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The glioma-associated family of transcription factors (GLI)
have emerged as a promising therapeutic target for a variety
of human cancers. In particular, GLI1 plays a central role as
a transcriptional regulator for multiple oncogenic signaling
pathways, including the hedgehog (Hh) signaling pathway.
We undertook a computational screening approach to identify
small molecules that directly bind GLI1 for potential develop-
ment as inhibitors of GLI-mediated transcription. Through
these studies, we identified compound 1, which is an 8-hydrox-
yquinoline, as a high-affinity binder of GLI1. Compound 1
inhibits GLI1-mediated transcriptional activity in several Hh-
dependent cellular models, including a primary model of
murine medulloblastoma. We also performed a series of
computational analyses to define more clearly the mecha-
nism(s) through which 1 inhibits GLI1 function after binding.
Our results strongly suggest that binding of 1 to GLI1 does not
prevent GLI1/DNA binding nor disrupt the GLI1/DNA com-
plex, but rather, it induces specific conformational changes in
the overall complex that prevent proper GLI function. These re-
sults highlight the potential of this compound for further devel-
opment as an anti-cancer agent that targets GLI1.

INTRODUCTION

Glioma-associated oncogene 1 (GLI1) is a zinc-finger transcription
factor that has been implicated as a driving force for a variety of hu-
man cancers. Canonically, the oncogenic nature of GLI1 is associated
with its role as the final effector of the hedgehog (Hh) signaling
pathway.! Hh signaling is essential for proper tissue differentiation
during embryonic development and maintenance of stem cell popu-
lations in adults; however, aberrant activation of the pathway has
been linked to basal cell carcinoma (BCC) and medulloblastoma
(MB). More recently, noncanonical activation of GLI1 has been
implicated as an oncogenic factor in breast,” pancreas,” > prostate,”’
lung,?%fl[] 11-13
has been linked to multiple well-characterized tumorigenic path-
ways.'* With its role as a downstream effector of multiple oncogenic
signaling pathways, GLI1 represents a unique and promising drug
target for a wide range of human malignancies.

and colon cancer. This noncanonical GLI1 activation

Even with GLI1 emerging as a promising molecular target for multi-
ple forms of cancer, the identification and development of small mol-
ecules that directly target the protein have progressed slowly. To date,
GANTS61 and glabrescione B (GlaB) are the best-characterized direct
inhibitors of GLI1 (Figure 1).">"° All of these compounds directly
bind to GLI1 and inhibit canonical and noncanonical GLI1-mediated
transcriptional activity; however, their overall activity is modest, with
micromolar concentrations required for in vitro inhibition. In addi-
tion, GANT61 is rapidly hydrolyzed to the GANT61-diamine
(GANT61D) in vitro and in vivo (Figure 1). GANT61D retains the
ability to bind GLI1 but is less selective due to the inherent flexibility
of the central diamine linker.">*° GlaB is an isoflavone natural prod-
uct that inhibits canonical Glil-mediated transcriptional activity at
multiple levels of the Hh pathway, including through direct binding
with the key pathway regulators Smoothened (SMO) and
GLI1."*>*" Although these compounds have demonstrated that
GLI proteins are druggable targets, their further clinical development
is limited, and the identification of novel GLI1 inhibitors is warranted.
With this in mind, we took a hybrid computational and experimental
approach to identify a novel chemotype capable of binding to and in-
hibiting Glil-mediated transcriptional activity.

RESULTS

Computational and structural analysis of the GLI1/DNA complex
GLI1 is a C2H2-type transcription factor that contains five zinc finger
(ZF) domains (ZF1—ZF5) and is known to specifically bind the
consensus DNA sequence 5'-GACCACCCA-3' (nucleotide base pairs
6—14 [base pairs nt6—ntl4]). A previously determined crystal struc-
ture of the GLI1/DNA complex (PDB: 2GLI) has provided key infor-
mation as to the specific intramolecular interactions that govern Glil/
DNA binding.** As shown in Figure 2, ZF2—ZF5 fit in the major
groove of the consensus sequence and wrap around the full helical
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Figure 1. Structures of GANT61, glabrescione B, vismione, and quinoline
derivatives

Glabrescione B

turn of the DNA, whereas ZF1 (residues 235—260) does not directly
interact with the DNA but does interact directly with ZF2 (268—295).
The most important regions of GLI1 for recognition of the conserved
base pairs of DNA is ZF4 (residues 331—226) and ZF2, with multiple
intermolecular interactions between GLI1 and DNA in this region.
Within the complex, the DNA can be described relative to three re-
gions that have distinct conformations. The first conserved region,
consisting of base pairs ntl—nt5, is recognized by ZF4 and ZF5 (res-
idues 375—381) and adopts a Z-DNA conformation. The second re-
gion, which consists of the consensus binding sequence (base pairs
nt6—ntl14), has characteristics of intermediate B- and A-DNA and
binds to ZF3 and ZF4 (283—350), whereas the third region (base pairs
nt15—nt21) extends beyond ZF3 and has structural features of
B-DNA.

As noted above, the best-characterized GLI1-binding small molecules
are GANT61 and GlaB; however, these compounds bind to two
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Figure 2. Structure of the GLI1/DNA complex
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distinct locations on GLI1. Previous computational and experimental
studies localized the binding site of GANT61/GANT61D to the re-
gion between ZF2 and ZF3 at a site distinct from the GLI1/DNA bind-
ing interface.'® Most notably, hydrogen bonds with residues E250 and
E298 were important for GANT61D binding. By contrast, studies
focused on elucidating the GlaB binding site on GLI1 suggest the
compound binds between ZF4 and ZF5 and forms key interactions
with K340 and K350."° Based on the extensive literature demon-
strating the in vitro and in vivo activity of GANT61, coupled with
the promising computational and mutational studies localizing its
binding site to ZF2/ZF3, we chose the GANT61D binding region
on GLII for our virtual screening protocol.

Docking-based virtual screening

Our first step toward identifying small molecules that directly bind to
GLI1 was to probe more closely the GANT61D-GLI1/DNA complex
to help us design our virtual-screening protocol. Based on the previ-
ously described putative binding site, a grid file was generated around
E250 and E298 of the GLI1/DNA co-crystal structure (PDB: 2GLI),
and Glide XP docking was performed with the di-protonated form
of GANT61D. The results of our docking study correlated well with
the previously reported structure of GLI1-docked GANT61D, with
the compound adopting a similar orientation as previously
described.'® Interestingly, the two di-protonated amines of
GANT61D form two different types of dynamic interactions with
the carbonyl side chains of E250 and E298 (Figure 3C). As E298 is
present between the two amines, both oxygen atoms of the side-chain
carboxylate interact with both amine moieties of GANT61D through
a dynamic hydrogen bond and a salt bridge. By contrast, the carbonyl
of E250 forms a single hydrogen bond with one of the di-protonated
amines. In addition, one of the aromatic rings and the appended
dimethyl amine form 7-7v stacking and hydrogen bonds with H254
and N257, respectively.

Following validation of our docking grid and protocol for replicating
the previous binding studies, we utilized the same structure and grid
file to perform a docking-based virtual screen on a library of approx-
imately 300,000 small molecules in Glide through an iterative process
(Figure 4). All compounds were initially docked in the high-
throughput virtual screening (HTVS) mode, and the 490 compounds
with a Glide score less than —5.5 were advanced into the standard
precision (SP) mode for docking. The top compounds from SP dock-
ing (69 compounds, Glide score < —6.0) were re-docked and scored in
extra precision (XP) mode to provide 21 compounds that were pre-
dicted to be high-affinity binders to the GANT61 binding pocket of
the Glil/DNA complex (XP score < —6.0). Of these 21 compounds,
only one (1; Figures 3B and 4) demonstrated promising in vitro activ-
ity against canonical GLI1-mediated transcriptional activity (see sec-
tion below). Initially, we docked both the R- and S- enantiomers of 1
into the putative binding site on GLI1. These studies predicted that
the R-enantiomer would bind with enhanced affinity compared to
the S-enantiomer; therefore, all of our subsequent computational
studies were conducted using the R-enantiomer. The docked struc-
ture for 1 (Figure 3B) suggests that the nitrogen in the pyridine
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Figure 3. The binding conformations and key
interactions for 1 and GANT61D with GLI1

(A) The GLI1/DNA complex with 1 (green) and GANT61D
(magenta) docked in their binding site between ZF1 and
ZF2. (B and C) Orientations of 1 (B) and GANT61D (C)
docked into the putative GANT61D binding site on GLI1.

Following the promising activity of 1 in the

MEEF cells, we sought to further validate its po-
tential by re-synthesizing the compound and

continuing to evaluate its activity in a variety
of cellular models. We utilized well-known pro-
tocols to generate a racemic mixture of 1
through a one-pot, three-component Betti reac-
tion (Scheme S1).**” Our newly synthesized
batch of 1 significantly downregulated Glil
mRNA expression in the MEFs and the Hh-
dependent murine BCC cell line ASZ001
(Figures 5A and 5B) (half-maximal inhibitory
concentration [ICso] = 1.3 £ 0.7 uM). We also

ring forms a dynamic hydrogen bond with the side chain of E250. The
pyridine and the naphthol are stabilized in the binding pocket
through 7t-cation interactions with the side-chain amine of K302.
Finally, the hydroxyl moiety in the 8-quinolinol forms a hydrogen
bond with the backbone of P300.

Validation of hit compound 1 as a Gli1 Inhibitor

Upregulation of Glil mRNA expression in the Hh-dependent mouse
embryonic fibroblast (MEF) cell line C3H10T1/2 is a well-character-
ized marker of Hh/Glil signaling. In these cells, Glil mRNA is upre-
gulated following Hh pathway activation through the addition of an
exogenous Hh ligand or pathway agonist, and this upregulation is
abrogated with the concomitant addition of an Hh pathway inhibitor.
For our studies, we activated Hh signaling (and upregulated Glil
mRNA expression) with a mixture of 20(S)-hydroxycholesterol (20-
OHC) and 22(S)-hydroxycholesterol (22-OHC; 10 pM each)
following our previously described protocol.”>** To investigate the
functional activity of our potential hit molecules, each of the 21 com-
pounds that had a Glide XP score < —6.0 was evaluated at a single
concentration (10—100 pM) for their ability to downregulate Glil
mRNA expression in this model system. Interestingly, only one small
molecule (1; Figure 4) significantly downregulated Glil mRNA
expression in this assay at 10 uM (94%). Several compounds with
the same general 8-hydroxyquinoline scaffold as compound 1 were
recently disclosed as inhibitors of GLII1-mediated transcription;'
however, detailed descriptions of how these compounds were identi-
fied and follow-up studies to fully explore the in vitro anti-GLI1 activ-
ity of this scaffold and probe the mechanisms that govern this activity
have not been described. Based on the initial promising results of
compound 1 and the related analogs, we focused our additional
studies on this compound.

evaluated the ability of 1 and GANT61 to down-
regulate mRNA expression of Patched 1 (Ptch1)
and Hhip in the ASZ cells (Table 1; Figure S2). The ability of com-
pound 1 to downregulate mRNA expression of all three of these
well-characterized Hh/GLI1 target genes clearly demonstrates its abil-
ity to inhibit canonical Glil-dependent tumorigenic activity. Next, we
explored the activity of GANT61 and 1 in Sufu™'~ MEFs, a
commonly utilized cell line, to study the ability of small molecules
to inhibit Hh signaling at the level of Glil (Figure 5C). As
expected, both compound 1 and GANT61 decreased Glil mRNA
expression in a concentration-dependent manner in these cells
(ICsp values = 1.5 £ 0.5 uM and 4.5 = 1.2 uM, respectively). Finally,
we evaluated 1 for its anti-proliferative activity in primary Hh-depen-
dent MB cells derived from Ptch conditional knockout (Ptch-CKO)
mice.”* *° Compound 1 inhibited proliferation of the primary cells
with a G5, value of 4.4 uM, further highlighting its ability to regulate
canonical Hh/Glil signaling (Figure 5D).

To explore the ability of 1 to interact directly with Glil, we initially
performed an electrophoretic mobility shift assay (EMSA). Both
GANT61 and GlaB have previously demonstrated the ability to
disrupt the Glil/DNA binding interaction as measured through
EMSA.">'" Interestingly, compound 1 was unable to disrupt the
Glil/DNA complex, even at concentrations up to 100 uM (Figure S3).
Based on this result, we undertook surface plasmon resonance (SPR)
studies with compound 1, Glil, and its consensus DNA sequence to
more fully explore binding among these three components. When
immobilized Glil was incubated with varying concentrations of com-
pound 1, a clear dose-dependent resonance response was seen,
demonstrating high-affinity binding of Glil and 1 (Figure 5E; K4 =
207 nM). By comparison, GANT61 binds with only moderate affinity
to Glil (K4 = 7.5 uM),'® highlighting the improved affinity of the
8-hydroxyquinoline scaffold. Kinetic parameters for GLI1/1 binding
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Figure 4. Virtual screening protocol for identification of hit compound 1

In Vitro Evaluation
21 Compounds

(Kon =431 M~ 's ' and ko= 8.9 x 107°s7) suggest a slow-on/slow-
off rate for compound 1. We conducted additional SPR binding
studies in which DNA was immobilized, and compound 1 in the pres-
ence or absence of Glil was employed as the analyte. These studies
clearly demonstrate that compound 1 does not directly bind to
DNA nor does 1 affect the ability of Glil to bind to its consensus
DNA sequence (Figure 5F).

Based on these results, we sought to further explore the in vitro activ-
ity of 1 by evaluating its ability to affect protein levels of both Glil and
Gli2 in the ASZ cells (Figures 6A—6C). Interestingly, 1 decreased Glil
protein levels with an approximate IC5, value comparable to its ability
to decrease Glil mRNA expression; however, treatment with
GANTS61 did not significantly decrease the Glil protein. Similar re-
sults were seen for protein levels of Gli2 following treatment with
either Glil inhibitor. There are two possible explanations for these re-
sults. First, reduced Glil levels may be a direct downstream result of
the decrease in Glil mRNA induced by compound 1; however, if this
were the case, similar results would be expected following treatment
with GANT61. A second possibility is that the binding of Glil to com-
pound 1 affects Glil stability, ultimately resulting in its degradation.
This explanation would suggest that 1 binds with comparable affinity
for both Glil and Gli2, whereas the reduced affinity of GANT61 for
Glil would prevent it from destabilizing the protein in a cellular
model. Finally, to explore whether compound 1 was selective for
Glil compared to Gli2, we evaluated the mRNA expression of Hh/
GLII target genes in the ASZ cells following small interfering RNA

268 Molecular Therapy: Oncolytics Vol. 20 March 2021

Molecular Therapy: Oncolytics

(siRNA)-mediated depletion of either Glil or Gli2. Through our
siRNA protocols, we were able to significantly decrease protein levels
of both Glil and Gli2 (~75% and ~85%, respectively; Figure S4).
Similar to the results following treatment with compound 1 (Table 1),
selective knockdown of either Gli isoform resulted in significant
downregulation of Glil, Gli2, Ptchl, and Hhip mRNA expression
(Figures 6D and 6E). These results clearly support cellular inhibition
of a GLI protein(s) as a primary mechanism through which com-
pound 1 inhibits GLI-mediated transcription; however, they do not
clarify whether the compound also binds to and inhibits GLI2.

Initial molecular dynamics (MD) studies

As noted above, GANT61D does not bind at the DNA-binding site of
GLI1 located within ZF4 and ZF5; therefore, it is unlikely that
GANT61D or compound 1 directly interferes with GLI1 binding to
DNA. This is directly supported by our EMSA and SPR studies in
which 1 was unable to disrupt the GLI1/DNA complex. In order to
better understand the mechanisms that lead to inhibition of GLI1
signaling for both of these compounds, we performed MD studies fol-
lowed by principal-component analysis (PCA) on 3 different systems:
GLI1/DNA complex (system 1), GANT61D bound to the GLI1/DNA
complex (system 2), and 1 bound to the GLI1/DNA complex (system
3).

Initially, we equilibrated each of the 3 systems for 5 ns for our MD
simulations. Next, the equilibrated systems were subjected to a pro-
duction run at 300 K and 1 bar of pressure for 10 ns. In systems 2
and 3, the small molecule ligands (GANT61D and 1, respectively)
exited the putative binding site within 2 ns. We observed similar
trends in both GROMACS 5.5 and AMBERI18 simulation packages
using various force fields and solvent systems. In an attempt to vali-
date the molecular simulation trajectories for the studies described
below, we calculated the B-factors of each Co atom of GLII1 from
both the equilibration and MD trajectories of system 1 and compared
them against the experimental B-factors from the GLI1/DNA co-
crystal structure (PDB: 2GLI).

The comparison of these sets of B-factors, which reflect the atomic
displacement parameters of each residue of GLI1, demonstrated
that our equilibration trajectories more closely correlate to the exper-
imental parameters (Figure S5). It is clear that the majority of B-fac-
tors from the equilibration trajectories of system 1 are slightly lower
than the crystallographic B-factors, whereas the B-factors derived
from the MD trajectories are significantly higher. One notable differ-
ence in structure between the crystal structure and our equilibrated
trajectories is found in the interloop regions of the ZFs, where the
crystallographic B-factors are generally lower than the equilibration
B-factors. This result appears primarily due to crystal packing effects
as the interloops of the ZFs are packed against another subunit in a
single unit cell, reducing the flexibility of the regions involved in
the crystal contact.

Because the equilibration trajectories correlated more closely to the
experimentally determined GLI1/DNA structure, we used the
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Figure 5. Inhibition of Hh/Gli1 signaling by hit
compound 1

(A-C) The ability of compound 1 and GANT61 to down-
regulate Gli1 mRNA expression was evaluated in
C3H10T1/2 MEFs (A), ASZ001 cells (B), and Sufu™~
MEFs (C). (D) The anti-proliferative activity of compound 1
in the primary murine Hh-dependent Ptch-CKO cells. (E)
Immobilized Gli1 was incubated with the noted concen-
trations of compound 1. (F) Immobilized DNA was incu-
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overall structures were well maintained and
that the protein core was stable throughout
the equilibration simulations (Table 2). By
contrast, GLI1 and DNA in the ligand-bound
systems showed significant fluctuation, strongly
suggesting ligand binding to the ZF1/ZF2 re-
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Conformational analysis

Although these RMSD values provide evidence
with regards to the overall stability of the struc-
tures, they do not offer clear information about
the conformational changes that occur between
the unbound GLI1/DNA complex and either of
the ligand-bound complexes. To further explore

the structure and dynamics of the GLI1/DNA
complexes and assess any conformational
changes that occur to these two components
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equilibrated trajectories of the three systems to evaluate the dynamic
behavior and stability of each residue in both GLI1 and the DNA. We
analyzed the trajectories of the three systems by root mean square de-
viation (RMSD), root mean square fluctuation (RMSF), and PCA
profiling. These methods decrease the complexity of the systems by
determining what collective motion of specific atoms in the simulated
trajectories is essential for molecular function.

In order to investigate the structural stability of the GLI1/DNA com-
plex and ligand-bound systems, we determined the average RMSD for
each complex during the simulations. Within this context, the RMSD
values describe the average distance the nonhydrogen atoms move
over the course of the simulation from their initial positions at time
zero. Figure S6 shows the RMSD of the protein core together with
the DNA, for 5,000 frames (5 ns) of the equilibration trajectory.
The RMSD values of GLI1 and DNA in system 1 indicate that the

Gli

1(50 nM) + 1 [uM] upon ligand binding, we calculated two key pa-
rameters of convergence that can provide insight
into conformational dynamics of protein or
DNA: the RMSFs of GLI1 and the DNA sugar pucker. RMSF is a mea-
sure of the displacement of a particular atom, or group of atoms, rela-
tive to the reference structure, averaged over the number of atoms
measured. RMSF values may indicate that the entire structure is fluctu-
ating, or they may reflect large displacements of a small structural sub-
set within a generally rigid structure. Our RMSF calculations of the Co
residues of GLI1 did not provide conclusive evidence of any conforma-
tional change in the ligand-bound state of GLI1 (systems 2 and 3) in the
GLI1/DNA complex (Figure S7). Interestingly, when we calculated and
analyzed the pseudo-pucker rotation around C1'—04' of each sugar
moiety in the DNA, it revealed that ligand binding clearly affects the
sugar puckering of the DNA, resulting in a clear effect on the confor-
mational dynamics of the GLI1/DNA complex.

The deoxyribose moiety of DNA adopts a puckered conformation to
reduce steric and electrostatic repulsion, and the overall DNA
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Table 1. In vitro inhibition of Hh/GLI1 dependent by compound 1

Downregulation of Hh/GLII target  Anti-proliferation activity,

Compound  genes: ASZ cells, ICsy (uM)* Glso (uM)®

Glil Ptchl Hhip ASZ cells  Ptch-CKO cells
1 1.3+0.7 87+1.0 59+13 147+12 44+08
GANT61 11.1+15 199+31 56+18 113+12 N/D°

ICs, values following 48 h compound incubation.
5Gly, value following 72 h compound incubation.
“N/D, not determined. GANT61 not evaluated in Ptch-CKO cells.

structure can be characterized and distinguished by pseudorotation or
puckering parameters. The sugar puckers in DNA structures are pre-
dominantly C3’ endo (A-DNA) or C2’ endo (B-DNA), depending on
what form the DNA adopts in the structure. In these two distinct
sugar conformations, the distance between neighboring phosphorous
atoms and the orientation of the phosphorous relative to the rest of
the nucleotide is significantly different. We calculated the pseudo-
pucker rotation of the entire DNA sequence and normalized to a
360° range with 100 bins for improved visualization of the results
(Figures 7 and S8—S10). As previously noted, the conserved domain
of the DNA that is specific to GLI1 adopts a mixed A/B conformation
(represented here by nt6 to nt14). Similar to the GLI1/DNA crystal
structure and equilibration trajectories, our GLI1/DNA complex ex-
hibits an increased population of sugar pucker for nt8, ntll, and
ntl3 between 0° and 100° (which corresponds to a C3'-endo config-
uration present in the A form of DNA). By contrast, the sugar pucker
of nt14 demonstrates a population cluster between 100° and 200°
(which corresponds to a C2'-endo configuration present in the B
form of DNA). Incorporation of GANT61D and 1 into the simulation
resulted in localized alterations in pucker for the conserved sequences
of DNA. Interestingly, in the presence of both GANT61D and 1, the
GLI1/DNA complex demonstrated a smooth deformation of the
deoxyribose sugar ring (nt8, nt11, and nt13) from the C3’-endo to
the C2’-endo conformation (Figure S11).

These deformations in the DNA that occur when either GANT61D or
1 binds to GLI1 ultimately results in the breaking of several key
hydrogen bonds (Figure 8). In system 1, the side-chain hydroxyl in
T355 forms a hydrogen bond with the backbone of nt8; however, in
the presence of either GANT61D or 1, this hydrogen bond is broken.
Also in the GLI1/DNA complex, S313 forms hydrogen bonds with
both nt13 and nt14. By contrast, in systems 2 and 3, S313 only forms
a hydrogen bond with nt13. Finally, when there is no ligand present,
the side-chain amine of K350 forms two hydrogen bonds: one with
nt29 and one with nt30. The addition of either GANT61D or 1 to
the simulation changes the sugar pucker of nt13, which impacts the
position of its base pair (nt29). The ultimate result of the location shift
for nt29 in the complex breaks the K350/nt30 hydrogen bond. Previ-
ous studies have demonstrated that site-directed mutagenesis of
K350 (K350A) completely abrogated transcriptional activity of
GLI1, highlighting the hydrogen bond between K350 and nt30 as
an essential intermolecular interaction that governs Glil-mediated
transcription.'”
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PCA

The function of a protein or nucleic acid is primarily governed by the
structural fluctuations of its residues; however, it is challenging to
determine which fluctuations are the most relevant, as molecular sim-
ulations contain multiple amino acid and/or nucleic acid residues that
can move in an almost infinite number of individual directions. The
reduction of the dimensionality of the data obtained from simulation
trajectories can help in identifying configurational space that contains
only a few degrees of freedom in which an harmonic motion occurs.
With this in mind, we performed PCA on each of our GLI1/DNA sys-
tems.”">> PCA has as its ultimate goal to simplify the complexity of
high-dimensional data, which can allow for overall trends and/or pat-
terns to become clearer. Within the context of our simulations, we uti-
lized PCA to simplify the high degree of individual motion associated
with all of the heavy atoms in each system by assigning the motion to
a different PC. Each PC represents a specific mode of motion of a re-
gion of GLI1 or DNA. This analysis can quickly reveal the dominant
mode(s) of motion observed during a simulation for each individual
component of a system, without the need to calculate the specific mo-
lecular mechanism(s) responsible. To measure how well the motions
of the DNA converge with respect to GLI1, we used PCA in which
each PC is equivalent to a mode of motion of either GLI1 or DNA.
In addition, the PCs are determined such that PC1 is the dominant
mode of motion in the system, PC2 is associated with the next-highest
amount of motion in the system, and additional PCs are calculated in
a similar manner. To further simplify this analysis, we have focused
on demonstrating how the most-dominant PCs affect the overall
conformation of DNA in the simulations.

The results of the PCA performed on all heavy atoms of system 1
identified the most important motion in the complex (PC1) as the in-
terloop regions of GLI1 between ZF1 and ZF2 moving toward the
DNA (Figure 9A). This results from movement of the B-DNA region
of the consensus sequence (nt15—nt21) toward ZF1 and ZF2 in GLII.
The second PC consists of the interloop region between ZF4 and ZF5
of GLI1 moving toward the DNA. The ultimate result of both of these
dominant motions on the DNA is that the terminal nucleotides (Z
and B forms) move toward each other, whereas the consensus binding
sequence moves in the opposite direction, resulting in significant
bending of the DNA (Figure 9A).

By contrast, the dominant motions in systems 2 and 3 are associated
with regions of GLI1 moving away from the DNA. In system 2
(GANT61D-GLI1/DNA complex), PCl1 (ZF4 and ZF5 moving
away from the DNA) and PC2 (ZF3 moving away from DNA) ac-
count for approximately 45% of all the motion in the complex. Inter-
estingly, the dominant motion (PC1) in system 3 (complex with 1) is
not movement of GLI1 but rather, motion of the conserved sequence
of DNA (nt6—nt14), which is a result of the changes in sugar pucker
described above. PC2 in system 3 is motion associated with ZF1 and
ZF2 moving downward toward the B-DNA region (nt15—nt21). With
respect to GLI1, the result of the combined motions associated with
PC1 and PC2 in system 3 is consistent with a slight clockwise move-
ment of ZF1 and ZF2, whereas ZF3, ZF4, and ZF5 move away from



www.moleculartherapy.org

A o Gant61 1 Figure 6. Additional in vitro studies
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(A-C) Membrane visualization (A) and quantification of
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graphs in (B) and (C) are image quantifications from two
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separate experiments. Comparisons between protein
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approval. First, SMO is prone to mutation,
and resistance to SMO antagonists commonly
occurs irrespective of the tumor type.”*>° Sec-
ond, these drugs are not effective against canon-
ical Hh/GLI-dependent cancers that arise
downstream of SMO through inactivating mu-
tations in SUFU or amplification of GLI1/
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the DNA. Although the dominant motions in systems 2 and 3 are
different, the overall changes in DNA conformation are very similar
and ultimately result in an overall decrease in the amount of DNA
bending that occurs (Figure 9B). Video files showing the described
motions for each system are available (Videos S1, S2, and S3). Visual
examination of pseudo-trajectories in the supplemental videos that
were created by projecting the averaged coordinates of each system
along PC1 demonstrates that the DNA interacts more tightly with
GLI1 in the absence of either GANT61D or 1.

DISCUSSION

Within the context of canonical GLI1-mediated signaling, several in-
hibitors of the key Hh pathway component SMO have been approved
for the treatment of metastatic BCC; however, several shortcomings
of SMO antagonists have become readily apparent since their

ActB Gli1 Gli2 Ptch1 Hhip

inhibit GLI1 would be effective against Hh-
dependent cancers that arise through either up-
stream or downstream mechanisms. Also, in
noncanonical GLI-dependent cancers, GLI1 in-
hibitors would be promising therapeutics
because they target GLI1 activation down-
stream of multiple well-characterized onco-
genic proteins and signaling pathways and
function irrespective of the mode of GLI1
activation.

1

mm  Mock siRNA
= siGlil
= siGli2

To date, the majority of small molecules that
exhibit anti-GLI1 activity function through in-
direct or unknown mechanisms and those that
do directly target GLI1 are only moderately
active or nonselective. We utilized a virtual structure-based screening
approach to identify a promising lead scaffold that binds directly to
GLI1 with high affinity and inhibits GLI1-mediated transcription in
multiple cellular models. Our studies also demonstrate that com-
pound 1 does not inhibit GLI1 function by preventing the GLI1/
DNA interaction. Interestingly, it was previously reported that
GANT®61, which shares a putative binding site with 1, does disrupt
the GLI1/DNA interaction. As noted above, a series of 8-hydroxyqui-
nolines were recently disclosed as small molecule inhibitors of GLI1-
mediated transcription.'” Our findings significantly advance our
understanding of the ability of this scaffold to inhibit GLI1 activity
across multiple GLI1-dependent systems.

Another virtual screening approach to identify small molecule GLI1
inhibitors was recently reported.'® This protocol utilized the GLI1 in-
hibitors GlaB and vismione E to generate a pharmacophore that could
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Table 2. RMSD values for the MD simulations on the three systems®

System GLI1/DNA GANT61D-GLI1/DNA 1-GLI1/DNA
component complex complex complex

Glil protein 235+0.3 243+0.3 255+ 0.4
DNA 1.98 £ 0.3 2.01+0.3 210+ 0.3
Ligand N/A 224+04 1.35+£0.1

N/A, not applicable.
*All values represent average RMSD =+ SD.

be applied to a library of small molecules to identify compounds
capable of binding to ZFs 4 and 5 of GLII. Several compounds
from this screen reduced GLI1 protein levels in Hh-dependent
MEFs and inhibited growth of melanoma and MB cell lines. Taken
together, the results of these two approaches clearly highlight the use-
fulness of virtual screening approaches to identify small molecule
binders of proteins of interest.

Our computational studies and subsequent PCA provided key results
in regard to how the conformational dynamics of GLI1 and DNA are
affected by binding to GANT61 or 1. First, when either small mole-
cule binds to the GLI1/DNA complex, there is a significant change
in sugar pucker for several nucleotides, which ultimately results in
the disruption of several key intermolecular hydrogen bonds between
the DNA and GLI1, most notably, between K350 and nt30. Previous
mutation of K350 (K350A) completely abolished GLII transcrip-
tional activity, highlighting the essential nature of this residue for
proper GLI1 function.'” In addition, our PCA studies strongly suggest
that GLI1 actively bends the DNA, whereas binding of either
GANTS61 or 1 to GLI1 reduces the amount of DNA bending in the
complex. Although binding-induced DNA bending has not been pre-
viously demonstrated for GLI, the ability of transcription factors to
bend DNA is a well-characterized mechanism by which these pro-
teins activate gene expression.”*” Taken together, these results pro-
vide strong evidence that the conformational changes induced in
GLI1 by GANT61ID and 1 induce a change in sugar pucker that
breaks key intermolecular hydrogen bonds between GLI1 and DNA
and prevents GLI1-induced DNA bending.

MATERIALS AND METHODS

Computational methods

Docking-based virtual screening

An in-house library of 155,555 small molecules from Chembridge was
screened virtually through a docking-based screening strategy. All li-
gands were prepared for docking in the LigPrep module of Schro-
dinger (Suite 2019). The Protein Preparation Wizard module of
Schrédinger was utilized to prepare the GLI1/DNA crystal complex
for docking (PDB: 2GLI).”> All crystallographic water molecules
were removed, protonation states were assigned, and partial charges
were set with the OPLS2005 force field. The entire complex was mini-
mized by the restrain-minimization procedure, where the whole
GLI1-DNA crystal complex (PDB: 2GLI) terminated until the
RMSD of the nonhydrogen atoms reached a maximum default value
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of 0.3 A. Following in silico optimization of the complex and small
molecule library, the ligands were virtually screened in the Glide
module of Schrédinger through the standard work flow (HTVS, SP,
and XP). The OPLS 2005 force-field parameters were applied while
performing docking calculations. The molecules with the best Glide
scores were evaluated in vitro in the C3H10T1/2 cell line, as described
below.

MD simulations

The monoclinic complex structure of GLI1ZF/DNA (PDB: 2GLI)
was downloaded from the protein data bank. Coordinates of the wa-
ter molecules were removed from the complex, and the cobalt ions
utilized for crystallization were manually replaced with zinc ions in
the coordination system of each ZF. The AMBER18 and Gromacs
5.5 programs were used for MD studies. The GLI1/DNA complex
containing the zinc atoms was parameterized by the tleap module
of AmberTools18. The Amber14SB and DNA.OL15 force field
were used for parameterization of Glil and DNA from the complex,
respectively. The 4 coordinated zinc cation centers were parameter-
ized with the zinc AMBER force field (ZAFF). The GLI1/DNA com-
plex was inserted in a cuboid box of explicit TIP3P-typed water
molecules, with an appropriate number of ions incorporated based
on the system. The solvated macromolecular system was energy
minimized in SANDER. First, water molecules and counterions
were minimized for 250 steps by using a steepest descent (SD) algo-
rithm and for an additional 750 steps by using a conjugate gradient
(CG) algorithm, while keeping GLI1ZF/DNA frozen. Next, the
entire solvated system was energy minimized for 1,000 steps with
SD and an additional 4,000 steps with CG without positional re-
straints, followed by heating from 0 to 300 K for 50 ps with the Lan-
gevin thermostat. The complex density was equilibrated for 50 ps. In
these steps, the GLI1 and DNA backbones were restrained with a
harmonic force constant of 5.0 kcal/mol/A Restrained MD trajec-
tories were produced for 3 ns, whereas the force constant was grad-
ually decreased from 5 to 1 kcal/mol/A®. Finally, unrestrained MD
trajectories were generated for 20 ns. During all MD simulations, a
time step of 0.001 ps was used.

PCA

In order to assess convergence of the internal motion (i.e., the dy-
namics) between independent trajectories, we evaluated the overlap
of the histograms of PC projections obtained from each simulation
trajectory as a function of time. First, to ensure that the eigenvectors
obtained from each simulation being compared matched, the coordi-
nate covariance matrix of the heavy atoms was calculated using a
combined trajectory from both simulations. Each frame of the trajec-
tory is RMS fit to the overall average coordinates in order to remove
global rotational and translational motions. Next, the projection
along these eigenvectors of each coordinate frame from the first simu-
lation trajectory is calculated; this is repeated for the second simula-
tion trajectory. The histograms were constructed using a Gaussian
kernel density estimator with a bandwidth obtained via the normal
distribution approximation of the PC data. This analysis was per-
formed with the CPPTRAJ module in AMBER18.
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Figure 7. Sugar pucker distributions

The populations of values for the sugar pucker distribution
of nt8 (top left), nt11 (top right), nt13 (bottom left), and
nt14 (bottom right) in the GLI1-DNA (blue), GANT61D-
GLI1/DNA (yellow), and 1-GLI1/DNA (red) complexes.

were not purified further: white solid (228 mg,
) .. 13% yield); 'H nuclear magnetic resonance

Puckertorsion angle of nt11

3 (NMR; 500 MHz, DMSO-ds) 9.33 (s, 1H),
8.16 (d, J = 8.4 Hz, 1H), 7.91 (dd, J = 4.9,
1.2 Hz, 1H), 7.57 (d, J = 8.5 Hz, 1H), 7.40 (d,
J = 8.4 Hz, 1H), 7.37 (d, ] = 1.8 Hz, 1H), 7.36
(s, 1H), 7.34 (s, 1H), 7.32 (s, 1H), 7.19 (d, ] =
8.3 Hz, 1H), 7.12 (d, J = 8.7 Hz, 1H), 6.64 (d,
J = 8.4 Hz, 2H), 6.57 (d, ] = 8.8 Hz, 2H),
6.47—6.43 (m, 1H), 3.28 (g, J = 7.0 Hz, 4H),
2.70 (s, 3H), 1.04 (t, J = 7.0 Hz, 6H), *C
NMR (126 MHz, DMSO) & 157.17, 148.86,

100 200 * 300
Puckertorsion angle of nt13

Synthesis and evaluation of hit compound 1

General information

C3H10T1/2 and H226 cell lines were purchased from American Type
Culture Collection (ATCC; Manassas, VA, USA). ASZ cells were a
kind gift from Dr. Ervin Epstein (Children’s Hospital of Oakland
Research Institute). Sufu '~ MEFs were a kind gift from Dr. Matthew
Scott (Stanford). The MEFs and ASZ cells were cultured as described
previously.”** Cells were grown in Corning cell-treated culture flasks
(canted neck, T75 or T150) in an Autoflow IR water-jacket CO, incu-
bator. Dimethyl sulfoxide (DMSO) was used as a solvent to prepare all
compound solutions, and the final DMSO concentration did not
exceed 0.5%. 20-OHC, 22-OHC, and GANT61 were purchased
from Sigma-Aldrich.

Synthesis of compound 1 (7-((4-(diethylamino)phenyl)(pyridin-2-
ylamino)methyl)-2-methylquinolin-8-ol)

Pyridin-2-amine (1.1 mmol) and 4-(diethylamino)benzaldehyde
(1.1 mmol) were dissolved in 10 mL of ethanol in a small flask. The
solution was stirred for 20 min to promote formation of the Mannich
base. The 2-methylquinolin-8-ol (1.1 mmol) was then dissolved in a
minimal amount of ethanol (2 mL) with gentle heating, and the re-
sulting solution was added to the reaction flask. The mixture was
stirred in an inert atmosphere at room temperature (RT) for 24 h
and then allowed to stand until either a solid precipitate formed, or
thin-layer chromatography indicated that no additional product
was being formed. The reaction mixture was concentrated, and the
residue was re-dissolved in acetonitrile and stirred at room tempera-
ture for 28 h. Any crystals that precipitated during that period were
racemic crystals and were filtered. The mother liquor was concen-
trated and re-dissolved in 25 mL of isopropanol, stirred at room tem-
perature for 48 h, and the precipitated crystals were collected and
washed repeatedly with ethyl acetate. The combined racemic crystals

200
Puckertorsion angle of nt14

- 147.87, 146.62, 137.04, 136.50, 130.13, 128.63,
126.86, 125.92, 125.74, 122.64, 117.37, 111.77,
51.70, 44.10, 25.15, 12.89. Electrospray ioniza-
tion (ESI)-mass spectrometry (MS) [M + H]" caled for CygH,sN,O
412.226 found 413.226.

General cell culture protocols

C3HI0T1/2 cells were cultured in beta-mercaptoethanol (BME;
Gibco), supplemented with 10% fetal bovine serum (FBS; Atlanta
Biologicals), 1% L-glutamine (Cellgro; 200 nM solution), and
0.5% penicillin/streptomycin (Cellgro; 10,000 IU/mL penicillin,
10,000 pg/mL). ASZ001 cells were cultured in 154CF medium, sup-
plemented with 2% FBS, 1.0% penicillin/streptomycin, and a final
concentration of 0.05 mM CaCl,. Sufuf/ ~ MEFs were cultured in
DMEM, supplemented with 10% FBS, 1% L-glutamine, and 1% peni-
cillin/streptomycin. Cells were maintained using the medium
described above (denoted “growth” medium). Medium denoted as
“low FBS,” which contains 0.5% FBS and the same percentage of other
supplements as specified for growth medium, was used for C3H10T1/
2 and Sufu™~ MEFs in specified experiments. For ASZ001 cells, no
FBS-supplemented medium was used for specified experiments. All
cells were grown in canted neck T75 flasks in an Autoflow IR wa-
ter-jacketed CO, incubator (37°C, 5% CO,). Cells were split 1:5 every
2-3 days once they reached ~80% confluency.

General procedure for analysis of Hh target gene regulation

Cells were grown to confluence and plated on 24-well plates (50,000
cells/well, 500 puL). After 24 h, growth media were removed and replaced
with corresponding low FBS media (500 L per well). Cells were treated
with DMSO, OHCs, OHCs plus compound, or compound alone, de-
pending on the assay. Cells were incubated (37 °C, 5 % CO,) for the
indicated time period, and total RNA was extracted using Ambion by
Life Technologies TagMan Fast Cells-to-CT kit following the manufac-
turer’s instructions. Synthesis of cDNA was performed using a Bio-Rad
MyCycler. Quantitative PCR was performed on an Applied Biosystems
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(ABI) 7500 Fast system using the following TagMan Gene Expression
Primer/Probe solutions (ABI): mouse ActB (Mm00607939s1), mouse
Glil (Mm00494645m1), mouse Gli2 (MmO01293117_m1l), mouse
Ptch1 (Mm00436026_m1), and mouse Hhip (Mm00469580_m1). Rela-
tive gene-expression levels were computed by the AACt method. Values
represent mRNA expression relative to OHCs (C3H10T1/2, set to
100%) or DMSO (set to 1.0). Data were analyzed using GraphPad Prism
5, and all values are the mean + SEM for at least two separate experi-
ments performed in triplicate.

Anti-proliferation studies in ASZ and Ptch-CKO cells

Cell viability was assessed by MTS proliferation assay kit (Promega),
according to that manufacturer’s protocol. Briefly, 1-4 x 10* cells
were plated in a 96-well plate in 100 pL growth medium to make
the cell population at ~80% confluence. After 24 h, 1 pL drug solution
was added to each well. DMSO was used as a control compound. After
another 48- to 72-h incubation (37°C, 5% CO,), 20 pL of freshly pre-
pared 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium  (MTS)/phenazine
(PMS) solution was added to each well, and the plate was returned
to the incubator for 1 h. Absorbance at 490 nm was recorded, and
the result was analyzed by GraphPad Prism 5. Gls, values represent
mean + SEM for at least two separate experiments performed in trip-
licate. Culture conditions and experimental protocols to determine
Gls values for compound 1 in the primary murine Ptch-CKO cells
were as previously described.”® *°

methosulfate

Western blot analysis
ASZ cells were incubated with compound 1, GANT61, or DMSO
(control) for 48 h. Protein was extracted from ASZ cells by washing
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Figure 8. Changes in DNA sugar pucker disrupt
hydrogen bonds

(A-C) Key hydrogen bonds for T355, K350, and S313 in
the GLI1/DNA complex (A) are disrupted in the
GANT61D-GLI1/DNA (B) and 1-GLI1/DNA (C) com-
plexes. Additional figures demonstrating the overall
changes in the complex structures can be found in Fig-
ures S12—-S14.

them with chilled PBS and lysing with radio-
immunoprecipitation assay (RIPA) buffer
(Thermo Scientific) containing 1 M PMSF
protease inhibitor (Thermo Scientific). Super-
natant was collected after a 10-min centrifuga-
tion at 12,000 rpm and 4°C. The protein was
run on SDS-PAGE and transferred onto nitro-
cellulose membrane at 100 V for 120 min at
4°C. The membrane was blocked at room tem-
perature for 1 h. After several washes with
Tris-buffered saline (TBS) with Tween 20
(TBST), primary antibodies were added to
the membrane (GLI1, #MA5-32553, and
GLI2, #PA5-79314, 1:1,000 dilution; B-actin,
#PA1-16889, 1:2,000 dilution; Invitrogen) and incubated overnight
at 4°C. After the primary antibody incubation and several more
washes in TBST, the secondary antibody was added to the mem-
brane (goat anti-rabbit, #32460, 1:5,000 dilution; Thermo Scientific)
and incubated for 1 h at room temperature. Chemiluminescent
detection on film was developed using ECL detection reagents
(Bio-Rad), and proteins were quantitated using Image] software
(https://imagej.nih.gov/).

siRNA knockdown studies

Transfections were performed using Lipofectamine 2000 (Invitro-
gen), according to the manufacturer’s instructions with minimum
modifications. Glil (#s66724) and Gli2 (#s66726) siRNA and nontar-
geting negative control RNA (#4390843) were purchased from Invi-
trogen and referred to herein as siGlil, siGli2, and mock siRNA.
Briefly, 3 x 10°> ASZ cells were seeded in a 6-well plate in growth me-
dium. After 24 h (37°C, 5% CO,), growth medium was removed and
replaced with low FBS medium. A freshly prepared transfection re-
agent in low FBS medium containing 20 nM siRNA and 5 pL Lipo-
fectamine 2000 was added to each tube and preincubated for
30 min before addition to each well. Subsequent analyses were done
after 48 or 72 h of siRNA treatment.

Gli1 expression and purification

hisSUMO-Glil was a gift from Gary Stormo (Addgene; plasmid
#87225). Expression and purification of hisSUMO-GIil closely fol-
lowed the procedure described previously,'® with the following minor
modification. Purification via on-column cleavage of the His-SUMO
tag was performed. Thrombin (60 U/L of expressed bacterial growth)
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Figure 9. Principal component analysis (PCA) of
GLI1/DNA complexes in the presence/absence of
GANT61 and 1

(A) In system 1 (GLI1/DNA), the Z and B forms of DNA
move toward each other, whereas the Gli1 consensus
DNA sequence (blue box) moves away, which results in a
bending of the DNA. (B) In the presence of either
GANT61D or 1, the Z and B forms of double-stranded
DNA move parallel to each other, while the GLI1
consensus DNA sequence (blue box) twists around its

System 2

System 1

was incubated with the protein and resin overnight at 4°C prior to
elution of free Glil from the nickel-nitrilotriacetic acid (Ni-NTA)
resin. Eluted Glil was further purified by fast protein liquid chroma-
tography (FPLC; Superdex 75 gel filtration column) to separate pure
Glil from the His-SUMO tag. FPLC fractions were evaluated by SDS-
PAGE and Coomassie staining for purity. Fractions containing only
pure Glil were combined and concentrated for use in EMSA and
SPR binding studies.

SPR

SPR studies were performed on a Biacore T200 as a contract service by
Creative Biolabs (Shirley, NY, USA), utilizing a procedure modified
slightly from the one previously reported for evaluating GANT61/
GLI1 binding.'® For 1/GLI1 binding studies, Glil was immobilized
on a Series S CM5 sensor chip (GE Healthcare), and various concen-
trations of compound 1 were injected (flow rate, 30 uL/min) with a
contact time of 180 s and dissociation time of 600 s. Kinetic parame-
ters were determined by the Biacore T200 evaluation software. For 1/
GLI1 binding in the presence of DNA, two single-stranded DNA frag-
ments (sense [5-ACGTGGACCACCCAAGACGAA-3'] and anti-
sense [3'-TGCACCTGGTGGGTTCTGCTTT-5'] primers) were syn-
thesized via PCR. The sense primer was biotinylated at the 5" end, and
the two fragments were annealed. The biotinylated double-stranded
DNA (dsDNA) was immobilized on a Series S streptavidin sensor
chip (GE Healthcare). Various concentrations of compound 1 were
incubated with GLI1 (50 nM) prior to injection (flow rate, 30 pL/
min) with a contact time of 180 s and a dissociation time of 180 s.

EMSA

500 ng of duplex DNA was incubated for 30 min with varying concen-
trations of GLI1 (by mole ratio) in the EMSA buffer (50 mM HEPES,
100 mM KCI, 5 mM DTT, 1 mM EDTA, 20% glycerol, 0.05% NP-40,
2 mg/mL BSA, 5 mM MgCl,, 0.05 mg/mL poly(dI-dC), pH 7.5). Com-
pound 1 was added and incubated for an additional 30 min, and then

axis.

System 3

the samples were prepared with loading dye and loaded into a 2%
agarose gel (1 g agarose in 50 mL Tris-acetate-EDTA [TAE] buffer)
with 0.012% ethidium bromide for visualization. The gel was run
for 40 min at 100 V and visualized under black light. GLI1/DNA
bands were excised and sequenced by liquid chromatography-tandem
MS (LC-MS/MS).

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.
1016/j.o0mt0.2021.01.004.
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