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Abstract

The hedgehog (Hh) signaling pathway is involved in diverse aspects of cellular events.
Aberrant activation of Hh signaling pathway drives oncogenic transformation for a wide range of
cancers, and it is therefore a promising target in cancer therapy. In the principle of association and
ring-opening, we designed and synthesized a series of Hh signaling pathway inhibitors with
phenyl imidazole scaffold, which were biologically evaluated in Gli-Luc reporter assay.
Compound 25 was identified to possess high potency with nanomolar ICsy, moreover, it preserved
the inhibition against wild-type and drug-resistant Smo-overexpressing cells. A molecular
modelling study of compound 25 expounded its binding mode to Smo receptor, providing a basis

for the further structural modification of phenyl imidazole analogs.
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1. Introduction

The Hedgehog (Hh) signaling pathway is not only associated with the maintenance and
repair of many human tissues, but also plays an important role in cell growth, survival and
metastasis (Sharpe et al., 2015; Makley et al., 2013; Owens et al., 2017; Galperin et al., 2019). Hh
signaling is silent in normal cells, however, its abnormal activation is associated with basal cell
carcinoma (BCC), medulloblastoma (MB), pancreatic cancer, acute myeloid leukemia (AML),

colon and prostate cancer (DeBerardinis et al., 2014; Berman et al., 2002; Mathew et al., 2014;
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Cortes et al., 2019; Vesci et al., 2018; Domenech et al., 2012). Aberrant Hh signaling is mainly
driven by either ligand-dependent or Patched (Ptch) mutation mechanism, and induces Ptch to
release smoothened (Smo) protein, promoting the translocation of its downstream Gli protein into
the nucleus to express Hh target gene (Trinh et al., 2014; Mas et al., 2010; Wahid et al., 2016;
Salaritabar et al., 2019). Undoubtedly, there is an increasing level of interests in modulating the
Hh signaling pathway for cancer treatment.

Smo is the most studied Hh pathway component as a drug target, and its inhibition leads to
down-regulation of those genes associated with cancer growth and progression. Most Hh pathway
inhibitors suppress the function of Smo receptor. To date, Vismodegib (1), Sonidegib (2) and
Glasdegib (3) have been the Smo antagonists approved by the U.S. Food and Drug Administration
(FDA) for the treatment of BCC and AML (Angelaud et al., 2016; Robarge et al., 2009; Lindsley,
2016; Oan et al., 2010; Munchhof et al., 2012; Sheridan, 2019) (Figure 1). Despite the significant
accomplishment in the development of Hh pathway inhibitors, the clinical use of 1 and 2 is
severely restricted by virtue of their several adverse effects including diarrhea, taste disturbance,
hair loss and muscle spasms (Ghirga et al., 2018). Alternatively, acquired resistance to these drugs
has become a major barrier for their continued advancement (Pricl et al., 2015). For instance, Smo
D473H mutation was discovered from metastatic BCC and MB patient with relapse after treatment
with 1 (Yauch et al., 2009; Dijkgraaf et al., 2011). Smo D477G, a comparable murine Smo mutant,
in the mouse MB model was drug-resistant as well (Coni et al., 2013). Albeit Smo mutation has no
effect on Hh signal transduction, it diminished the affinity of ligands to Smo receptor and
disrupted their binding. This finding highlights the continued efforts and interests in research and
development of novel chemotype Hh pathway inhibitors.

Figure 1 should be here.

In the past decade, some benzimidazole analogs as potential Hh inhibitors have been
discovered by the high-throughput screening campaign, for instance, compound 3, HhAntag691
and SANT-2 (Bariwal et al., 2019). HhAntag691 has been early reported by Curis and Genentech
as a potent Hh inhibitor with low nanomolar affinity for SMO (Romer et al., 2004). SANT-2 is a
known Smo antagonist with an ICsy of 98 nM in the Shh light IT assay (Chen et al., 2002). Later,
lead optimization of SANT-2 identified TC132 (4) with an ICs, value of 80 nM, slightly more
potent than SANT-2. Biittner et al reported that exchange of benzimidazole core in compound 4
with other heterocyclic rings, such as indole, benzothiazole and benzoxazole, led to decrease in

activity (Biittner et al., 2009). Therefore, benzimidazole is an efficacious moiety for Hh inhibition.
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In addition, the benzyloxy group was regarded as a bioactive structure normally found in
antineoplastic agent like lapatinib (5) (Petrov et al., 2006). In our effort to probe novel Hh
pathway inhibitors, we introduced benzyloxy moiety into compound 4 to replace the metabolically
labile trimethoxy groups (Figure 2). Encouragingly, this modification led to compound 6 with
enhanced anti-Hh activity as measured in Gli-Luc reporter assay (ICso of 0.07 uM as comparison
to 0.09 uM for compound 4). In an attempt to further pursue the chemical structural space,
replacement of benzimidazole with phenyl imidazole moiety obtained compound 25 according to
ring-opening strategy. The emergence of a rotatable bond between phenyl and imidazole was able
to reduce its rigidity, which was expected to improve Smo-binding affinity. The recent
determination of Smo-vismodegib crystal structures (PDB code 5L71) allowed us to examine the
interaction patterns between the ligands and Smo receptor (Byrne et al., 2016). The predicted
Smo-binding affinity of compound 25 was superior to compound 4, because their docking score
were -11.65 kcal/mol and -8.49 kcal/mol, respectively. In this study, a series of phenyl imidazole
derivatives were prepared, and their evaluation on Hh signaling pathway inhibition was reported.

Figure 2 should be here.
2. Results and discussion

The synthetic routes for the target compounds were outlined in Schemes 1-2. Methylparaben
was etherified with substituted benzyl bromide in acetone to afford compounds 6a-1, which was
hydrolyzed to the key intermediates 7a-1 in refluxing ethanol for 2 hours. The intermediate 3-(1H-
benzo[d]imidazol-2-yl)-4-chloroaniline was synthesized in accordance to the reported procedure
(Biittner et al., 2009), before its amidation with 7a-1 gave the target compounds 12-16. 2-chloro-5-
nitrobenzonitrile reacted with sodium methylate and ammonium chloride in alkaline conditions to
form amidine hydrochloride 9. Then, the intermediate 10 was obtained via condensation of 9 and
2-bromoacetophenone. 10 and stannous chloride refluxed in acidic ethanol solution, and its
reduction product was intermediate 11. Finally, 11 reacted with 7a-1 to give the target compound
17-28.

Scheme 1 should be here.
Scheme 2 should be here.

The target compound involoved the following three regions: A, B and a linker. Region A

contained benzimidazole moiety and phenyl imidazole moiety. Region B involved
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benzyloxyphenyl group. The amide bond was the linker. The inhibitory activity of compound 12-
28 on Hh signaling pathway was evaluated by Gli-Luc reporter kit. Compound 1 was positive
control and compound 4 was lead compound. The results expressed as half maximal inhibitory
concentration (ICsy) values and are presented in Table 1. Initially, region A in the tested
compounds was focused. Delightedly, the phenyl imidazole derivatives exhibited more potency as
compared with the benzimidazole counterparts (12 vs 18, 13 vs 19, 14 vs 26, 15 vs 27 and 16 vs
24), indicating that ring-opening structural modification enhanced their Hh inhibition. Further
investigations were performed to study the effect of different substituents on the phenyl ring
(region B) on Hh inhibition. The introduction of fluoro atom (22) or methyl (27) in the para-
position was superior to trifluoromethyl surrogate (18). Ortho-fluoro (24) derivative exhibited
improved potency than ortho-chlorine analogue (19). Besides, meta-fluoro derivative (25, ICsy =
0.01 uM) displayed higher activity as compared to other electron-withdrawing groups such as
meta-trifluoromethyl (23, ICso= 0.02 uM) and meta-chlorine (28, ICso= 1.16 uM). Moreover, the
anti-Hh activity of fluoro atom in the meta- position (25) was stronger as compared to that in
ortho- (24, 1Cso = 0.04 uM) or para-position (22, IC5y = 0.43 uM). Although double chlorine
substituents (20, 21 and 26) were effective against Hh signaling, they were inferior in potencies to
25. Compared with 4, four of the target compounds (20, 23, 24 and 25) showed higher potency
with ICs values less than 0.06 uM. Compound 25 was identified as the most potent compound in
this study. More importantly, the potency of compound 25 was 2-fold higher as compared to 1,
suggesting that it was a promising Hh pathway inhibitor.

Table 1 should be here.

The Hh inhibitory activities of this series of compounds probably attributed to their
interaction with Smo, since compound 25 effectively competed with BODIPY-cyclopamine in
CHO-KI cells overexpressing wild-type (WT) Smo, with ICs, values of 17 nM (Figure 3). Next, it
was hypothesized that 25 might be active against the drug-resistant Smo mutant, therefore, we
over-expressed both WT mouse Smo and its mutant D477G with GFP in the NIH3T3-Gli-Luc
reporter cell line. Consistent with previous reports, mutation of Smo can confer resistance to 1. As
presented in Figure 4, compound 1 suppressed WT Smo-overexpressing cells with an ICsy of 20
nM, however, its inhibition of mutant Smo-overexpressing cells declined sharply. On the contrary,
compound 25 inhibited WT and mutant Smo-overexpressing cells with similar potencies (ICsy =
14 nM for WT, ICsy = 25 nM for mutant). The 2-fold shift in ICs, indicated that the D477G

mutation did not significantly interfere with the binding of 25 to Smo. Next, the cytotoxicity assay

This article is protected by copyright. All rights reserved



on Hh-driven cancer cells was performed (Figure 5). DAOY cell lines were a suitable human MB
model with constitutive Hh activation, which was reported to be resistant to 1 in vitro. Although 1
was less active against DAOY cells, compound 25 apparently decreased proliferation and survival
of DAOY cells. Moreover, the cell viabilities of 25 were 51 % and 32 % at concentrations of 1 uM
and 10 uM, respectively.
Figure 3 should be here.
Figure 4 should be here.
Figure 5 should be here.

To further elucidate the binding mode of this series of compounds with Smo receptor, a
detailed molecular docking study was performed. The predicted binding affinity of compound 25
was the most among all, with the docking score of — 11.65 kcal/mol (Table S1). As shown in
Figure 6A, compound 1 (yellow) bound in the pocket closer to the upper opening of Smo, and the
binding orientations of compound 1 and 25 (blue) superimposed well with each other. In the
binding mode (Figure 6B and 6C), these two compounds shared similar hydrogen bond with
Arg400 to amide bond, and Tyr394 shared to nitrogen atom of pyridine or imidazole. In
accordance with pyridine ring on 1, imidazole ring on 25 allowed n-w interaction with Phe391 and
Trp281. These common interactions suggested the importance of imidazole ring and amide bond
in region A and linker. Differently, the fluorine on 25 formed a hydrogen bond with Lys395. The
phenyl rings in region A and B formed n-m interaction with Trp281 and Phe484. Similar results
were observed in the conformations of other compounds (Figure S1). The computational modeling
study explained the preferable Hh inhibition of compound 25 at the molecular level.

Figure 6 should be here.

3. Conclusion

In summary, a series of structural modified phenyl imidazole analogs are designed on the
basis of pharmacological association and ring-opening strategy. The synthesized compounds were
evaluated in Gli-luciferase assay, and compounds 20, 23, 24 and 25 exhibited more potent activity
than the lead compound TC132. In particular, compound 25 showed the highest Hh inhibitory
potency with an ICsy value of 0.01 uM, which was 2-fold higher than the launched drug

vismodegib. Our preliminary investigation indicated that meta-fluoro benzyloxy group was well

This article is protected by copyright. All rights reserved



tolerated for enhancement of activity in the target compounds. Additionally, both wild-type and
mutant Smo were effectively suppressed by 25, and it displayed moderate antiproliferation against
DAOY cells in vitro. Computational simulations offered the molecular basis for rationalizing Hh
inhibition of the phenyl imidazole derivatives. Further studies on the structural optimization of

these derivatives are currently underway in our laboratory.
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Figure legends

Figure 1 Representative structures of Smo inhibitors.

Figure 2 Design strategy of novel phenyl imidazole derivatives.

Scheme 1 (a) substituted benzyl bromide, K,COs3, acetone, 80 °C, 5 h; (b)NaOH, aqueous alcohol,
75 °C, reflux, 2 h; (c) (i) (COCl),, pyridine cat.; (ii) 3-(1H-benzo[d]imidazol-2-yl)-4-chloroaniline,
Et3N, CH2C12, rt, 12 h.

Scheme 2 (a) (i) CH3;0ONa, CH;0H, -15 °C, 2h; NH4Cl, 40 °C, 3h, (ii) 2-bromoacetophenone,
NaHCOs;, THF, reflux, 40 °C, 20h; (c) SnCl,*2H,0, ethanol, HCI, 80 °C, reflux, 8 h; (d) HATU,
DIPEA, CH,Cl,, 7a-1, rt, overnight.

Table 1 Hh signaling pathway inhibition of designed compounds

2 Results expressed as the mean + standard deviation of three separate I1Csy determinations. For
each determination, concentration-inhibition curves were acquired in triplicate and then averaged
to afford a single ICs, curve with a 95% confidence interval.

bUsed as a lead compound.

¢Used as a positive control.

Figure 3 In vitro inhibition of Smo for compound 25. The values are an average of triplicate

separate determinations.
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Figure 4 The inhibition of drug-resistant Smo mutant for compound 25. The inhibition of Gli-Luc
reporter activity by vismodegib (A) and compound 25 (B) in NIH3T3-Gli-Luc cells
overexpressing wild-type Smo or Smo D477G. Error bars represent standard deviation of three

parallel groups (n=3).

Figure 5 Cell viability of DAOY cells treated with the indicated doses of vismodegib and

compound 25 for 48 h. Data represent the average of three independent experiments.

Figure 6 (A) Overlay of compound 25 (blue) and original ligand vismodegib (yellow) in binding
pocket of Smo. (B) Docking conformation of vismodegib (yellow) at the binding site. (C) Docking
conformation of compound 25 (blue) at the binding site. Hydrogen bonds are represented by the
dashed green lines. The dashed pink lines represent m-m interaction. Surrounding amino acid are

shown in grey stick format and labelled.
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18 4-CF;  0.62+0.06 28 3-Cl 1.16 £0.05
19 2-Cl 0.41+£0.03 45 - 0.09 £ 0.01
20 2,3-Cl, 0.06+0.02 1¢ - 0.02 +£0.01
21 3,4-Cl, 0.29+0.08
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Table 1 Hh signaling pathway inhibition of designed compounds

:j@ o i c;@ fl\_ Region B |
N . Ne

ar J\Q ~, C; [ &8 ~
P P

Region A | | ]

Compound 12-16 Compound 17-28

Compd. R Gli-luc reporter ~ Compd. R Gli-luc reporter
ICso® (LM) ICs0® (LM)
12 4-CF3 1.86+0.17 22 4-F 0.43+£0.05
13 2-Cl 1.30 + 0.06 23 3-CF3 0.02+£0.01
14 2,4-Cl, 0.98+£0.08 24 2-F 0.04 £0.02
15 4-Me 0.75+0.12 25 3-F 0.01+0.01
16 2-F 0.17 £ 0.05 26 2,4-Cl, 0.09 +0.02
17 - 1.37+0.11 27 4-Me 0.12 + 0.07
18 4-CF; 0.62 + 0.06 28 3-Cl 1.16 £ 0.05
19 2-Cl 0.41 +0.03 4° - 0.09 +0.01
20 2,3-Cl, 0.06 £0.02 1° - 0.02+£0.01

21 3,4-Cl; 0.29+0.08

% Results expressed as the mean * standard deviation of three separate ICso determinations.
For each determination, concentration-inhibition curves were acquired in triplicate and then
averaged to afford a single ICso curve with a 95% confidence interval.

P Used as a lead compound.

‘Used as a positive control.
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