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ABSTRACT: A virtual screening approach based on a five-feature
pharmacophoric model for negative modulators of GLI1 was
applied to databases of commercially available compounds. The
resulting quinoline derivatives showed significant ability to reduce
the GLI1 protein level and were characterized by submicromolar
antiproliferative activity toward human melanoma A375 and
medulloblastoma DAOY cell lines. Decoration of the quinoline
ring and chemical rigidification to an oxazino-quinoline scaffold allowed us to deduce SAR considerations for future ligand
optimization.
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The canonical Hedgehog-GLI (Hh) pathway is initiated by
binding of Hh ligands to the receptor Patched (PTCH1),

which releases the inhibition of the transmembrane G protein
coupled receptor Smoothened (SMO). The latter, in turn,
triggers an intracellular cascade, which leads to the activation
of the GLI transcription factors (TFs). There is also a
noncanonical activation of the GLI TFs, which can be PTCH-
SMO-independent and is triggered by several oncogenic
signaling pathways.1 The Hh signaling can be inhibited at
the level of SMO or the TFs GLI1/2. SMO is the main target
of Hh inhibition. So far, five inhibitors of SMO (namely, NVP-
LDE225, referred to as Sonidegib or Erismodegib, and NVP-
LEQ506, referred to as LEQ506, both by Novartis; PF-
04449913, referred to as Glasdegib by Pfizer; BMS-833923,
referred to as XL139 by Exelixis and out-licensed to Bristol-
Myers Squibb; GDC-0449, referred to as Vismodegib by
Genentec) accessed clinical trials and instilled hope for the
treatment of human cancers such as medulloblastoma and
basal cell carcinoma, which depend on the canonical Hh
pathway activation. On the contrary, the same compounds
were unsuccessful in treating many solid tumors that are
dependent on the noncanonical activation of GLI1.1 Indeed,
negative modulators of GLI1 are currently represented by
small molecules that can interfere with both canonical and
noncanonical Hh signaling. Based on these results and
considering that SMO inhibitors often select resistant
mutations (primary or secondary resistance),2,3 many efforts
were focused on the identification of small molecules able to
directly target GLI1 and negatively modulate its activity.4−10

Few GLI1/2 inhibitors were identified thus far. The first
GLI1/2 inhibitor described was GANT61, which blocks
translocation of GLI1 to the nucleus and its binding to

DNA.11,12 Arsenic trioxide, which is not a specific GLI
inhibitor, was shown to abrogate ciliary accumulation of
GLI213 and to reduce GLI1 mRNA and protein levels.14

Moreover, polyunsaturated fatty acids showed the ability to
inhibit GLI.15 Additional small molecules identified by virtual
screening approaches were also described in recent years.
Unfortunately, toxicity and poor drug likeness are two major
limitations of currently available GLI1 inhibitors.4,6,16

Recently, glabrescione B (GlaB, Table 1)17 was used by us as
the initial scaffold for the generation of a five-feature
pharmacophoric model that led to the identification of
negative modulators of GLI1 belonging to the classes of
thiophene and pyrazolo-pyrimidine small molecules that
populated databases of commercially available compounds.18

In addition, the same pharmacophore allowed the prioritiza-
tion of several 8-hydroxyquinoline derivatives as putative GLI1
binders that are described here. Such compounds showed a
scaffold similar to that of an 8-hydroxyquinoline derivative
identified by a structure-based virtual screening protocol based
on biased molecular docking simulations that was focused on
the binding site of GANT61 within the structural region of
GLI1 comprised between zinc-fingers 2 and 3.19

As a result of our pharmacophore-based virtual screening on
databases of commercially available compounds, 1 was
identified as a small molecule able to fully match the five
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Table 1. Chemical Structure, Antiproliferative Activity, and Effect on GLI1 Properties of the Quinoline and Oxazino-
Quinoline Derivatives
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Table 1. continued

aCompounds also labeled with BAS and AKos notations were purchased from Asinex and AKos vendors, respectively. bExpressed as IC50 values
(micromolar concentrations) calculated using GraphPad Prism V6 from triplicate experiments in melanoma (A375) and medulloblastoma
(DAOY) cells. ND: not determined. cThe GLI1 protein level was determined by Western blotting (see Figure 4 for details) in murine NIH3T3
cells treated with SAG (100 nM), each compound (1 μM), and GANT61 (5 μM) for 48 h. NA: not affected; weakly reduced: +; reduced: ++;
strongly reduced: +++. dActivity data taken from ref 18.
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pharmacophoric features (Figure 1): the quinoline nitrogen
and the oxygen atom of the phenol substituent represented the

hydrogen bond acceptors (HBAs), while the terminal propyl
chain together with the 2-Cl substituent at the pendant phenyl
ring were superposed to the hydrophobic features (HYs).
Finally, the ring aromatic (RA) feature was fitted by the
pyridine ring. Such a compound strongly reduced the GLI1
protein level in murine NIH3T3 cells treated with 100 nM
SAG and 1 μM test compound for 48 h. Moreover, a
submicromolar antiproliferative activity was found toward the
medulloblastoma DAOY and the melanoma A375 cell lines
(IC50 = 0.19 and 0.11 μM, respectively, Table 1). Overall
activity found for 1 was comparable to that of GlaB (IC50 =
0.13 and 0.40 μM, respectively, and a strong reduction of GLI1
level, Table 1).

A computational protocol previously described by us20−22

was used to identify putative binding sites on GLI1 and to
prioritize new ligands for these pockets. In details, the SiteMap

routine of the Glide software was applied to the crystallo-
graphic five-finger structure of GLI23 with the aim of finding
putative binding sites for small molecule ligands. Molecular
docking simulations of 1 were then focused into the two
putative binding sites identified by SiteMap. As a result, a best
scored binding pose was characterized by an extended network
of hydrogen bonds (Figure 2, left, and Figure 3). In particular,

the pyridine ring made a π−cation interaction with Arg223 of
the zinc-finger 4 (numbers of amino acids refer to the 2gli
structure reported in the Protein Data Bank; the corresponding
UNIPROT numbers can be obtained by adding 131 units: as
an example, the Arg223 reported in the Protein Data Bank
corresponds to Arg354 of the UNIPROT P08151 sequence),
and the quinoline nitrogen atom gave a hydrogen bond with

Figure 1. Graphical representation of 1 superposed to the five-feature
pharmacophoric model for GLI1 negative modulators. The hydrogen
bond acceptor (HBA) groups are represented by the quinoline
nitrogen atom and the oxygen atom at C8 of the quinoline ring. The
terminal propyl substituent and the 2-Cl at the pendant phenyl ring fit
the hydrophobic regions (HYs). Finally, the pyridine ring corresponds
to the ring aromatic (RA) feature.

Figure 2. Graphical representation of the best-docked binding poses of 1 (ball & stick and element + gray carbon notations) within the structure of
GLI1. A complex network of hydrogen bonds (light green dashed lines) is formed by GLI1 and the ligand. Left: The quinoline nitrogen, the 8-OH
group, and the oxygen of the ester moiety form hydrogen bonds with the backbone and the side chain NH of His220 as well as with the side chain
OH of Thr224. Moreover, the pyridine ring and the guanidino group of Arg223 give a π−cation interaction (green dashed line). Right: In an
alternative binding pose, the terminal ammonium group of Lys171 makes hydrogen bonds with both the quinoline nitrogen and the 8-OH group of
1. The latter substituent gives an additional hydrogen bond with the terminal carboxyl group of Glu119. The amide oxygen of the ligand and the
terminal NH2 of Gln118 provide another hydrogen bond. The propyl chain and the pendant phenyl ring make hydrophobic interactions with the
target.

Figure 3. Graphical representation of the zinc-finger portion of the
GLI1 structure, as stored in the entry 2gli of the Protein Data Bank.23

Two alternative best-docked binding poses of the pyridine derivatives
are also represented to show the locations of the different binding
sites identified by the SiteMap routine of the Schrodinger suite. One
binding site is located within the zinc-finger 4, while an alternative
binding region is between the zinc-fingers 1 and 3, and it was
hypothesized as the binding region of GANT6112 and another 8-
hydroxyquinoline derivative.19
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the NH backbone moiety of His220 (one of the residues
involved in coordination of a zinc ion). Moreover, the OH
group of the ligand interacted with both the imidazole ring NH
of His220 and with the hydroxyl group of Thr224, which in
turn gave a hydrogen bond with the carbonyl oxygen of the
ligand amide group. This binding pose, however, did not
account for the hydrophobic features predicted by the
pharmacophoric model. Among the best scored binding
modes of 1, an alternative pose was found (Figure 2, right,
and Figure 3), where the ligand interacted with amino acids of
the zinc-fingers 1 and 3, within the same binding pocket
already found for another 8-hydroxyquinoline derivative19 and
for the known GLI1 inhibitor GANT61.12 The major anchor
points were represented by hydrogen bonds between both the
quinoline nitrogen and the 8-OH substituent with the terminal
edge of Lys171, between the 8-OH group and the carboxyl
moiety of Glu119, and between the amide oxygen of the ligand
and the terminal NH2 group of Gln118. Hydrophobic contacts
were also found between the propyl terminal of 1 and the
central portion of the Gln118 side chain as well as between the
pendant phenyl ring and the central part of the Lys168 side
chain.

Starting from the commercially available parent compound
1, which was prioritized by the virtual screening approach, a
focused library was built around the quinoline scaffold in the
attempt to improve the biological profile and to deduce SAR
considerations for further optimization. Table 1 summarizes
the structure, antiproliferative activity, and ability to affect the
GLI1 protein level of the new compounds. To assess the effects
of compounds on GLI1 protein level, we used murine NIH3T3
cells, a well-established model to study the modulation of Hh
signaling. Treatment of these cells with the SMO agonist SAG
activates the endogenous Hh pathway. In Figure 4, we reported
representative examples of compounds with different effects on
the GLI1 protein level. For instance, 6, 15, and 17 strongly
reduced GLI1 protein levels compared to SAG-treated
NIH3T3 cells and were classified as “+++” (see Table 1).
Compounds 7, 26, 36, 39, and 22 led to a moderate reduction
of GLI1 protein expression and were classified as “++”.
Compound 19 weakly reduced GLI1 protein expression and
was classified as “+”. On the other hand, compound 18 did not
affect GLI1 protein levels and was classified as “NA” (not
affected).

Increasing the size and bulkiness of the propyl ester moiety
into a phenylethylamino appendage and removing the chloride
substituent at the C5 of 1 led to 2, which retained a similar
antiproliferative profile in DAOY and A375 cancer cells (IC50
= 0.15 and 0.19 μM) and a similar degree of reduction of
GLI1. Insertion of a methyl group at the quinoline C3 as in 3
abrogated the activity on the GLI1 level. In a similar way,
removal of the pendant phenyl ring as in 4 completely

abrogated reduction of GLI1 protein level that was fully
restored by further removal of the C5 chlorine substituent as in
5, together with a submicromolar antiproliferative activity
(IC50 = 0.33 and 0.39 μM, respectively in DAOY and A375
cells).

Replacement of the dichloro substituents with a 3,4-
dimethoxy substitution, independently from the length of the
ester chain (methyl, isopropyl, and butyl as in 6, 7, and 8,
respectively) and the presence of a C5 chlorine substitution (R
group) led to an antiproliferative activity in the submicromolar
range (between 0.10 and 0.21 μM) and a significant reduction
of the GLI1 protein level. Worth noting, 6 strongly inhibited
GLI1 expression (Figure 4). Further changing either the
substituents or the substitution pattern on the pendant phenyl
ring (at R1) resulted in propyl or butyl esters that maintained
the submicromolar antiproliferative activity, while the effect on
GLI1 protein level was variable. As examples, the unsubstituted
derivative 9 and the corresponding 4-Cl analogue 10 did not
affect the GLI1 protein level, while the 2-Cl 11 and 4-Me 12
analogues showed weak reduction. A submicromolar anti-
proliferative activity and a strong reduction of the GLI1
protein level were also found for both the 4-iPr and 4-
diethylamino derivatives 13 and 14, respectively.

Moreover, replacement of the ester or aryl side chain at R2

with an alkyl or cycloalkyl substituent gave interesting results.
As an example, 15 and its cyclopentyl and butyl analogues (16
and 17, respectively) significantly affected the GLI1 protein
level (Figure 4) and showed micromolar antiproliferative
activity, while the butyl analogue 18, which was deprived of the
pendant phenyl ring, was inactive. This result seemed to
suggest the benzyl moiety at the quinoline C7 as an important
substituent for activity, although the simplified analogue of 15
(namely, 19) maintained micromolar antiproliferative activity
and weak GLI1 protein level reduction. Moreover, the
phenylethylamino derivative 4 was also inactive, while a
good biological profile was restored when its C5 chlorine
substituent was removed as in 5.

Among butylamino analogues, compounds where the 2,4-
diCl substituents and substitution pattern at R1 were changed
(as in 20, 21, and 22), were characterized by a submicromolar
antiproliferative activity and variable reduction of the GLI1
protein level. The sole exception was represented by the 3-Cl
analogue 23 that was inactive.

Worth noting, insertion of an alkoxy substituent at the
quinoline C4 of the cyclohexylamino derivative 19 (R4) led to
24 and 25, which showed a slightly better antiproliferative
activity (IC50 between 0.26 and 0.55 μM), with only a modest
reduction of the GLI1 protein level.

Biological data on 8-hydroxyquinoline derivatives suggested
several SAR considerations. The antiproliferative activity
seemed to be slightly dependent on the substituents and

Figure 4. Representative Western blot of endogenous GLI1 in NIH3T3 cells stimulated with the Smoothened agonist SAG (100 nM) and treated
with vehicle (DMSO), our putative GLI1 inhibitors (1 μM), and GANT61 (5 μM) for 48 h. HSP90 was used as loading control. See Table 1 for
details.
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substitution pattern on the phenyl ring of the C7 benzyl
moiety. In fact, IC50 values were in the single-digit micromolar
or submicromolar range. On the contrary, the effect on the
GLI1 protein level was affected by these molecular features. As
an example, unsubstituted compounds (as 9) or those bearing
a small substituent (such as a Cl or Me as found in 10, 11, 23,
and 12) showed low or no ability to affect the GLI1 protein
level. An exception was represented by 20 that almost
abrogated GLI1 protein expression. However, the C7 benzyl
moiety was not a mandatory structural feature for compound
activity. In fact, although the butyl derivative 18 was inactive,
increasing the size of the R2 substituent to a cyclohexyl ring (as
in 19, 25, and 24) gradually restored activity. Finally, the
simple 5-chloroquinolyl-8-ol was inactive.

Following a structural rigidification strategy, the methana-
mino moiety and the hydroxyl substituents present at the
quinoline C7 and C8, respectively, were connected to give a
condensed dihydro-1,3-oxazine ring. The N-phenylethyl
analogue 26 showed submicromolar antiproliferative activity
toward both cell lines (IC50 = 0.19 and 0.13 μM, respectively,
Table 1) and a significant reduction of the GLI1 protein level
(Figure 4). Docking simulations showed a binding pose where
the heteroatoms of the condensed scaffold were involved in a
network of hydrogen bonds (Figure 5). In particular, the

nitrogen atom of the quinoline system interacted with the
imidazole ring of His220, while the oxygen and nitrogen atoms
of the oxazine ring gave hydrogen bonds with the hydroxyl
groups of Thr224 and Thr243, respectively. Similarly to the 8-
hydroxyquinoline derivatives, also the oxazino-quinoline
showed an alternative best scored docking pose within the
putative binding site of GANT61 (not shown).

The antiproliferative activity decreased by about 10-fold in
the C8 (the R3 substituent) fluoro derivative 27 (IC50 between
1.4 and 1.1 μM, respectively), and the insertion of a substituted
phenyl ring at the oxazine C4 was further detrimental for the
activity of 28 that was inactive. Replacing the pendant phenyl
ring of 26 with an indolyl moiety resulted in 29 and 30 that
were both inactive too. On the other hand, partial reduction of
the phenyl moiety to a cyclohexene ring, shortening to a benzyl
chain, and rigidification to a tetrahydronaphthyl ring led to 31,
32, and 33, respectively, which showed submicromolar
antiproliferative activity toward both cell lines (IC50 between
0.12 and 0.87 μM) and a significant reduction of the GLI1
protein level. Interestingly, when the condensed phenyl ring of
33 was simplified to have the corresponding cyclohexyl
analogue 34, the antiproliferative activity was maintained,
while the GLI1 protein level was strongly reduced. Insertion of
a fluorine substituent at the quinoline C8 resulted in 35 with a
reduced ability to affect the GLI1 protein level. Methylation at
the cyclohexyl C4 of 34 resulted in 36 with a reduced activity.
In a similar way, lengthening the R2 side chain by insertion of a
methylene bridge as in 37 maintained a micromolar
antiproliferative activity but weakly affected the GLI1 protein
level. Moreover, homologation of the cyclohexyl moiety of 34
into a cycloheptyl ring as in 38 caused a reduction of the
antiproliferative activity and ability to affect the GLI1 protein
level. An improvement of the biological profile was obtained
with further enlargement to the octyl ring of 39 that showed
IC50 = 0.29 and 0.28 μM, respectively, and a significant
reduction of GLI1 protein level. Simplification of the R2

substituent to a butyl chain (as in 40) retained interesting
activity, while adding a morpholinyl appendage as in 41
negatively affected both the antiproliferative activity toward
DAOY cells and the ability to reduce GLI1 protein level.

Among oxazino-quinoline condensed compounds, as a
general rule, the presence of a C8 substituent was detrimental
for activity (compare 34 with 35 and 26 with 27), as well as
the presence of a substituent at the C4 of the oxazine ring
(compare 26 with 28). On the other hand, the presence of a
substituent at the C6 (the R substituent) did not affect the
activity (compare 29 to 30).

Figure 5. Graphical representation of the docked pose of the oxazino-
quinoline derivative 26. The quinoline nitrogen gives a hydrogen
bond with the imidazole ring of His220. Two additional hydrogen
bonds are made by the oxygen and the nitrogen atom of the oxazine
ring with the side chain OH groups of Thr224 and Thr243.

Scheme 1. Preparation of 2−5, 15−23, and 26−41

ACS Medicinal Chemistry Letters pubs.acs.org/acsmedchemlett Letter

https://doi.org/10.1021/acsmedchemlett.2c00249
ACS Med. Chem. Lett. 2022, 13, 1329−1336

1334

https://pubs.acs.org/doi/10.1021/acsmedchemlett.2c00249?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.2c00249?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.2c00249?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.2c00249?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.2c00249?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.2c00249?fig=sch1&ref=pdf
pubs.acs.org/acsmedchemlett?ref=pdf
https://doi.org/10.1021/acsmedchemlett.2c00249?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Finally, transformation of the dihydro-1,3-oxazine ring into
the corresponding N-phenylethyl cyclic carbamates yielded 42
and 43 that were inactive.

Overall, many of the quinoline derivatives showed an
antiproliferative activity in the submicromolar range, signifi-
cantly better (in general, at least 1 order of magnitude higher)
in comparison to the thiophene and pyrazolo-pyrimidine
compounds previously identified by means of the same
pharmacophore model.18 Cyclization of the C7−C8 quinoline
substituents to a condensed oxazine ring allowed a further
enlargement of SAR considerations.

Expected derivatives 2−5 and 15−23 were efficiently
synthesized starting from commercially available properly
substituted 8-hydroxyquinolines by treatment with different
aldehydes and amines in MeOH at reflux (Scheme 1).
Tricyclic compounds 26−41 were obtained from the same
starting materials by using paraformaldehyde and proper
amines at room temperature in EtOH (Scheme 1).

For the preparation of 4-OR derivatives 24 and 25, a
decarboxylation of xanthurenic acid under microwave irradi-
ation at 255 °C followed by a selective protection of the
phenol moiety in the C-8 position were required (Scheme 2).
The intermediates obtained were alkylated by treatment with
the proper alkyl halide, deprotected, and functionalized at their
C7 in the same reaction conditions reported for 2−5 and 15-
23.

Tricyclic carbamates 42 and 43 were prepared from 5 and 2,
respectively, by treatment with N,N′-carbonyldiimidazole
(CDI) in the presence of Et3N at reflux (Scheme 3).

In conclusion, a virtual screening procedure based on a five-
feature pharmacophoric model led to prioritizing 8-hydrox-
yquinoline derivatives as negative modulators of GLI1 with
submicromolar antiproliferative activity toward both human
melanoma and medulloblastoma cell lines. Many of these
compounds also showed ability to strongly reduce the GLI1
protein level in NIH3T3 cells. Decoration of the quinoline ring
and its rigidification to an oxazino-quinoline moiety allowed to
deduce SAR considerations that could be usefully applied for
future compound optimization.
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