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ABSTRACT: Starting from known GLI1 inhibitors, a pharmaco-
phore-based virtual screening approach was applied to databases of
commercially available compounds with the aim of identifying new
GLI1 modulators. As a result, three different chemical scaffolds
emerged that were characterized by a significant ability to reduce
the transcriptional activity of the endogenous Hedgehog-GLI
pathway and GLI1 protein level in murine NIH3T3 cells. They also showed a micromolar antiproliferative activity in human
melanoma (A375) and medulloblastoma (DAOY) cell lines, without cytotoxicity in non-neoplastic mammary epithelial cells.
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Hedgehog (HH) signaling pathway plays a crucial role in
embryonic cells differentiation and development, while it

is usually deactivated in adults.1,2 An aberrant activation of HH
pathway occurs in several so-called HH-dependent human
cancers, such as basal cell carcinoma (BCC),3 medulloblasto-
ma,4 meningioma,5 as well as in breast6 and colorectal
cancers,7 and many others.8 The G protein-coupled receptor
Smoothened (SMO) and the GLI transcription factors are the
most promising targets for HH modulation. SMO remains the
most investigated target for HH modulation9 with more than
18 compounds in preclinical studies (i.e., cyclopamine,10

CAT3,11 MRT-92)12 and active or completed clinical trials
(i.e., taladegib,13 LEQ506).14 Four SMO inhibitors are already
in the market for treatment of different cancers. Vismodegib
and sonidegib are employed for treatment of advanced BCC,
glasdegib for acute myeloid leukemia patients, and patidegib as
an orphan drug for the treatment of basal cell nevus syndrome,
as well as a topical gel formulation for sporadic nodular BCC.15

However, development of early resistance due to SMO
mutations has been observed in many patients treated with
vismodegib and sonidegib, thus limiting the efficacy of these
drugs.16 On the other hand, the downstream effector GLI1 can
be activated beyond SMO, overcoming its inhibition, and
probably represents the most promising target to treat HH-
dependent tumors avoiding resistance phenomena.17 The
naturally occurring compounds vismione E18 and glabrescione
B (GlaB)18−20 (Figure 1A) were recently described as
inhibitors of GLI1 transcriptional activity, acting to a similar
extent as GANT-61.21 However, a recent paper showed that
the binding modes of GlaB and GANT-61 are significantly
different.22

The few GLI1 modulators known so far suffer from poor
drug-like properties and activity, thus prompting the
researchers to search for novel chemical entities. For this
purpose, following a common feature pharmacophore
generation approach implemented within the Phase software,23

the two compounds were used to build a three-dimensional
model that corresponded to the arrangement of their shared
chemical portions. The resulting five-feature pharmacophore
was constituted by two hydrophobic groups, two hydrogen
bond acceptors, and one aromatic ring. They mapped the two
terminal methyl groups of the m-prenyl side chain of GlaB and
of the 7-prenyl group of vismione E, the oxygen atoms at
positions 4 and 5 of GlaB and positions 8 and 9 of vismione E,
the condensed phenyl ring of GlaB, and the central phenyl ring
of vismione E, respectively (Figure 1B).
The pharmacophore was applied as a filter to virtually screen

the Asinex and the AKos databases of commercially available
compounds. As a result, among the 41 chemical entries
prioritized by the virtual screening protocol, three structurally
different hit compounds showed an interesting biological
profile. Among them, α-mangostine (SST0673, a diprenylxan-
thone resembling GlaB in the prenyl side chains and the 5,7-
dioxo-chromen-4-one core) showed a perfect superimposition
to the pharmacophoric model. In particular, the oxygen atoms
at positions 1 and 9 mapped the hydrogen bond acceptor
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features (Figure 2, left), the methyl groups of the 8-prenyl
appendage were the hydrophobic portions, and ring A fitted
the aromatic ring feature.
The biological evaluation of SST0673 showed a significant

reduction of GLI1 protein level in murine NIH3T3 cells
treated with SAG (100 nM) (Figure 3). Moreover, about 43%
inhibition was found in the luciferase assay in the same cell
line, in comparison to SAG (100% luciferase activity, Table 1,
Figure 4). Finally, this compound reduced cell proliferation at
micromolar concentrations (2.7 and 1.9 μM) in melanoma
(A375) and medulloblastoma (DAOY) cell lines. Interestingly,
the recent literature reports that α-mangostine may act as GLI
inhibitor.24,25 This result provides experimental evidence that
could support the reliability of the virtual screening protocol
for the identification of putative GLI1 inhibitors.
The second class of prioritized compounds was populated by

thiophene derivatives (Table 1). Among them, SST0682
showed a reduction of GLI1 protein level and an
antiproliferative activity in medulloblastoma cells significantly
stronger (0.9 μM) than in melanoma cells (12 μM). The
trichloromethyl group, the ester function, and the phenyl ring

at the thiophene represented the chemical features required to
map the pharmacophoric model (Figure 2, middle). All these
molecular portions were confirmed by molecular docking
simulations as very important for the binding of SST0682 to
GLI1 (Figure 5). Replacement of the phenyl ring at the amide
terminus with an ethyl chain as in SST0683 maintained a
micromolar antiproliferative activity (4.1 and 6.0 μM), a
reduction of GLI1 protein level, and 42% inhibition in the
luciferase assay. Further size reduction of the terminal
substituent to a methyl group led to SST0681 that did not
affect GLI1 protein level, while it retained a micromolar
antiproliferative activity (5.1 and 2.8 μM). Moreover, changing
the phenyl ring to the 2-furyl side chain led to SST0784, which
strongly reduced the GLI1 protein level maintaining micro-
molar antiproliferative activity on cancer cells, while enlarge-
ment to a naphthyl moiety resulted in the inactive SST0781
(Table 1). Decoration of the phenyl ring with the electron-
donating methyl group resulted in inactive compounds
(SST0783, SST0767, and SST0768) independently from the
substitution pattern. On the contrary, electron-withdrawing
substituents, such as nitro (SST0780) and halogens (SST0785

Figure 1. (A) Chemical structure of GlaB and vismione E used to generate the pharmacophore model for GLI1 inhibitors. (B) Graphical
representation of the five-feature pharmacophoric model for compounds affecting GLI1 protein level. GlaB (ball and stick notation) and vismione E
(stick notation) are superimposed. Green spheres are hydrophobic regions (HY); red spheres are hydrogen bond acceptor groups (HBA); the red
ring is an aromatic ring feature (RA).

Figure 2. Graphical representation of the best-ranked superposition of α-mangostine (left), SST0683 (middle), and SST0704 (right) to the
pharmacophoric model. Green spheres are hydrophobic regions (HY); red spheres are hydrogen bond acceptor groups (HBA); the red ring is an
aromatic ring feature (RA).

Figure 3. Effects of compounds on endogenous GLI1 protein level in NIH3T3 cells. Western blot analysis of GLI1 in cells treated with 100 nM
SAG and DMSO, GANT-61, GlaB, or our putative GLI inhibitors (5 μM) for 48 h. HSP90 was used as loading control. GLI1 protein
quantification is indicated in italic.
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Table 1. Structure and Antiproliferative Activity of Compounds That Affect GLI1

aExpressed as IC50 values (micromolar concentrations) calculated using GraphPad prism, version 6, from triplicate experiments in melanoma
(A375) and medulloblastoma (DAOY) cells. ND: not determined. No activ.: no effects on proliferative activity. bGLI1 protein level was
determined by Western blotting (see Figure 3 for details) in murine NIH3T3 cells treated with SAG (100 nM) and each compound (5 μM) for 48
h. NA: not affected. cLuciferase assay in murine NIH3T3 cells. Data are represented as percentage of inhibition. Cells treated with SAG were
equated to 100% (see Figure 4 for details). ND: not determined.
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and SST0779), restored a micromolar antiproliferative activity,
strongly affected luciferase assay (inhibition higher than 74%),

and reduced GLI1 protein level. As a representative example,
SST0780 led to a >70% reduction of GLI1 protein level in
comparison to SAG-treated cells (Figure 3).
Within the third class of hit compounds (Table 1), the

pyrazolo[1,5-a]pyrimidine analogue SST0704 greatly de-
creased GLI1 protein level, inhibited the luciferase assay (by
40%), and showed a micromolar antiproliferative activity (2.2
and 2.3 μM) in A375 and DAOY cell lines, respectively. In the
attempt to rule SAR considerations on this class of
compounds, several derivatives of SST0704 were synthesized
or purchased from available commercial sources. The
analogues SST0894−897 were synthesized by cyclization of
the commercial 1-cyclopropyl-4,4-difluorobutane-1,3-dione 1
with pyrazole 2, thus producing the ester 3. It was converted,
after saponification, into the corresponding pyrazolo[1,5-
a]pyrimidines SST0894−897 in good yields and purity, by
treatment with the appropriate amines in the presence of
HATU as a coupling agent (Scheme 1). These analogs did not
affect GLI1 protein level (Supporting Information Figure 1A)
and, therefore, were not further characterized.
Replacement of the C5 cyclopropyl ring with a methyl group

(SST0703) or removal of the gem-dimethyl substituent on the
dihydro-chromene moiety (SST0778) led to inactive com-
pounds that affected neither cell proliferation nor GLI1 protein
level, thus suggesting an important role for both the C5
substituent and the hydrophobic dimethyl moiety on the
chromene ring. Accordingly, docking simulations showed that
the dimethyl assemblage, which was required to satisfy the
hydrophobic features of the pharmacophoric model (Figure 2,
right), pointed toward the polymethylenic side chain of Arg223
(an essential amino acid for the interaction with DNA) and
Thr243 (Figure 6). On the other hand, the cyclopropyl ring
was directed toward the zinc binding site, possibly affecting the
coordination of this ion. Simplification of the chromene core to
a tetrahydro-naphthalene ring led to SST0788 that retained a
micromolar antiproliferative activity (5.0 and 7.5 μM) and
showed a significant reduction of GLI1 protein and inhibition
of the luciferase assay (54%). Although SST0788 lacked the
dimethyl substitution on the chromene moiety, it gained a
methylene fragment in place of the oxygen atom, which
maintained the hydrophobicity that seemed required on this
part of the molecule. Further manipulation of the appendage at
the amide side chain led to inactive compounds (SST0894-
SST0897). At the opposite molecular edge, insertion of small
aromatic rings at C5 led to the most active pyrazolo-pyrimidine
derivatives. In fact, SST0789 showed a micromolar anti-
proliferative activity (0.6 and 5.7 μM) and a significant
reduction of GLI1 protein level and luciferase activity (66%).
Similarly, the corresponding thiophenyl analogue SST0790
showed an antiproliferative activity (1.2 and 4.4 μM)

Figure 4. Effects of compounds on the transcriptional activity of the
endogenous Hedgehog pathway. Quantification of GLI-dependent
luciferase reporter assay in HH-responsive NIH3T3 cells treated with
100 nM SAG and the GLI inhibitors GANT-61, GlaB, or compounds
(5 μM) for 48 h. Relative luciferase activity was GLI-dependent
reporter firefly/renilla control ratios, with cells treated with SAG
equated to 100%. *, p < 0.05; **, p < 0.01.

Figure 5. Best-ranked docking pose of the thiophene derivative
SST0682. The phenyl rings at the amide spacer and at the thiophene
nucleus are involved in π−cation interactions with the guanidino
moiety of Arg223 and the ammonium group of Lys209, respectively.
Moreover, the carbonyl oxygen of the ester side chain makes a
hydrogen bond with His220 of the zinc chelating architecture. The
trichloromethyl side chain is accommodated within the region
occupied by the dimethyl moiety of SST0704 (Figure 6). The
structure of SST0682 is represented by thick sticks, amino acid side
chains by thin sticks, the zinc ion as a blue sphere, hydrogen bonds as
dotted yellow lines, and π−cation interaction as dotted green lines.

Scheme 1. Synthesis of Pyrazolo[1,5-a]pyrimidine Derivatives SST0894−897
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associated to an almost complete inhibition of GLI1 protein
expression (Figure 3).
The hydrophobic character of pyrazolo-pyrimidines ap-

peared to be a crucial parameter that affected compound
activity. LogP values (calculated by MarvinSketch software,
www.chemaxon.com) lower than 3.5 were associated to
inactive compounds, while activity occurred in compounds
with higher values, with the only exception SST0896 that was
inactive with a logP value of 4.84.
The ability of such compounds to affect GLI1 protein level

and inhibit luciferase assay suggested that they might interact
with GLI1 itself. To support this hypothesis, molecular
docking simulations (Glide software)26 were performed on
the X-ray structure of the five-finger GLI1/DNA complex (2gli
within the protein data bank).27 Best scored poses of GlaB
showed that it accommodates in the region between zinc finger
4 and 5. Moreover, Lys209, Lys219, and Arg223 (we adopt
amino acid numbering of the protein data bank even if a list to
convert it into the full length numbering is reported in
Supporting Information Table 1) make crucial interactions
with GLI1 (Supporting Information Figure 2), as previously
described.18 The agreement between the binding pose of
docked GlaB and its major interactions within the GLI1

structure with those reported in previous literature gave further
support to the reliability of the computational docking
protocol. The latter was then applied also to thiophene and
pyrazolo-pyrimidine hit compounds in the attempt to predict
their binding mode and significant interactions with GLI1.
The thiophene derivative SST0682 was accommodated in

such a way that the phenyl ring at the amide portion showed a
cation−π interaction with the side chain of Arg223 (Figure 5),
thus accounting for the importance of a phenyl ring at this
position. Moreover, a similar interaction occurred between the
phenyl ring on the thiophene cycle (corresponding to the
aromatic ring feature of the pharmacophore) and the side
chain of Lys209. Further stabilization came by a hydrogen
bond between the ester side chain (that corresponds to an
HBA feature of the model) and the His220 ring. The
trichloromethyl group was embedded in a pocket comprised
within the side chains of Thr224 and Thr243, where also the
gem-dimethyl group of SST0704 was located (Figure 6).
The same binding pocket occupied by both GlaB and

SST0682 also accommodated the pyrazolo-pyrimidine deriv-
ative SST0704 (Figure 6). In particular, the pyrazole ring gave
a cation−π interaction with the terminal ammonium group of
Lys209, and the amide oxygen of the ligand (that corresponds
to one of the HBA features of the pharmacophore) interacted
by hydrogen bond with the His220 heterocycle. Hydrophobic
contacts involving both the chromene and the cyclopropyl
rings further stabilized the complex. In particular, the latter
pointed toward Cys207 that constituted the metal binding
pocket for zinc ion of the zinc finger 4.
To further confirm the effects of these compounds on the

GLI transcription factors, two pyrazolo-pyrimidines and two
thiophene derivatives were selected to perform a gene
expression analysis after treatment for 48 h at 5 μM.
Quantitative real-time PCR (qPCR) showed that all four
compounds are able to reduce the expression of GLI1, PTCH1,
HIP1, GLI2, and Cyclin D1 mRNA (Figure 7). Similar results
were obtained using GlaB. These results reinforce the effects of
our compounds as GLI inhibitors.
To confirm the specificity of our compounds for GLI

transcription factors, the effects of SST0683 and SST0790 on
melanoma cell viability in GLI1- or GLI2-silenced A375 cells
were also tested. This assay showed that depletion of GLI1 or
GLI2 greatly attenuated the effects of our putative GLI
inhibitors on cell viability, suggesting the specificity of our
compounds for GLI1 and GLI2 (Figure 8). Finally, to exclude
nonspecific cytotoxic effects, we demonstrated that the four
selected compounds had no effect on cell viability in a non-
neoplastic mammary epithelial cell line (MCF10A, Supporting

Figure 6. Best-ranked docking pose of SST0704 within GLI1 protein.
Important interaction sites are represented by the pyrazole ring that
gave a π−cation interaction with Lys209, the carbonyl group that is at
hydrogen bond distance from His220 of the zinc binding pocket, the
cyclopropyl ring that points toward the zinc binding pocket, and the
gem-dimethyl moiety that is allocated between the side chains of
Arg223 and Thr243. The structure of SST0704 is represented by
thick sticks, amino acid side chains in thin sticks, the zinc ion as a blue
sphere, hydrogen bonds as dotted yellow lines, and π−cation
interaction as dotted green lines.

Figure 7. Gene expression analysis of Hedgehog pathway components upon treatment with compounds and GlaB. Quantitative PCR (qPCR)
analysis of GLI1, PTCH1, HIP1, GLI2, and Cyclin D1 in A375 cells treated with DMSO, SST0682, SST0683, SST0704, and SST0790 or GlaB (5
μM) for 48 h. The y axis represents expression ratio of gene/(HPRT and EIF2α average), with DMSO control equated to 1. Data shown as mean ±
SD.
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Information Figure 1B), which expresses very low levels of
GLI1 and of other HH pathway components and does not
respond to HH pathway inhibition.28

In conclusion, a pharmacophore-based virtual screening
protocol led to discovery of three different chemical classes of
compounds that reduced the transcriptional activity of the
hedgehog-GLI pathway, affected GLI1 protein level, and
showed antiproliferative activity toward both human melano-
ma and medulloblastoma cancer cells. They represent a good
starting point for further steps toward a hit-to-lead process and,
finally, a lead optimization phase up to the development of a
new GLI1 negative modulator drug candidate.
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Figure 8. Silencing of GLI1 and GLI2 mitigates the effect of SST0683 and SST0790 on melanoma cell viability. (A) Western blot analysis of GLI1
and GLI2 in A375 cells transduced with LV-c, LV-shGLI1, or LV-shGLI2. HSP90 was used as loading control. (B−D) Effect of SST0683 (B) and
SST0790 (C) on viability of A375 melanoma cells transduced as indicated. GlaB was used as a reference compound (D). Cells were treated with
DMSO and compounds at the indicated doses for 72 h. Data are shown as mean ± SD of at least three independent experiments.
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