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A B S T R A C T   

Aberrant activation of Hedgehog (HH) signaling in cancer is the result of genetic alterations of upstream pathway 
components (canonical) or other oncogenic mechanisms (noncanonical), that ultimately concur to activate the 
zinc-finger transcription factors GLI1 and GLI2. Therefore, inhibition of GLI activity is a good therapeutic option 
to suppress both canonical and noncanonical activation of the HH pathway. However, only a few GLI inhibitors 
are available, and none of them have the profile required for clinical development due to poor metabolic stability 
and aqueous solubility, and high hydrophobicity. Two promising quinoline inhibitors of GLI were selected by 
virtual screening and subjected to hit-to-lead optimization, thus leading to the identification of the 4-methoxy-8- 
hydroxyquinoline derivative JC19. This molecule impaired GLI1 and GLI2 activities in several cellular models 
interfering with the binding of GLI1 and GLI2 to DNA. JC19 suppressed cancer cell proliferation by enhancing 
apoptosis, inducing a strong anti-tumor response in several cancer cell lines in vitro. Specificity towards GLI1 and 
GLI2 was demonstrated by lower activity of JC19 in GLI1- or GLI2-depleted cancer cells. JC19 showed excellent 
metabolic stability and high passive permeability. Notably, JC19 inhibited GLI1-dependent melanoma xenograft 
growth in vivo, with no evidence of toxic effects in mice. These results highlight the potential of JC19 as a novel 
anti-cancer agent targeting GLI1 and GLI2.   

1. Introduction 

Aberrant activation of the Hedgehog (HH) pathway has been asso
ciated to tumorigenesis [1]. Canonical activation of the HH pathway is 
triggered by the binding of HH ligands (Sonic, Indian, and Desert) to the 
Patched (PTCH) receptor, which relieves the repression on the G 
protein-coupled receptor Smoothened (SMO). SMO transduces the sig
nals to the downstream zinc-finger (ZF) transcription factors GLI1 and 
GLI2, which regulate the expression of HH target genes [2]. GLI are 
C2H2-type transcription factors that contain five ZF regions, in which 
ZF2-ZF5 wrap around the full helical turn of the DNA, whereas ZF1 does 
not directly interact with the DNA. The most important domains for 

recognition of the conserved DNA consensus sequence 5’-GAC
CACCCA-3’ are ZF4 and ZF5, whereas ZF1-ZF3 bind the phosphate 
backbone and contribute to the control of binding stability [3,4]. 

HH-driven cancers (medulloblastoma and basal cell carcinoma) 
harbor upstream activation of the HH pathway, either through loss-of- 
function of PTCH1 or gain-of-function of SMO [5]. Moreover, several 
types of cancer present SMO-independent noncanonical activation of the 
downstream GLI transcription factors through multiple oncogenic in
puts, such as mTOR/S6K1, aPKC ι/λ, BET proteins, MEK/ERK, DYR
K1A/B, CK1 and CK2 kinases, and loss of SNF5 or p53 [6–17]. Other 
GLI-activating mechanisms involve decreased ubiquitination-mediated 
degradation and deacetylation [18–22]. All of these mechanisms lead 
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to high GLI protein levels or active forms that interact with the DNA of 
target genes, thus enhancing transcription. Therefore, with their roles as 
downstream effectors of multiple oncogenic signaling pathways, the GLI 
represent a unique and promising drug targets for a variety of human 
tumors beyond the HH-dependent cancers. SMO inhibitors have been 
approved by the FDA [23] or are under investigation by our group and 
others [24–26] for the treatment of different cancers. However, SMO 
inhibitors cause drug resistance that might be overcome by developing 
negative modulators of the downstream effectors GLI. Unfortunately, 
the identification and development of small molecules directly targeting 
the GLI proteins has progressed very slowly over the years, and only a 
few GLI inhibitors have been identified so far [27,28]. To date, GANT61, 
arsenic trioxide (ATO) and Glabrescione B (GlaB) are the only direct GLI 
antagonists identified. ATO has been described to prevent ciliary accu
mulation of GLI2 enhancing its degradation, and to bind to GLI1 protein 
and inhibit its transcriptional activity [29,30]. Although ATO was 
approved by FDA for treatment of acute promyelocytic leukemia, it is 
not specific for the GLI transcription factors. GANT61 and GlaB have 
been reported to directly bind GLI1 and inhibit the canonical and non
canonical HH pathway [31,32]. However, neither of them has the pro
file suitable for clinical development [33–36]. The activity of GANT61 is 
moderate, with micromolar concentrations required for in vitro inhibi
tion. In addition, GANT61 is rapidly hydrolyzed into a diamine deriva
tive [37], which is predicted to maintain its ability to bind GLI [38,39]. 
More recently, the natural isoflavone GlaB was reported as a GLI1 in
hibitor that interferes with the GLI1/DNA binding [32]. Nevertheless, 
GlaB is characterized by poor aqueous solubility [40]. To fill this gap, we 
have previously applied a virtual screening approach [41,42] that led to 
the identification of a series of quinoline derivatives as promising small 
molecule inhibitors of GLI1 that can inhibit GLI-mediated transcription 
and tumor growth. Such compounds have a suitable structure for further 
optimization and have been used to design and synthesize 
next-generation compounds with the aim of enhancing their activity and 
improving their metabolic profile. 

Here, we describe the results of an in-depth biological evaluation of 
three quinolines that led to the identification of a small molecule with 
drug-like properties (JC19) for the treatment of tumors with hyper
activation of GLI1 and GLI2 TFs. JC19 directly targets GLI1 and GLI2, 
preventing the binding of the two TFs to DNA. Furthermore, JC19 shows 
antiproliferative activity against several tumor cell lines, has good 
pharmacokinetics parameters, and inhibits GLI-dependent melanoma 
xenograft growth in vivo, thus representing a promising candidate for 
further evaluation as an anti-tumor agent. 

2. Materials and methods 

2.1. Molecular docking simulations 

A virtual screening approach [41,42] based on the use of the soft
ware Phase (pharmacophore modeling) and Glide (molecular docking) 
within the Schrödinger suite (Schrödinger Release 2019–2, Schrödinger, 
LLC, New York, NY, 2019) previously led us to prioritize three different 
classes of compounds among the chemical entries of the commercially 
available databases of compounds Asinex (Asinex Corporation, www. 
asinex.com) and AKos (AKos Consulting & Solutions GmbH, 
http://www.akosgmbh.de). Among these, quinoline derivatives were 
selected as putative GLI1 inhibitors [42]. 

The structures of the quinoline derivatives reported herein were 
sketched with LigPrep by using the OPLS3e force field. Epik software 
was also applied to generate ionized and tautomeric forms at pH 7 ± 1. 
Conformational sampling of each compound was performed with a 
systematic pseudo Monte Carlo algorithm by retaining conformers 
within 25 kcal/mol from the minimum. The Protein Preparation Wizard 
was applied for the optimization of the three-dimensional structure of 
the complex between the five-finger GLI1 and a DNA fragment (protein 
data bank entry 2gli, 2.6 Å resolution). Next, two putative binding sites 

at ZF4 and between ZF1 and ZF3 were identified using SiteMap (binding 
site identification) and used for docking simulations (Glide software). 
Ligands were docked as flexible structures using the extra-precision 
mode, by collecting ten poses per ligand that were minimized by the 
application of default parameters. 

2.2. Synthesis 

The methods and reaction schemes for the large-scale synthesis of 
SST0776, SST0794, and JC19 are reported in Supporting Materials and 
Methods. 

2.3. Cell lines 

Human melanoma cells A375 (ATCC cat# CRL-1619), MeWo (ATCC 
cat# HTB-65) and SK-Mel-5 (ATCC cat# HTB-70), breast cancer cells 
MCF-7 (ATCC cat# HTB-22), glioblastoma cells U87-MG (ATCC cat# 
HTB-14), medulloblastoma cells Daoy (ATCC cat# HTB-186), HEK-293 
T cells (ATCC cat# CRL-3216), and murine NIH3T3 cells (ATCC cat# 
CRL-1658) were obtained from ATCC (Manassas, VA, USA). Chol
angiocarcinoma cells CCLP1 and HuCCT1 were kindly provided by Dr. 
Chiara Raggi (University of Florence, Italy). Cells were maintained in 
Dulbecco’s modified Eagle’s medium (DMEM) (Euroclone, Milan, Italy), 
Eagle’s Mininum Essential Medium (EMEM) (Euroclone) or RPMI-1640 
medium supplemented with 10% fetal bovine serum (FBS), 1% 
Penicillin-Streptomycin, and 1% Glutamine (Lonza, Basel, Switzerland). 
Me53 short-term melanoma culture was established as previously 
described [43] from a metastatic nodular cutaneous melanoma (female, 
age 88) obtained from Plastic and Reconstructive Surgery Unit of the S. 
M. Annunziata Hospital (Florence, Italy) after written consent and 
approved protocol by the local Independent Ethical Committee (Com
itato Etico Regionale per la Sperimentazione Clinica della Regione 
Toscana, Area Vasta Centro; Protocol 16922_bio). Patient-derived 
SSM2c [43] and Me53 cells were grown in DMEM/F12 (Euroclone) 
supplemented with 10% FBS, 2% Penicillin-Streptomycin, 1% Gluta
mine (Lonza), and EGF (5 ng/mL) (Life Technologies, Paisley, UK). 
Ptch1-/- and SuFu-/- MEFs were kindly provided by Prof. Lucia Di 
Marcotullio (University La Sapienza, Rome, Italy), and were cultured in 
DMEM with 10% FBS, 1% Penicillin-Streptomycin and 1% Glutamine. 
MCF10A cells (ATCC cat# CRL-10317) were a kindly provided by Dr. 
Silvestro Conticello (CRL-ISPRO, Florence, Italy) and were maintained 
in DMEM/F12 (Euroclone) supplemented with 5% horse serum, 1% 
Penicillin-Streptomycin, 1% Glutamine (Lonza), 100 ng/mL cholera 
toxin, 10 μg/mL insulin, 20 ng/mL hEGF and 500 ng/mL hydrocorti
sone. Normal human epidermal melanocytes (NHEM, cat# C-12400) 
were obtained from PromoCell (Heidelberg, Germany) and cultured in 
Melanocyte Growth Medium (PromoCell). Cells were periodically 
screened for Mycoplasma contamination using PCR. 

2.4. Drugs 

SST0776 and SST0794 were purchased from Asinex, and AKos ven
dors, respectively. 

Glabrescione B (GlaB) was kindly provided by Prof. Lucia di Mar
cotullio and Prof. Bruno Botta (University La Sapienza, Rome, Italy). 
Puromycin, blasticydine, doxycycline, GANT61, SAG and MG132 were 
purchased from Sigma-Aldrich (St. Louis, MO). Mithramycin was ob
tained from Merck Millipore (Burlinghton, MA). 

2.5. Cell viability assay 

Cells were plated in 24-well or 96-well plates and treated with 
increasing concentrations of the three GLI inhibitors, GlaB, or DMSO as a 
control, in complete medium supplemented with 1% FBS. After 72 h, 
cells were fixed with 4% PFA and stained with crystal violet. The cells 
were then de-stained with 10% acetic acid, and the absorbance was read 
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at 590 nm on Victor X5 (Perkin Elmer). IC50 values were calculated using 
GraphPad Prism v7 software (GraphPad Prism). 

2.6. Luciferase reporter assays 

The GLI-responsive luciferase reporter plasmid (8 ×3’ Gli-BS) [41] 
was used in combination with Renilla luciferase pRL-TK reporter vector 
(Promega, Madison, WI) to normalize luciferase activities, and the 
pGL3Basic vector (Promega) was used to normalize DNA amounts. 
Luminescence was measured using the Dual-Glo Luciferase Assay Sys
tem (Promega) and GloMax 20/20 Luminometer (Promega). 

2.7. Plasmid construction, mutagenesis, retroviral and lentiviral vectors 

Lentiviral particles for gene silencing were produced using HEK-293 
T cells as previously described [43]. The shRNA vectors used were: 
pLKO.1-puro (LV-c), pLKO.1-puro-shGLI1 (LV-shGLI1) [43], and 
pLKO.1-puro-shGLI2 (LV-shGLI2) [44]. Retroviruses for gene over
expression were produced in HEK-293 T cells co-transfected with 
pBABE-puro (LV-c), pBABE-puro-GLI1 (LV-GLI1), or pBABE-puro-GLI2 
(LV-GLI2) with pUMVC packaging vector and pMD2.G envelope vec
tor. pBABE-puro-GLI1 and pBABE-puro-GLI2 were obtained by ampli
fying the coding sequences of Myc-tagged human GLI1 and GLI2 
(pCS2+MT-GLI1 and pCS2+MT-GLI2, respectively) [44]. PCR products 
were then cloned into pBABE-puro using SnaBI and EcoRI restriction 
sites. The primers used for cloning were (5’ to 3’): GLI1 clonF: 
ttttttacgtaATGTTCAACTCGATGACCCCAC, GLI1 clonR: tttttgaattcT
TAGGCACTAGAGTTGAGGAA, GLI2 clonF: tttttacgtaATGGA
GACGTCTGCCTCAGC, GLI2 clonR: ttttgaattcCTAGGTCATCATGTTCAG 
GAAC. Mutations of GLI1 ZF4 and ZF5 were introduced using Quik
Change II (Agilent Technologies, Santa Clara, CA, USA) with the 
following primers (5’ to 3’): H351A F: GTGACCGAGCCAAGGCCCA
GAATCGGACCC, H351A R: GGGTCCGATTCTGGGCCTTGGCTCGGT
CAC, R354A F: CCGAGCCAAGCACCAGAATGCGACCCATTCCAAT, R35 
4A R: ATTGGAATGGGTCGCATTCTGGTGCTTGGCTCGG, 

T355A F: CCAAGCACCAGAATCGGGCCCATTCCAATGAGAAG, T35 
5A R: CTTCTCATTGGAATGGGCCCGATTCTGGTGCTTGG, H356A F: 
GCACCAGAATCGGACCGCTTCCAATGAGAAGCCG, H356A R: CGGCTT 
CTCATTGGAAGCGGTCCGATTCTGGTGC, T374A F: CTGCACCAAACG 
CTATGCAGATCCTAGCTCGC, T374A R: GCGAGCTAGGATCTGCATA 
GCGTTTGGTGCAG. 

pCW-Cas9 and pLX-sgRNA were kindly provided by Dr. Laura Poli
seno (CNR, Pisa, Italy). pLX-sgRNA-GLI1 was produced by PCR from 
pLX-sgRNA (scrambled sgRNA) according to the protocol available at 
https://www.addgene.org/50662/ [45]. The primers used were (5’ to 
3’): CommonF1: AAACTCGAGTGTACAAAAAAGCAGGCTTTAAAG, 
CommonR2: AAAGCTAGCTAATGCCAACTTTGTACAAGAAAGCTG, sgR 
NAGLI1F2: GCGAGTTGATGAAAGCTACGGTTTTAGAGCTAGAAATAGC 
AA, sgRNAGLI1F1: CGTAGCTTTCATCAACTCGCGGTGTTTCGTCCTT 
TCC. The PCR product was cloned into pLX-sgRNA using XhoI and NheI 
restriction sites. Lentiviral particles for CRISPR-Cas9 were produced by 
co-transfecting pCW-Cas9 or pLX-sgRNA-GLI1 with the dR8.74 pack
aging vector and pMD2.G envelope vector. 

2.8. GLI1 CRISPR-Cas9 

To generate a GLI1 knockout, pCW-Cas9 and pLX-sgRNA-GLI1 were 
stably expressed into U87-MG cells. Transduced cells were treated with 
1 μg/mL doxycycline (Sigma) to induce Cas9 expression, and 48 h later, 
the cells were seeded in 96 well plate to isolate individual clones. 
Knockout was verified by Western blot. It was not possible to obtain 
viable GLI1 ko clones. The bulk population obtained after 48 h of 
doxycycline treatment was used in the experiments. 

2.9. Quantitative real-time PCR 

Total RNA was isolated using the TriPure Isolation Reagent (Roche 
Diagnostics, Basel, Switzerland), subjected to DNase I treatment (Roche 
Diagnostics). Reverse transcription was performed using High-Capacity 
cDNA Reverse Transcription Kit (Applied Biosystems, Carlsbad, CA, 
USA). qPCR amplifications were carried out at 60 ◦C using FastStart 
SYBR Green Master (Roche Diagnostics) in a Rotorgene-Q. Primer se
quences used for qPCR are listed in Supporting Table S1. 

2.10. Chromatin immunoprecipitation 

Chromatin Immunoprecipitation (ChIP) experiments were per
formed using EZ-Magna ChIP A/G Kit (Millipore, cat.17–10086) ac
cording to the manufacturer’s instructions, as previously reported [46]. 
Chromatin fragments were then immunoprecipitated at 4 ◦C overnight 
using mouse anti-GLI1 (Cell Signaling Technology cat#2643) or goat 
anti-GLI2 (R&D Systems cat#AF3635) antibodies. Normal mouse IgG 
(Millipore) was used as a negative control. qPCR was performed as 
described above. The primers used for ChIP-qPCR were as follows (5’ to 
3’): PTCH1promF: CTGTCAGATGGCTTGGGTTT; PTCH1promR: 
GCCTACCTGGGTGGTCTCTC. 

2.11. Electrophoretic mobility-shift assay (EMSA) 

EMSA was performed using EMSA Kit with SYBR™ Green & 
SYPRO™ Ruby stains (Thermo Fisher Scientific) according to manu
facturer’s instructions. HEK-293 T cells overexpressing GLI1 were lysed 
in cytoplasmic Buffer A supplemented with protease and phosphatase 
inhibitors and subsequently in RIPA buffer. The complementary oligo
nucleotides for GLIBS (GLIBS F: TTGCCTACCTGGGTGGTCTCTCTACTT; 
GLIBS R: AAGTAGAGAGACCACCCAGGTAGGCAA) were annealed for 
10 min at 95 ◦C and cooled down to rt. The probe obtained was then 
incubated with 20 µg of nuclear extract in binding buffer for 20 min at rt. 
Samples were resolved on a Native 6% PAGE. ChemiDoc XRS (Bio-Rad, 
Hercules, CA, USA) was used for SYBR Green detection. 

2.12. DNA pull-down 

The biotin-labeled probe GLIBS probe TTGCCTACCTGGGTGGT 
CTCTCTACTT was used in DNA pull-down assays. Briefly, the Dyna
beads MyOne Streptavidin T1 (Thermo Fisher Scientific) magnetic beads 
were washed three times in the B&W buffer according to manufacturer’s 
instructions. Then 150 µg of whole cell lysate from HEK-293 T cells 
transiently transfected with Myc-tagged human GLI1 (pCS2+MT-GLI1) 
or pCS2+MT as a control [44] were preincubated with 200 pmol of the 
annealed 3’ biotin-labeled GLIBS probe in presence of JC19 at 50 µM or 
100 µM in 100 µL of RIPA buffer for 1 h at rt. Subsequently 50 µL of 
Dynabeads MyOne Streptavidin T1 and 400 µL of RIPA buffer were 
added to the samples for 1 h in rotation at rt. Following the incubation, 
the beads-probe-protein complexes were washed three times in RIPA 
buffer. After the complete removal of RIPA buffer, 25 µL of a 
2xSDS-PAGE sample buffer were added to the beads and heated at 95 ◦C 
for 10 min for the elution of the protein binding complex. Samples were 
finally resolved on a 8% SDS-PAGE and analyzed by Western blot. 

2.13. Western blot analysis 

For Western blot analysis, cells were lysed in cold RIPA buffer (1% 
NP-40, 150 mM NaCl, 5 mM EDTA, 0.25% NaDOC, 50 mM Tris-HCl pH 
7.5, 0.1% SDS) supplemented with protease and phosphatase inhibitors 
and processed as previously described [44]. The primary antibodies 
used in this study are listed in Supporting Table S2. ChemiDoc XRS 
(Bio-Rad) was used for chemiluminescence detection. 
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2.14. Flow cytometric analysis 

Apoptosis was analyzed using the Annexin V-PE/7-AAD apoptosis kit 
(BD Biosciences, San Jose, CA, USA), according to the manufacturer’s 
instructions. The percentages of both early (Annexin V+/7-AAD− ) and 
late (Annexin V+/7-AAD+) apoptotic cells were detected and measured 
using CytoFLEX S (BD Beckman Coulter). 

2.15. Caspase activity assay 

Analysis of caspase 3 and 7 activities was performed using the 
Caspase-Glo 3/7 Assay System (Promega) according to the manufac
turer’s instructions. 

2.16. In vitro ADME assays 

All solvents and reagents were from Sigma-Aldrich (Milan, Italy). 
Dodecane was purchased from Fluka (Milan, Italy). Pooled male human 
liver microsomes were from BD Gentest-Biosciences (San Jose, CA). LC 
analyses for ADME studies were performed by UV/LC-MS with Agilent 
1260 Infinity HPLC-DAD interfaced with an Agilent MSD 6130 (Agilent 
Technologies, Palo Alto, CA). Chromatographic separation was obtained 
using a Phenomenex Kinetex C18–100 Å column (150 ×4.6 mm) with 5 
µm particle size and gradient elution with a binary solution; (eluent A: 
H2O, eluent B: acetonitrile, both eluents were acidified with formic acid 
0.1% v/v) at rt. The analysis started with 100% of A (from t = 0 to t = 3 
min), then B was increased to 95% (from t = 3 to t = 10 min), then kept 
at 95% (from t = 10 to t = 12 min), and finally return to 100% of eluent 
A in 3.0 min and kept with this percentage for other 2 min. The flow rate 
was 0.6 mL/min, injection volumes were 10 µL, and UV detection was at 
254 nm. 

For aqueous solubility, solid compounds (1 mg) were added to 1 mL 
of distilled water or buffer solution (HEPES 25 mM, NaCl 140 mM, pH 
7.4). The solution obtained was stirred at rt using a shaker water bath 
overnight. The resulting suspension was filtered through a 0.45 µm 
nylon filter, the quantification of the solubilized compound was carried 
out in triplicate using the HPLC-UV/MS method reported above, by 
comparing it with the appropriate calibration curve obtained from 
samples of the compound dissolved in an appropriate solvent at known 
concentrations. 

For parallel artificial membrane permeability assay (PAMPA), from a 
stock solution of the compounds (1 mM in DMSO) a "donor solution" was 
prepared diluting 1:1 v/v with phosphate buffer (25 mM, pH 7.4) to a 
final concentration of 500 µM. Filters were coated with 10 µL of 1% w/v 
dodecane solution of phosphatidylcholine. The donor wells were filled 
with 150 µL of “donor solution” and the lower ones were filled with 300 
µL of “acceptor solution” consisting of 50% v/v DMSO and phosphate 
buffer. The sandwich plate was assembled and incubated for 5 h at rt 
under gentle shaking. After the incubation time, the plates were sepa
rated, samples were collected from donor and acceptor wells and the 
amount of compound was quantified by HPLC-UV/MS. The determina
tion of the compound was performed in three independent experiments. 
Permeability (Papp) and membrane retention percentage (MR%) were 
calculated using equations previously reported [47,48]. 

For stability test in human plasma, compounds (2.0 mM in DMSO) 
were incubated with pooled human plasma (55.7 µg protein/mL) and 
HEPES buffer (25 mM, 140 mM NaCl, pH 7.4) up to a final volume of 2.0 
mL. The solution was mixed in a test tube that was incubated at 37 ◦C 
and at set time points (0.0, 0.08, 0.25, 0.50, 1, 2, 4, 8, 24 h) samples of 
100 µL were taken, mixed with 400 µL of cold acetonitrile, centrifuged at 
5000 rpm for 15 min, and the supernatant was removed and analyzed 
using the HPLC-UV/MS method previously described. The determina
tion of the compound was performed in three independent experiments. 

For metabolic stability in HLMs (Human Liver Microsomes), DMSO 
solution of the compounds was incubated for 1 h at 37 ◦C in buffer so
lution (PBS, 25 mM, pH 7.4) in presence of HLMs (0.2 mg/mL, 5 µL) and 

NADPH-generating system up to the final volume of 500 µL and final 
compounds concentration of 50 µM. The reaction was stopped by adding 
cold acetonitrile (1.0 mL) and cooling in ice. The reaction mixture was 
centrifuged, and the supernatant was taken, dried under nitrogen flow, 
and resuspended in 100 µL of methanol and the parent compound and its 
metabolites were determined by HPLC-UV/MS. The percentage of the 
unmetabolized compound was calculated by comparing reference so
lutions, and the determination was performed in three independent 
experiments. 

For human serum albumin (HSA) binding assay, JC19 at Cmax (1570 
µg/mL) obtained after its in vivo administration at 25 mg/kg was incu
bated with human serum albumin [49] (0.615 mmol/L human serum in 
PBS 1 mM pH 7.4) to final volume of 0.5 mL for 30 min at 37 ◦C, and 
centrifuged for 10 min at 5000 rpm using Amicon filter units (membrane 
pore size 30,000 molecular weight cut-off). The filtered volume was 
collected and then analyzed using LC-UV-MS method described above. 
The percentage of unbound compound was calculated by comparison 
with reference solutions. 

2.17. In vivo PK and BD Studies 

Animal care and experimental procedures in this study complied 
with the WMA Statement on animal use in biomedical research and were 
carried out following ARRIVE guidelines [50,51] and EU recommen
dations (Directive 2010/63/EU) for experimental design and analysis in 
pharmacological care. In vivo PK and BD procedures performed in this 
study were approved by Institutional Animal Use and Care Committee at 
the University of Siena and authorized by the Italian Ministry of Health 
(Authorization n. 412/2016-PR). 4-week-old naive male BALB/C mice 
(Charles River, Milan, Italy) were maintained under pathogen-free 
conditions and given food and water ad libitum. For in vivo administra
tion, JC19 was dissolved in a mixture of 10% DMSO in PBS and 
administered intraperitoneal (i.p.) as a single dose of 15 or 25 mg/kg in 
100 µL volume. At several time points (0.08, 0.25, 0.5, 1, 2, 4, 8, 24 h) 
after JC19 administration, mice were treated i.p. with heparin (5000 
U/kg) and sacrificed under CO2. Six animals were used for each time 
point. Blood and liver were collected for the quantitative analysis. 
Approximately 500 µL of blood was collected from each animal and 
transferred to a tube containing 10 µL of heparin and mixed briefly to 
avoid the coagulation process. 

For samples preparation, blood was centrifuged at 5000 rpm for 10 
min and 200 µL of the plasma fractions were measured and collected. 
Acetonitrile (1500 µL) with SST0776 chosen as internal standard at the 
final concentration of 2.5 µg/mL, was added to the fractions to denature 
proteins. Liver (200 mg) was homogenized in presence of acetonitrile 
internal standard solution to extract the compound, with T10 basic 
ULTRA-TURRAX® homogenizer (Bioclass, Pistoia, Italy). After centri
fugation at 5000 rpm for 10 min, supernatants were recovered and 
analysed by HPLC-UV/MS. The pharmacokinetic parameters, including 
area under the concentration-time curve (AUC), maximum plasma 
concentration (Cmax), half-time (t1/2), apparent volume of distribution 
(V), plasma clearance (CL), and mean residence time (MRT), were 
calculated by non-compartmental analysis using PKSolver software. 

2.18. Human melanoma xenografts 

Exponentially growing A375 cells were resuspended in a mixture of 
50% Matrigel (Merck, cat#CLS356234) and 50% DMEM and injected 
subcutaneously into both lateral flanks of adult (7–8 weeks) female 
athymic nude mice strain Crl:NU(NCr)-Foxn1nu (Charles River Labora
tories, Italy) (1 ×105 cells/injection). Once the tumors were palpable 
(approximately 20 mm3), mice were randomized into three groups (n =
10 per group) and treated i.p. with JC19 (15 mg/kg, BID), JC19 (25 mg/ 
kg, BID), or vehicle (10% DMSO in PBS, BID) for 12 days. During the 
experiment, investigators were not blinded. Mice were checked daily for 
signs of illness and distress. The subcutaneous tumor size and mouse 
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weight were measured three times per week. The mice were maintained 
under pathogen-free conditions and with free access to standard rodent 
chow and water. For pharmacodynamic studies on tumor samples, 
tumor-bearing mice were treated with JC19 or vehicle for three days. 
Animals were euthanized 3 h after the last treatment, and the tumors 
were dissected and snap-frozen. Animal procedures were performed 
according to the study protocol approved by the Institutional Animal 
Use and Care Committee at the University of Florence and the Italian 
Ministry of Health (authorization n. 155/2020-PR). 

2.19. Statistical analysis 

Data represent mean ± SD or mean ± SEM values calculated on at 
least three independent experiments. No statistical methods were used 
for the sample size selection. P-values were calculated using Student’s t- 
test (two groups) or one-way analysis of variance (ANOVA) (more than 

two groups). Statistical significance of the in vivo experiment was 
assessed using Welch ANOVA and Games-Howell’s test for multiple 
comparisons. Differences were considered statistically significant at p <
0.05. * , p < 0.05; * *, p < 0.01; * ** , p < 0.001; * ** *, p < 0.0001. 

3. Results 

3.1. Identification of three quinolines inhibiting the HH pathway 
downstream of SUFU 

A virtual screening protocol comprising a pharmacophore-based 
ligand design approach and molecular docking simulations led us to 
identify three classes of negative modulators of GLI1 that were popu
lated by thiophene, pyrazolo-pyrimidine, and quinoline derivatives [41, 
42]. Structure-activity relationship considerations that emerged in pre
vious studies prompted us to prioritize the 8-hydroxyquinoline SST0776 

Fig. 1. The three quinolines inhibit endogenous HH pathway. A) Chemical structure of SST0776, SST0794, and JC19. B) Western blot of endogenous GLI1 and GLI2 
in HH-responsive NIH3T3 cells stimulated with SAG (100 nM) and treated with SST0776, SST0794, and JC19 (1 μM) or the reference compounds GANT61 and GlaB 
(5 μM) for 48 h. HSP90 was used as loading control. C) Luciferase assay in NIH3T3 cells treated with SAG (100 nM) and SST0776, SST0794 and JC19 (1 μM) or the 
reference compounds GANT61 and GlaB (5 μM) for 48 h. Relative luciferase units were GLI-dependent reporter firefly/renilla control ratios, with cells treated with 
SAG equated to 100. D) Western blot of GLI1 and GLI2 in NIH3T3 cells treated with SAG (100 nM) and with increasing concentrations of SST0776, SST0794, and 
JC19 for 48 h. HSP90 was used as loading control. E) qPCR of Gli1, Gli2, Ptch1, and Pfkfb3 in SuFu-/- MEFs treated with SST0776, SST0794, and JC19 at 0.5 and 1 μM, 
or GANT61 and GlaB at 5 μM for 48 h, with cells treated with DMSO equated to 1. Gene expression was normalized relative to Gapdh and β2-microglobulin (mean 
± SD). * , p < 0.05; * *, p < 0.01; * ** , p < 0.001; * ** *, p < 0.0001, ns: not significant (one-way ANOVA). Data represent mean ± SD of at least three independent 
experiments. 
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and the oxazino-quinoline SST0794 for further biological evaluation as 
GLI inhibitors (Fig. 1A). Moreover, following a classical hit-to-lead 
optimization process by reducing the scaffold complexity of SST0794 
and removing the chiral center of SST0776, we designed the simplified 
molecule JC19 (Fig. 1A), whose chemical synthesis and characterization 
are reported in the SI Appendix Materials and Methods. These three 
compounds were able to inhibit endogenous GLI1 and GLI2 protein 
levels and HH pathway transcriptional activity at 1 μM in NIH3T3 cells 
treated with the SMO agonist SAG [52]. Notably, these small molecules 
were more effective than the known GLI inhibitors GANT61 and GlaB, 
which were used at 5 μM (Fig. 1B and C). All three quinolines reduced 
GLI1 and GLI2 protein levels in a dose-dependent manner in NIH3T3 
cells, with JC19 showing strong inhibition (80%) of GLI1 and GLI2 at 
0.5 μM (Fig. 1D). The compounds strongly inhibited the expression of 
Gli1, Gli2, and several HH target genes in Ptch1-/- MEFs [53], in which 
GLI transcription factors are constitutively active (Supporting Fig. S1). 
To prove that these compounds act downstream of SMO, we used SuFu-/- 

MEFs, which harbor cell-autonomous activation of the HH pathway due 
to the genetic ablation of the negative regulator SuFu [54]. In these cells, 
the compounds reduced the expression of Gli1, Gli2, and Ptch1 without 
affecting the unrelated gene Pfkfb3 (Fig. 1E). Taken together, these 
findings indicate that SST0776, SST0794, and JC19 inhibit the endog
enous HH pathway, acting downstream of SMO and SUFU. 

3.2. SST0776, SST0794, and JC19 inhibit HH signaling by hampering 
GLI1 and GLI2 binding with the DNA 

Treatment of HEK-293 T cells overexpressing GLI1 or GLI2 showed 
that SST0776 and SST0794 at the dose of 1 μM and JC19 at 2 μM slightly 
decreased expression of exogenous GLI1 or GLI2 (Supporting Fig. S2A). 
However, this reduction is proteasome independent, because treatment 
with the proteasome inhibitor MG132 did not revert this effect on GLI1 
and GLI2 protein expression. (Supporting Fig. S2B and C). Therefore, to 
elucidate the mechanism of action of the three quinolines, we evaluated 
their effect on GLI1 and GLI2 transcriptional activity. Chromatin 
immunoprecipitation (ChIP) in HEK-293 T cells overexpressing GLI1 or 
GLI2 demonstrated that the quinolines inhibited HH signaling, impair
ing the binding of the GLI to DNA, as shown by the strong reduction in 
the recruitment of both GLI1 and GLI2 into the promoter of PTCH1 
(Fig. 2A-C). Consistently, the luciferase assay confirmed that all three 
quinolines inhibited the transcriptional activities of GLI1 and GLI2 in 
HEK-293 T cells overexpressing GLI1 or GLI2 (Fig. 2D and E). To further 
confirm that the three compounds inhibited transcriptional activity, 
HEK-293 T and A375 cells overexpressing GLI1 were treated with either 
SST0776, SST0794, or JC19 in presence of the G/C-specific DNA-bind
ing drug mithramycin A to inhibit transcription. Quantitative PCR 
(qPCR) showed that mithramycin completely prevented the decrease in 
PTCH1 mRNA levels induced by the three compounds (Fig. 2F and G). To 
further corroborate ChIP and luciferase results, we performed electro
phoretic mobility shift assay (EMSA) and DNA pull-down assays in HEK- 
293 T cells expressing pBABE-GLI1 (EMSA) or Myc-tagged GLI1 (DNA 
pull-down) or empty vector. EMSA showed the binding of GLI1 to a GLI1 
consensus DNA probe, which was strongly prevented by treatment of 
nuclear cell extracts with JC19. Pre-incubation of cell extracts with anti- 
GLI1 antibody decreased the formation of the complex, suggesting the 
presence of GLI1 protein (Fig. 2H). DNA pull-down experiments 
confirmed the strong inhibition of the formation of the GLI1/DNA 
complex in presence of JC19 (Fig. 2I), suggesting that JC19 competes 
with DNA for the DNA binding site of GLI1. Altogether, these findings 
suggest that JC19 inhibits transcriptional activity by impairing the 
binding of GLI1 and GLI2 to the DNA of the target genes. 

3.3. Binding of JC19 to GLI1 

Molecular docking calculations suggested that quinolines could be 
accommodated within two pockets of the GLI1 structure. In particular, 

one of the best scoring binding poses of JC19 (taken as a representative 
example of the quinoline derivatives (Fig. 2J) showed interactions 
similar to those previously hypothesized for thiophene and pyrazolo- 
pyrimidine compounds [41], as well as for GlaB [32]. The backbone 
and the imidazole NH groups of His351 (one of the amino acids that 
coordinate the zinc ion) formed hydrogen bonds with the quinoline ni
trogen atom and with the C8 oxygen of the ligand. Additional hydrogen 
bonds were found between the basic protonatable amino nitrogen of 
JC19 and the side chain OH group of Thr374. Further complex stabili
zation was achieved through π-cation interactions between the aromatic 
quinoline and the terminal guanidine group of Arg354. Hydrophobic 
contacts were also found between the C4 methoxy group and the poly
methylenic chain of Lys350. To support the hypothesis that these resi
dues are important for the binding of JC19 to GLI1, the docked complex 
was used for the rational design of site-directed mutagenesis experi
ments on GLI1 structure. Amino acids directly involved in the in
teractions with JC19 (His351, Arg354, and Thr374) or belonging to its 
binding pocket on GLI1 (Thr355 and His356) were prioritized for mu
tation. Substitutions of these residues by Ala were expected to change 
the structural features of the binding pocket, thus reducing or prevent
ing the interactions of JC19 with GLI1, with a consequent decrease of 
JC19 ability to reduce GLI1 transcriptional activity. 

Mutagenesis studies showed that the residues belonging to ZF4 and 
ZF5 are involved in GLI1 binding to DNA. Luciferase assay in HEK-293 T 
cells transiently transfected with GLI1 or GLI1 mutants indicated that 
mutations in H351 and R354 almost completely abrogated GLI1 tran
scriptional activity, H356 and T374 reduced it respectively by 50% and 
40%, and T355 did not affect it (Fig. 2K). Notably, H351A and, to a 
lesser extent, H356A mutants reduced the ability of JC19 to inhibit GLI1 
transcriptional activity (Fig. 2L), suggesting that JC19 interacts with 
GLI1 at the level of H351 and H356 residues. 

3.4. The three quinolines inhibit GLI-dependent growth of several cancer 
cell types 

To address the ability of our compounds to reduce cancer cell pro
liferation, we investigated whether these small molecules could inhibit 
the GLI-dependent growth of human cancer cells with GLI1 and GLI2 
activation. Treatment of a panel of commercial (A375, MeWo, and SK- 
Mel-5) and primary (SSM2c and Me-53) melanoma cells, glioblastoma 
(U87-MG), medulloblastoma (DAOY), breast cancer (MCF7), and 
intrahepatic cholangiocarcinoma cell lines (HuCCT1, CCLP1) with the 
three compounds for 72 h resulted in a dose-dependent reduction of 
cancer cell growth, with IC50 ranging from 0.1 μM to 1.6 μM (Figs. 3A 
and 3B; Supporting Fig. S3). In contrast, treatment of normal human 
epidermal melanocytes (NHEM) and non-neoplastic mammary epithe
lial cell line (MCF10A) with SST0776, SST0794, and JC19 had effects on 
cell viability only at the highest concentrations (5 and 10 μM). Among 
them, JC19 showed the highest IC50 in NHEM and MCF10A, indicating 
that JC19 is more effective in cancer cells than in non-neoplastic cells 
(Fig. 3B; Supporting Fig. S3). NHEM and MCF10A cells expressed the 
lowest levels of GLI1 and GLI2 mRNA, whereas DAOY cells showed the 
highest levels of GLI1 and GLI2, and the lowest IC50 (Fig. 3B; Supporting 
Fig. S3 and S4). Treatment of A375, MeWo, SK-Mel-5, and U87-MG cells 
with the three compounds for 24 or 48 h significantly reduced the levels 
of GLI1, GLI2, and PTCH1 in a dose-dependent manner (Fig. 3C-E; 
Supporting Fig. S5). Altogether, these findings indicate that all the 
compounds strongly reduced GLI-dependent cancer cell growth. 

Inhibition of the HH signaling pathway has been reported to increase 
apoptotic cell death [26,55]. Therefore, we investigated whether the 
three quinolines inhibited cancer cell growth by affecting apoptosis. 
Treatment of A375, MeWo, SK-MEL-5, and U87-MG cells with SST0776, 
SST0794, and JC19 led to a dose-dependent increase in both early and 
late apoptosis, as shown by Annexin V/7-AAD staining (Fig. 4A-C; 
Supporting Fig. S6 and 7). Induction of apoptosis was confirmed for 
JC19 at the molecular level by an enhanced BAX/BCL-2 ratio and 

L. Maresca et al.                                                                                                                                                                                                                                



Pharmacological Research 195 (2023) 106858

7

increased cleaved caspases 3 and 9 (Figs. 4D and 4E). In addition, 
treatment with JC19 induced a dose-dependent increase of caspase 3/7 
activities (Fig. 4F). 

3.5. Specificity for GLI1 and GLI2 

To assess the specificity of our molecules for GLI1 and GLI2, we 
silenced GLI1 and GLI2 using specific shRNAs [43,44] in U87-MG and 
MeWo cells, which express moderate levels of GLI1 and GLI2 

(Supporting Fig. S4). Silencing of GLI1 and/or GLI2 resulted in a drastic 
reduction in GLI1 and GLI2 mRNA and protein levels in both cell lines 
(Figs. 5A and 5B). Importantly, silencing of GLI1 or GLI2 made cells less 
sensitive to growth inhibition induced by treatment with SST0776, 
SST0794, or JC19 (Figs. 5C and 5D), as previously demonstrated with 
other GLI-targeting small molecules [32,41]. Moreover, in GLI1- and 
GLI2-silenced cells the ability of the three molecules to repress PTCH1 
mRNA levels was completely abrogated (Fig. 5E). To further address the 
specificity for GLI1, we knocked it down in U87-MG cells using 

(caption on next page) 
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CRISPR/Cas9. Consistent with the results obtained from the genetic 
silencing, the three compounds showed minor effects in reducing cancer 
cell viability in the GLI1-ko bulk population compared to control cells 
transduced with scrambled sgRNA (Figs. 5F and 5G). Taken together, 
these findings indicate that both GLI1 and GLI2 are required for the 
anti-tumor activity of the three quinolines. 

To verify that the observed activity was not due to off-target effects, 
the catalytic activity of a panel of 77 protein kinases related to the HH 
pathway or known to modulate GLI activity [56], was tested in the 
presence of JC19. The in vitro enzymatic assay showed that 10 μM JC19 
did not significantly affect the activity of these kinases (Supporting 
Fig. S8). Because Jun/AP-1 has been reported to synergize with GLI1 
[57], we tested the effect of our compounds on this target, finding that 
they did not alter the expression of cJUN in U87-MG and MeWo cells 
(Supporting Fig. S9). In addition, JC19 treatment did not affect GLI3 
protein levels (Supporting Fig. S10A). To further confirm the specificity 
of JC19 for GLI1 and GLI2, we tested whether JC19 treatment inhibits 
other related GLI-similar transcription factors or the C2H2 ZIC factors. 
Western blot and qPCR analysis showed that the expression levels of 
ZIC1, ZIC2, ZIC3, GLIS1, GLIS2, GLIS3, and of the specific ZIC tran
scription factor target Apolipoprotein E are not affected by JC19 (Sup
porting Fig. S10B-F). 

3.6. ADME and PK parameters 

To identify a potential lead compound among our molecules, the 
ADME profiles of these three compounds were investigated (Fig. 6A). 
JC19 was characterized by the highest aqueous solubility (813.62 µg/ 
mL corresponding to a logS = − 2.56), while SST0776 and SST0794 
resulted much less soluble with solubility values of 0.52 µg/mL (logS of 
− 5.87) and 2.95 µg/mL (logS of − 5.04), respectively. The solubility of 
JC19 was also tested in HEPES buffer (25 mM, NaCl 140 mM, pH 7.4) 
confirming the trend (741.23 µg/mL, logS − 2.59). All three quinolines 
were characterized by high plasma stability (98% after 24 h incubation 
with human plasma). The PAMPA assay was also performed to establish 
the ability of the compounds to cross cellular membranes and simulate 
intestinal absorption for passive diffusion. All of them were highly 
permeable, with permeability values of 12.16, 12.98, and 15.35 × 10-6 

cm/sec for SST0776, JC19, and SST0794, respectively. Furthermore, the 
percentage of membrane retention was calculated for all compounds, 
highlighting a nonrelevant interaction with the phospholipidic bilayer. 
Finally, stability in the presence of HLMs was investigated, suggesting 
that derivatives were all able to overcome the metabolic process without 
undergoing significant structural modifications (values > 95%). 
Although all quinolines showed excellent plasma and metabolic stability 
and high passive permeability, JC19 was selected for the in vivo studies 

because of its high aqueous solubility, which ensures a good bioavail
ability to a potential future oral administration. 

The plasmatic concentration-time curves and the PK parameters 
revealed that JC19 was characterized by a first-order elimination ki
netics, as shown by the logarithmic curve (Fig. 6B). After the intraper
itoneal (i.p.) administration, JC19 reached the Cmax (0.890 and 
1.570 µg/mL for the lower and higher dosages, respectively) in at least 
5 min (Tmax 0.083 h), but the rapid kinetics of elimination were 
confirmed by the low half-life (t1/2), the MRT values, and the high 
clearance (CL) values (Fig. 6C). The rapid elimination rate of JC19 from 
the body can be also appreciated from the tissue biodistribution (BD) 
profiles (Fig. 6B). After the i.p. administration, a low accumulation of 
JC19 was also observed in the liver (Fig. 6D). JC19 was then subjected to 
an additional assay to study its binding to human serum albumin (HSA) 
using the Cmax obtained after its in vivo administration at 25 mg/kg. The 
results obtained by incubating JC19 with HSA show that the molecule 
does not bind the protein, with a percentage of unbound compound of 
99.9%. This value reflects the hydrophilic profile of JC19 already shown 
with the aqueous solubility, and it makes the compound available to 
reach the target and carry out its antitumor activity. Based on the results 
described above, JC19 was selected as the lead compound for further in 
vivo evaluation in a human melanoma xenograft model. 

3.7. JC19 treatment reduces human melanoma xenograft growth in vivo 

To address the ability of JC19 to inhibit GLI function and subsequent 
tumor growth in vivo, we used a human orthotopic xenograft model of 
melanoma. Athymic nude mice were subcutaneously injected with A375 
melanoma cells, which harbor both canonical and noncanonical HH 
pathway activation and are sensitive to SMO and GLI inhibition [24,26, 
41,43]. Moreover, these cells show the lowest IC50 value for JC19 
together with HH-dependent DAOY medulloblastoma cells (Fig. 3A and 
B; Supporting Figs. S3 and 4). When tumors were palpable (approxi
mately 20 mm3), mice were randomized into three groups and treated 
for 12 days with i.p. injection of JC19 at 15 mg/kg, 25 mg/kg, or vehicle 
alone (10% DMSO in PBS) (Fig. 6E). Based on PK parameters showing 
rapid elimination kinetics, the mice were treated with JC19 twice a day. 
Administration of JC19 at 15 mg/kg and, to a greater extent, at 
25 mg/kg produced a significant decrease in tumor growth compared 
with vehicle-treated mice (Figs. 6F and 6G). Although the plasma con
centration of JC19 dropped rapidly after administration, an effective 
dose for tumor growth reduction was reached. During the 12-day of 
JC19 treatment, we did not observe adverse side effects, such as weight 
loss (Fig. 6H), tumor ulcerations, or general unhealthiness of the mice, 
indicating good tolerance of JC19. qPCR analysis of the status of HH 
pathway activation in xenografted tumors revealed that administration 

Fig. 2. The three quinolines inhibit HH signaling by impairing the binding of GLI1 and GLI2 to DNA. A) Western blot of GLI1 and GLI2 in HEK-293 T and A375 cells 
transduced with pBABE, pBABE-GLI1 or pBABE-GLI2. HSP90 was used as loading control. B-C) Chromatin immunoprecipitation (ChIP) of GLI1 (B) and GLI2 (C) in 
HEK-293 T transduced with pBABE, pBABE-GLI1 or pBABE-GLI2, and treated with SST0776 (1 μM), SST0794 (1 μM), and JC19 (2 μM) for 16 h. Relative promoter 
enrichment of PTCH1 was normalized on the input material. Cells transduced with pBABE-GLI1 or pBABE-GLI2 and treated with DMSO were equated to 100. D-E) 
Luciferase assay in HEK-293 T cells transduced with pBABE, pBABE-GLI1 or pBABE-GLI2 and treated with SST0776 (1 μM), SST0794 (1 μM), and JC19 (2 μM) for 
16 h. Relative luciferase units were GLI-dependent reporter firefly/renilla control ratios, with cells overexpressing GLI1 or GLI2 and treated with vehicle (DMSO) 
equated to 100. F-G) qPCR of PTCH1 in HEK-293 T and A375 transduced with pBABE-GLI1 and treated with Mithramycin A (MTR) (200 nM) and the three com
pounds as indicated for 16 h. Cells overexpressing GLI1 and treated with DMSO were equated to 1. Gene expression was normalized relative to GAPDH and TBP and 
expressed as mean ± SD. H) Inhibition of GLI1/DNA binding by JC19. EMSA using 20 µg of nuclear extract (NE) obtained from HEK-293 T cells overexpressing GLI1 
and incubated with double-stranded oligonucleotide containing the GLI binding site sequence (probe) in presence of JC19 (50 and 100 µM) or the anti-GLI1 antibody. 
The arrows represent free probe and probe bound to GLI1. I) SDS-PAGE of DNA pull-down assay. 150 µg of whole cell lysate (WCL) obtained from HEK-293 T cells 
overexpressing Myc-GLI1 or Myc-Empty vector as control were incubated with the GLI binding site 3’- biotinylated probe in the presence of JC19 (50 and 100 µM). 
10 µg of WCL from cells containing Myc-GLI1 or Myc-Empty vector were loaded as input proteins. HSP90 was used as loading control. J) Graphical representation of 
the best docked binding poses of JC19 (thick line, carbon custom color and atom type notation) within the GLI1 binding site also hypothesized for thiophene and 
pyrazolo-pyrimidine derivatives, as well as for GlaB. For the sake of clarity, only a few amino acids are shown (thick lines, atom type notation with labels and grey 
surface). Hydrogen bonds are represented by light green dashed lines, while cation-π interactions by green dashed lines. K) Luciferase assay in HEK-293 T cells 
transfected with GLI1 WT or indicated GLI1 mutants in ZF4 and ZF5. Relative luciferase units were GLI-dependent reporter firefly/renilla control ratios, with cells 
overexpressing GLI1 WT equated to 100. L) Luciferase assay in HEK-293 T cells transfected with GLI1 WT, GLI1 H351A or GLI1 H356A and treated with JC19 (2 μM) 
for 16 h. Relative luciferase units were GLI-dependent reporter firefly/renilla control ratios. Cells treated with DMSO were equated to 100. * , p < 0.05; * *, p < 0.01; 
* ** , p < 0.001; * ** *, p < 0.0001, ns: not significant (one-way ANOVA). Data represent mean ± SD of at least three independent experiments. 

L. Maresca et al.                                                                                                                                                                                                                                



Pharmacological Research 195 (2023) 106858

9

Fig. 3. SST0776, SST0794 and JC19 repress proliferation of multiple cancer cell lines through inhibition of GLI-mediated transcription. A) Dose response curves of 
commercial (A375, MeWo, and SK-MEL-5) and primary (SSM2c and Me-53) melanoma, U87-MG glioblastoma, Daoy medulloblastoma, MCF7 breast cancer, HuCCT1 
and CCLP1 cholangiocarcinoma cells. Cells were treated for 72 h with vehicle (DMSO) or increasing doses of compounds and GlaB. Graphs were obtained using 
GraphPad 7. B) Heatmap of IC50 values in cancer cells shown in A, normal human epidermal melanocytes (NHEM) and mammary epithelial breast cells (MCF10A) 
treated with increasing doses of SST0776, SST0794, and JC19 for 72 h. C-E) qPCR of PTCH1, GLI1, and GLI2 in A375, MeWo, SK-MEL-5, and U87-MG cells treated 
with increasing concentrations of SST0776 (C), SST0794 (D), and JC19 (E) for 24 h with cells treated with DMSO equated to 1. Gene expression was normalized 
relative to GAPDH and TBP and expressed as mean ± SD. * , p < 0.05; * *, p < 0.01; * ** , p < 0.001; * ** *, p < 0.0001, ns: not significant (one-way ANOVA). Data 
represent mean ± SD of at least three independent experiments. 
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of JC19 for 72 h significantly reduced the expression level of GLI1 in a 
dose-dependent manner compared to vehicle alone (Fig. 6I), in line with 
the in vitro data (Fig. 3C-E). Taken together, these findings suggest that 
JC19 administration impairs GLI-dependent tumor growth in vivo in a 
dose-dependent manner. 

4. Discussion 

In this study, we discovered three small molecules (two 8-hydroxy
quinolines SST0776 and JC19, and the oxazino-quinoline SST0794) 
capable of inhibiting GLI1 and GLI2 activities. Pharmacological inhibi
tion of GLI1 and GLI2 resulted in a dose-dependent anti-tumor response 
in multiple cancer cell lines in vitro and reduction of tumor growth in a 
melanoma xenograft model in vivo. 

In recent years HH signaling has emerged as an attractive target for 
anti-cancer therapy. Several inhibitors of the key transducer SMO have 
been developed and are available for the treatment of advanced BCC [5, 
58]. However, SMO inhibitors have several limitations. First, SMO un
dergoes several mutations that can render cancer cells resistant to 

pharmacological inhibition of SMO [59,60]. Second, these inhibitors are 
not effective in tumors harboring noncanonical activation of the HH 
pathway, such as those with inactivating mutations of SUFU or ampli
fication of GLI1 and GLI2 genes. In addition, several types of cancer 
present noncanonical activation of the GLI transcription factors by other 
oncogenic signals and inputs that can be independent of upstream 
PTCH-SMO [17]. Therefore, targeting the GLI transcription factors can 
inhibit both canonical and noncanonical HH activation, thereby block
ing the final effectors of the pathway. To date, only a few specific GLI 
inhibitors have been developed, such as GANT61 [31], and GlaB [32]. 
However, these molecules suffer from poor drug-like properties, such as 
low solubility, poor metabolic stability, and modest activity, with high 
concentrations required for the inhibition of the target in vitro and tumor 
growth in vivo. 

Another recent virtual screening study identified an 8-hydroxyquino
line as a GLI1 negative modulator [61]. Authors showed that this 
molecule inhibits GLI1-mediated transcription, likely causing confor
mational changes in the GLI1/DNA complex, without providing a clear 
mechanism for GLI1 inhibition. Moreover, the activity of this compound 

Fig. 4. GLI inhibition induces apoptosis in cancer cells. A-C) AnnexinV/7-AAD double staining of early (AnnexinV+/7-AAD-) and late (AnnexinV+/7-AAD+) 
apoptosis of A375 (A), MeWo (B), and U87-MG (C) cells treated with increasing doses of SST0776, SST0794, and JC19 for 72 h, with cells treated with DMSO equated 
to 1. D) Western blot of GLI1, BCL-2, BCL-XL, BAX, PARP1, cleaved Caspases 3 and 9 in A375, MeWo, and U87-MG cells treated with increasing doses of JC19 for 
72 h. GAPDH was used as loading control. E) Densitometric quantification of BAX/BCL-2 ratio as shown in D. F) Activity of Caspase 3 and 7 in A375, MeWo and U87 
cell lines treated with increasing doses of JC19 for 72 h. Cells treated with DMSO were equated to 1. * , p < 0.05; * *, p < 0.01; * ** , p < 0.001; * ** *, p < 0.0001 
(one-way ANOVA). Data represent mean ± SD of at least three independent experiments. 
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Fig. 5. GLI1 and GLI2 are required for inhibition of cell proliferation and transcriptional activity by the three quinolines. A) qPCR of GLI1, GLI2 and PTCH1 in U87- 
MG and MeWo cells transduced with LV-c, LV-shGLI1 or LV-shGLI2, with cells transduced with LV-c equated to 1. Gene expression was normalized relative to GAPDH 
and TBP and expressed as mean ± SD. B) Western blot of GLI1 and GLI2 in U87-MG and MeWo cells transduced with LV-c, LV-shGLI1 or LV-shGLI2. HSP90 was used 
as loading control. C-D) Growth curves of U87-MG and MeWo cells transduced with LV-c, LV-shGLI1 or LV-shGLI2 and treated with increasing doses of SST0776, 
SST0794, and JC19 for 72 h. Cells treated with DMSO were equated to 1. E) qPCR of PTCH1 in U87-MG cells transduced with LV-c, LV-shGLI1 or LV-shGLI2, and 
treated with SST0776 (1 μM), SST0794 (1 μM), and JC19 (2 μM) for 24 h. Cells treated with DMSO were equated to 1. F) Western blot (upper panel) and qPCR (lower 
panel) of GLI1 in U87-MG cells transduced with pCW-Cas9 and sgRNA (scrambled) or sgRNA GLI1. G) Growth curves of U87-MG cells transduced with pCW-Cas9 and 
sgRNA (scrambled) or sgRNA GLI1, and treated with increasing concentrations of SST0776, SST0794, and JC19 for 72 h, with cells treated with DMSO equated to 1. 
* , p < 0.05; * *, p < 0.01; * ** , p < 0.001; * ** *, p < 0.0001 (one-way ANOVA). Data represent mean ± SD of at least three independent experiments. 
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Fig. 6. JC19 ADME, PK parameters and growth inhibition in melanoma xenografts. A) Table shows ADME parameters for the three quinolines. aBuffer solution: 
HEPES 25 mM, NaCl 140 mM, pH 7.4. bAfter 24 h incubation in human plasma solution. cMembrane Retention (%MR) expressed as percentage of compound unable 
to reach the acceptor compartment. dExpressed as percentage of unmodified compound. B) Plasma concentration-time curves (mean ± SD, n = 6) after intraperi
toneal administration of JC19 15 mg/kg and 25 mg/kg. The plasma concentrations in the y axis were expressed as log10 scale. C) Table shows pharmacokinetics 
parameters of JC19 after i.p. administration evaluated using a non-compartmental model. D) Liver distribution concentration profile (mean ± SD, n = 6) of JC19 at 
the dosages of 15 and 25 mg/kg. E) Experiment timeline of the in vivo treatment. F) In vivo growth of A375 melanoma cells subcutaneously injected in athymic nude 
mice. Mice were treated i.p. at tumor appearance with vehicle, JC19 15 mg/kg or 25 mg/kg twice a day. G) Representative images of tumors at the sacrifice. H) Mice 
body weight during treatment. I) qPCR of GLI1 in melanoma xenografts treated with vehicle, JC19 15 mg/kg or 25 mg/kg for 72 h. Gene expression was normalized 
relative to GAPDH and TBP and expressed as mean ± SEM. * , p < 0.05; * *, p < 0.01; * ** , p < 0.001 (one-way ANOVA). 
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appeared very modest, with a dose of 25 μM required for the inhibition 
of GLI1 and GLI2 protein levels. Finally, the specificity of this 8-hydrox
yquinoline for GLI1 and/or GLI2 has not been addressed. Therefore, 
there is a need to identify new small molecules that target GLI tran
scription factors. 

Recently, a virtual screening approach allowed us to identify several 
small molecules capable of inhibiting HH-dependent transcription, as 
well as GLI1 and GLI2 protein levels. Most of the compounds identified 
by the virtual screening were confirmed to be GLI inhibitors [41,42]. 
Two of them (namely, SST0776 and SST0794) showed a strong reduc
tion in GLI1 protein levels and were characterized by antiproliferative 
activity toward both human melanoma and medulloblastoma cell lines 
in the sub-micromolar range. Next, a hit-to-lead process based on the 
structural simplification of their molecular scaffold led to the design and 
synthesis of JC19. 

Exploring the mechanism of inhibition, we found that despite their 
structural differences, the three quinolines identified in this study 
inhibited GLI-mediated transcription, impairing the binding of GLI1 and 
GLI2 to the DNA of target genes, as shown by the reduced occupancy of 
GLI1 and GLI2 on the PTCH1 promoter. Furthermore, mithramycin 
treatment completely abrogated the effects of these molecules in 
reducing PTCH1 mRNA levels. As a consequence, all three compounds 
strongly repressed the expression of several HH target genes in a broad 
spectrum of cancer cell lines. In addition, EMSA and DNA pull-down 
experiments demonstrated that JC19 inhibits the formation of GLI1/ 
DNA complex. The interference of JC19 with the GLI1 DNA complex is 
further supported by our molecular docking study, suggesting that JC19 
interacts with GLI1, likely making contacts with amino acids located in 
ZF4 and ZF5. Indeed, site-directed mutagenesis pointed out that residue 
H351, which is located in ZF4 and coordinates the zinc ion, is involved 
in the interaction of GLI1 with JC19. Targeting the interaction of GLI1 
and GLI2 with DNA represents a successful strategy to block both PTCH/ 
SMO-dependent (canonical) and noncanonical activation of the HH 
pathway, blunting the oncogenic hyperactivation of the signaling 
cascade. 

Another important aspect of this study is that we provide evidence 
that knock-down of GLI1 or GLI2 by genetic silencing or CRISPR/Cas9 
highly reduces the effects of our compounds on cancer cell proliferation 
and HH target genes expression. The residual inhibitory activity on 
cancer cell proliferation observed upon ablation of either GLI1 or GLI2 
might be due to the ability of GLI1 to compensate for the loss of GLI2 and 
vice versa [62]. Our attempt to deplete both GLI1 and GLI2 was not 
successful, because cancer cells lacking both TFs were not viable, 
making impossible to test the effects of these quinolines on double GLI1 
and GLI2 knock-down cells. The specificity of our compounds for GLI1 
and GLI2 was further corroborated by the lack of effect of JC19 on the 
catalytic activity of a panel of 77 protein kinases related to the HH 
pathway or reported to modulate the function of GLI transcription fac
tors through post-translational modifications. Furthermore, JC19 treat
ment does not affect GLI3 protein levels, or related GLI-similar TFs and 
other C2H2 zinc-finger TFs such as GLIS1, GLIS2, GLIS3, ZIC1, ZIC2 and 
ZIC3. 

A preliminary in vitro ADME profile prompted us to select JC19 as the 
lead compound and test its anti-cancer activity in vivo. Unlike SST0776 
and SST0794, JC19 showed a good aqueous solubility (approximately 
1 mg/mL). Although PK analysis showed that after a single i.p. admin
istration JC19 was characterized by a low half-life and high clearance, 
its administration twice a day for 12 days resulted in a dose-dependent 
inhibition of tumor growth, reaching a 70% reduction in tumor volume 
at a dose of 25 mg/kg. Notably, the mice did not show any signs of 
systemic toxicity during treatment and JC19 did not accumulate in the 
liver after the i.p. administration. 

As a biomarker of response, we evaluated the expression level of 
GLI1, which is not only the main target of JC19, but also the best read- 
out of the HH pathway activation. Administration of JC19 twice a day 
for 72 h reduced GLI1 mRNA levels in a dose-dependent manner in 

melanoma xenografts compared to vehicle treated tumors. 
In the context of melanoma, JC19 treatment might also contribute to 

prevent resistance to BRAF inhibitors, because targeting GLI1 and GLI2 
with GANT61 has been shown to restore sensitivity to vemurafenib- 
resistant human melanoma cells [63]. In addition, aberrant activation 
of HH pathway has been shown to promote escape of cancer cells from 
immune surveillance by inducing the expression of programmed death 
ligand 1 (PD-L1) in several human cancer types [64]. Likewise, GANT61 
treatment reduces PD-L1 expression and cancer cell proliferation in 
gastric cancer organoids [65]. Therefore, inhibition of GLI1 and GLI2 
holds a great potential to elicit a robust anti-tumor immune response 
against cancer cells [66]. At this regard, treatment of BCC patients with 
the SMO inhibitor vismodegib was reported to produce an anti-cancer 
immune response, characterized by increased levels of MHC-I expres
sion in cancer cells and infiltration of anti-tumor cytotoxic CD8+ and 
CD4+ T cells [67]. 

In summary, we describe the hit-to-lead design and synthesis of the 
new quinoline derivative JC19 and the biological characterization of 
three potent small molecules active as inhibitors of GLI. In particular, 
the lead compound JC19 showed the potential to inhibit GLI1 and GLI2 
hyperactivation induced not only by upstream PTCH/SMO-dependent 
signals, but also by bypass mechanisms induced by oncogenic inputs. 

5. Conclusion 

GLI transcription factors, the final effectors of the Hedgehog 
signaling, are emerging as promising therapeutic targets for several 
human cancers. However, only a few GLI inhibitors are available. Here, 
we present the development and preclinical characterization of three 
novel small molecule GLI inhibitors that can suppress cancer cell pro
liferation and impair GLI1 and GLI2 activities by interfering with their 
binding to DNA. Among them, JC19 inhibits GLI-dependent human 
melanoma xenograft growth in vivo, with no signs of toxicity in mice. 
Our results highlight the potential therapeutic value of JC19 as an anti- 
tumor agent targeting GLI transcription factors, providing a rationale for 
testing JC19 in a broad spectrum of tumors with hyperactivation of GLI1 
and GLI2. 
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[54] J. Svärd, K. Heby-Henricson, M. Persson-Lek, B. Rozell, M. Lauth, A. Bergström, 
J. Ericson, R. Toftgård, S. Teglund, Genetic elimination of Suppressor of fused 
reveals an essential repressor function in the mammalian Hedgehog signaling 
pathway, Dev. Cell 10 (2006) 187–197, https://doi.org/10.1016/j. 
devcel.2005.12.013. 

[55] L. Lospinoso Severini, D. Quaglio, I. Basili, F. Ghirga, F. Bufalieri, M. Caimano, 
S. Balducci, M. Moretti, I. Romeo, E. Loricchio, M. Maroder, B. Botta, M. Mori, 
P. Infante, L. Di Marcotullio, A Smo/Gli multitarget hedgehog pathway inhibitor 
impairs tumor growth, Cancers (Basel) 11 (2019) 1518, https://doi.org/10.3390/ 
cancers11101518. 

[56] V. Montagnani, B. Stecca, Role of protein kinases in hedgehog pathway control and 
implications for cancer therapy, Cancers (Basel) 11 (2019) 449, https://doi.org/ 
10.3390/cancers11040449. 

[57] H. Schnidar, M. Eberl, S. Klingler, D. Mangelberger, M. Kasper, C. Hauser- 
Kronberger, G. Regl, R. Kroismayr, R. Moriggl, M. Sibilia, F. Aberger, Epidermal 
growth factor receptor signaling synergizes with Hedgehog/GLI in oncogenic 
transformation via activation of the MEK/ERK/JUN pathway, Cancer Res 69 
(2009) 1284–1292, https://doi.org/10.1158/0008-5472.CAN-08-2331. 

[58] I. Galperin, L. Dempwolff, W.E. Diederich, M. Lauth, Inhibiting hedgehog: an 
update on pharmacological compounds and targeting strategies, J. Med Chem. 62 
(2019) 8392–8411, https://doi.org/10.1021/acs.jmedchem.9b00188. 

[59] R.L. Yauch, G.J. Dijkgraaf, B. Alicke, T. Januario, C.P. Ahn, T. Holcomb, K. Pujara, 
J. Stinson, C.A. Callahan, T. Tang, J.F. Bazan, Z. Kan, S. Seshagiri, C.L. Hann, S. 
E. Gould, J.A. Low, C.M. Rudin, F.J. de Sauvage, Smoothened mutation confers 
resistance to a Hedgehog pathway inhibitor in medulloblastoma, Science 326 
(2009) 572–574, https://doi.org/10.1126/science.1179386. 

[60] S. Pietrobono, B. Stecca, Targeting the oncoprotein smoothened by small 
molecules: focus on novel acylguanidine derivatives as potent smoothened 
inhibitors, Cells 7 (2018) 272, https://doi.org/10.3390/cells7120272. 

[61] R.C. Dash, J. Wen, A.M. Zaino, S.R. Morel, L.Q. Chau, R.J. Wechsler-Reya, M. 
K. Hadden, Structure-based virtual screening identifies an 8-hydroxyquinoline as a 
small molecule GLI1 inhibitor, Mol. Ther. Oncolytics 20 (2021) 265–276, https:// 
doi.org/10.1016/j.omto.2021.01.004. 

[62] P. Niewiadomski, S.M. Niedziółka, Ł. Markiewicz, T. Uśpieński, B. Baran, 
K. Chojnowska, Gli Proteins: Regulation in Development and Cancer, Cells 8 
(2019) 147, https://doi.org/10.3390/cells8020147. 

[63] F. Faião-Flores, D.K. Alves-Fernandes, P.C. Pennacchi, S. Sandri, A.L. Vicente, 
C. Scapulatempo-Neto, V.L. Vazquez, R.M. Reis, J. Chauhan, C.R. Goding, K. 
S. Smalley, S.S. Maria-Engler, Targeting the hedgehog transcription factors GLI1 
and GLI2 restores sensitivity to vemurafenib-resistant human melanoma cells, 
Oncogene 36 (2017) 1849–1861, https://doi.org/10.1038/onc.2016.348. 

[64] H. Onishi, A. Fujimura, Y. Oyama, A. Yamasaki, A. Imaizumi, M. Kawamoto, 
M. Katano, M. Umebayashi, T. Morisaki, Hedgehog signaling regulates PDL-1 
expression in cancer cells to induce anti-tumor activity by activated lymphocytes, 
Cell Immunol. 310 (2016) 199–204, https://doi.org/10.1016/j. 
cellimm.2016.08.003. 

[65] J. Chakrabarti, L. Holokai, L. Syu, N.G. Steele, J. Chang, J. Wang, S. Ahmed, 
A. Dlugosz, Y. Zavros, Hedgehog signaling induces PD-L1 expression and tumor cell 
proliferation in gastric cancer, Oncotarget 9 (2018) 37439–37457, https://doi.org/ 
10.18632/oncotarget.26473. 

[66] A. Giammona, E. Crivaro, B. Stecca, Emerging roles of hedgehog signaling in 
cancer immunity, Int J. Mol. Sci. 24 (2023) 1321, https://doi.org/10.3390/ 
ijms24021321. 

[67] A. Otsuka, J. Dreier, P.F. Cheng, M. Nägeli, H. Lehmann, L. Felderer, I.J. Frew, 
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