signalling is the consequence of
the loss of repressive receptor Ptch1 gene.[41]

As shown in Figure 6A, RH2_2 and RH2_6 significantly
reduced mRNA expression levels of HH target genes (i. e., Gli1,
Gli2, and CycD1). Conversely, in cells lacking the Smo receptor
(Smo� /� MEFs), both compounds, as well as the well-known
SMO antagonist vismodegib, did not affect the mRNA levels of
Gli1, the final and the most powerful effector of HH signalling
(Figure 6B). It is worth noting that although in Smo � / � MEFs the
levels of the Gli1 mRNA are lower than wildtype cells, the RNA
levels are detectable and can be pharmacologically
modulated.[37] These results indicate the specificity of RH2_2
and RH2_6 as SMO antagonists. Finally, we tested the inhibitory
effect of RH2_2 and RH2_6 on HH-dependent medulloblastoma
(MB) cell models, since the strong correlation between the
aberrant activation of HH signalling and the onset of this
malignant brain tumour.

To this aim, we used Med1-MB cell line derived from a
spontaneous tumour arisen in a Ptch1+ / � ,lacZ mouse and
primary MB cells freshly isolated from Math1-cre/Ptch� /� mice
that spontaneously develop MB.[42,43] As shown in Figures 7A
and C both the compounds suppressed the proliferation of MB
cells over time and this effect correlated as expected with the
reduction of the expression levels of HH target genes, such as
Gli1, Gli2, and CycD1 (Figure 7B, D). These findings reveal the
compounds RH2_2 and RH2_6 as good candidates for the
inhibition of HH signalling by acting on Smo with the
consequent suppression of HH-dependent tumour growth.

Scheme 2. Synthesis of novel RHs derivatives using different piperazine linkers.
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Conclusions

In conclusion, a new design principle to turn NPs from
nontargeted to targeted SMO antagonists was explored. The
combination of the emodin-like scaffold (i. e., rhein) with the
active portion of such well-established and known SMO
antagonists (Taladegib and Anta XV) resulted in a collection of
anthraquinone-based hybrids acting as SMO antagonists. An
iterative drug discovery process was conceived to accelerate
the evaluation and optimization of chemical structure in silico
ahead of synthesis and assay. Therefore, a small-focused library
of anthraquinone-based hybrids, RH1-RH4, was rationally de-
signed by combining the basic skeleton of rhein with variously
substituted piperazine nuclei structurally similar to the SMO-
targeting bullets. The most promising compound RH2, featuring

a piperazine linker substituted in position 4 with a p-
fluorophenyl group, emerged from the functional evaluation
and was further optimized through an additional cycle of
design-synthesis-bioassay and testing in vitro. Among the
second generation of rhein-based derivatives, RH2_2 and RH2_
6, featuring a p-chloro and a p-methoxy substitution on the
phenyl group, respectively, emerged as the most effective in
inhibiting the HH signalling activity. Further, a thorough func-
tional and biological characterization of the most potent
hybrids, RH2_2 and RH2_6, revealed them as good candidates
for the inhibition of the HH pathway by acting on SMO with the
consequent block of HH-dependent tumour growth. Therefore,
the results highlight the successful application of the NPs-based
hybrid design strategy for developing novel generations of
SMO antagonists and expand the repertoire of chemotypes for

Figure 5. Inhibitory effect of RH2 derivatives on HH signaling activity. Dose-response curves of RH2 derivatives in SAG-treated NIH3T3 Shh Light II cells.
Treatment time was 48 h and data were normalized against Renilla luciferase. Data show the mean�SD of three independent experiments. (*) p <0.05; (**) p
<0.01; (***) p <0.001; (****) p <0.0001 vs SAG.

Figure 6. The effect of RH2_2 and RH2_6 in HH-dependent cell models. (A) The graph shows the mRNA expression levels of HH target genes (i. e., Gli1, Gli2,
and CycD1) in Ptch1� /� MEFs treated for 48 h with DMSO as a control, or RH2_2, or RH2_6 at the final concentration of 1 μM, or Vismodegib (100 nM). (B) The
graph shows the mRNA expression levels of Gli1 in Smo� /� MEFs treated for 48 h with DMSO as a control, or RH2_2, or RH2_6 at the final concentrations of 1,
5, 10 μM, or Vismodegib (100 nM), used as control. All data show the mean�SD of three independent experiments normalized to endogenous controls β2-
microglobulin and Hprt. (*) p <0.05; (**); p <0.01; (****); p <0.0001 vs CTR.
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SMO inhibition by exploring the biologically relevant chemical
space NPs and making them targeted compounds.

Material and Methods

General procedure for the synthesis of rhein amide
derivatives through a Steglich amidation

To a stirring solution of carboxylic acid 3 (150 mg, 0.48 mmol,
1 equiv.) in dry CH2Cl2 (20 mL), EDCI·HCl (115 mg, 0.60 mmol,
1.25 equiv.) and DMAP (59 mg, 0.48 mmol, 1 equiv.) were added
at 0 °C under inert atmosphere. After 5 min, the desired
piperazine derivative (commercially available linkers 1-phenyl-
piperazine, 1-(4-fluorophenyl)-piperazine and 13–21)
(0.96 mmol, 2 equiv.) was added. The reaction mixture was
warmed up to room temperature and stirred overnight. The
mixture was then quenched with water, extracted with CH2Cl2
(3 x 20 mL), washed with brine, dried over Na2SO4, filtered and
concentrated in vacuo. The residues obtained were further
purified according to the procedures discussed in the Support-
ing Information.

Cell cultures and treatments

NIH3T3 Shh-Light II, Ptch1� /� (kindly provided by M.P. Scott),
Smo� /� (kindly provided by R. Toftgard), Med1-MB cells (kindly
provided by Yoon-Jae Cho) were cultured in Dulbecco’s
Modified Eagle Medium (DMEM) (Euroclone, Milan, Italy)
supplemented with 10% fetal bovine serum (FBS; Sigma-Aldrich

St. Louis, MO, USA). All media contained 1% L-Glutamine and
1% Penicillin–Streptomycin (Pen/Strep).

Primary MB cells were freshly isolated from Math1-cre/
Ptch� /� mice. Tumours were collected and mechanically dis-
gregated in HBSS plus 1% Pen/Strep using sterilized Pasteur
pipettes. The samples were treated with DNase (10 μg/mL) for
twenty minutes to obtain a single-cell suspension. Finally, cells
were centrifuged and resuspended in Neurobasal Media-A with
B27 supplement minus vitamin A, 1% Pen/Strep and 1% L-
glutamine and freshly used for in vitro proliferation assays.

Mycoplasma contamination in cell cultures was routinely
detected using PCR detection kit (Applied Biological Materials,
Richmond, BC, Canada).

NIH3T3 Shh-Light II cells were treated with the tested
compounds (at the indicated concentrations) and SAG (200 nM,
Alexis Biochemicals Farmingdale, NY, USA) for 48 h. Smo� /� and
Ptch1� /� MEFs were treated with the tested compounds, at the
indicated concentrations, for 48 h, respectively. Where indi-
cated, cells were treated with Vismodegib (100 nM, Sell-
eckchem) used as control.

Molecular modelling

Docking simulations were carried out with FRED (OpenEye,
Cadence Molecular Sciences) version 3.3.0.3[44–47] using the
crystallographic structure of the SMO coded by PDB-ID: 4JKV as
a rigid receptor (chain A).[48]

Before docking, co-crystallized ligands were removed. The
receptor binding site was defined within the SMO heptahelical
bundle, where co-crystalized SMO antagonists are found by X-
ray crystallography. Ligands were sketched in Picto (OpenEye,

Figure 7. Tumor growth inhibition of SHH-MB cells in vitro by RH2_2 and RH2_6. (A, C) Med1-MB cells and primary murine SHH-MB cells freshly isolated from
Math1-cre/Ptch� /� mice were treated with RH2_2 or RH2_6 at the final concentration of 1 μM, or DMSO only. After the indicated times, a trypan blue count
was performed to determine the growth rate of viable cells. (B, D) The relative expression levels HH target genes (i. e., Gli1, Gli2, and CycD1) have been
evaluated by qRT–PCR in SHH cell models treated with RH2_2 and RH2_6 (1 μM), or DMSO only. Data show the mean�SD of three independent normalized
to endogenous controls β2-microglobulin and Hprt. (*) p <0.05 vs DMSO; (**) p <0.01 vs DMSO; (***) p <0.001; (****) p <0.0001 vs DMSO.
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Cadence Molecular Sciences and then converted into three-
dimensional structures with OMEGA (OpenEye, Cadence Molec-
ular Sciences) version 3.1.0.3.[49–51] By molecular docking with
FRED, 5 top- scoring poses of each ligand were stored and
submitted to visual inspection.

Luciferase reporter assay

Luciferase reporter assay has been performed in NIH3T3 Shh-
Light II cells, stably expressing a Gli-responsive luciferase
reporter and the pRL-TK Renilla (normalization control). NIH3T3
Shh-Light II cells were seeded into 24-well cell culture plates
and maintained in culture for three days to achieve optimal cell
confluence (about 90%) for SAG treatment. Cells were then
treated for 48 h with SAG (200 nM) alone or in combination
with the tested compounds at the indicated concentrations.
According to the manufacturer’s instructions, Luciferase and
Renilla activities were assayed with a dual-luciferase assay
system (Biotium Inc., Hayward, CA, USA). Results were expressed
as Luciferase/Renilla ratios and represented the mean�S.D. of
three experiments performed in triplicate.

Proliferation assay

The proliferation of Med1-MB and primary SHH-MB cells was
evaluated by a trypan blue count after a treatment period of 12,
24, and 48 h with the compounds of interest, or solvent (DMSO)
only used as control. Briefly, Med1-MB cells and SHH-MB
primary cells were seeded in 24-well cell culture plates to obtain
a starting cell density of 104 cells/well and 404 cells/well,
respectively. Then, the cells were treated with the compounds
of interest, or DMSO only used as vehicle. After 12, 24 and 48 h
of treatment, the proliferation rate of viable cells was assessed
by trypan blue staining. Results represent the mean�S.D. of
three experiments performed in triplicate.

mRNA Expression analysis

Trizol reagent (Invitrogen/Life Technologies) was used to isolate
total RNA from cells and reverse transcribed with SensiFAST
cDNA Synthesis Kit (Bioline Reagents Limited, London, UK).
Quantitative real-time PCR (Q-PCR) analysis of Gli1, Gli2, Cyclin
D1, β2-microglobulin, and Hprt mRNA expression was performed
by using the VIIA7 Real Time PCR System (Life Technologies).
Standard Q-PCR thermal cycler parameters were used to amplify
a reaction mixture containing cDNA template, SensiFAST SYBR
Lo-ROX Kit (Bioline Reagents Limited) and primer probe. 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 by using SDS version 2.3
software. Data were normalized with the endogenous house-
keeping genes (β2-microglobulin and Hprt) and expressed as the
fold change respect to the control sample value.

Statistical analysis

Results are expressed as mean�S.D. from an appropriate
number of experiments (at least three biological replicas). For
all other experiments, p values were determined using two-
tailed Student’s t-test, and statistical significance was set at p
<0.05.
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