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Abstract

Chromodomain helicase DNA-binding protein 1 like (CHD1L) is an oncogene that promotes
tumor progression, metastasis, and multidrug resistance. CHD1L expression is indicative of

poor outcomes and low survival in cancer patients with various cancer types. Herein, we

report a set of CHDL1L inhibitors (CHD1L.) discovered from high-throughput screening and
evaluated using enzyme inhibition, 3D tumor organoid cytotoxicity and mechanistic assays. The
structurally distinct compounds 8-11 emerged as hits with promising bioactivity by targeting
CHD1L. CHD1Li were further examined for their stability in human and mouse liver microsomes,
which showed compounds 9 and 11 to be the most metabolically stable. Additionally, molecular
modeling studies of CHD1L.i with the target protein shed light on key pharmacophore features
driving CHD1L binding. Taken together, these results expand the chemical space of CHD1Li as a
potential targeted therapy for colorectal cancer and other cancers.
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1. Introduction

Colorectal Cancer (CRC) is the third leading type of cancer and the second most common
cause of cancer-related deaths worldwide [1,2]. Age has historically been the main risk
factor for CRC, with the average diagnostic age exceeding 50 years [3]. However, the age
group at risk for CRC is shifting, as early onset disease is becoming increasingly prevalent,
with rates increasing from 11% to 20% in the past 25 years [1,4]. Although recent advances
in preventive screening have increased detection and therefore the success of treatments,
22% of CRC patients are not diagnosed until stage 1V, and the vast majority of these patients
receive chemotherapy as palliative care [1,5-7].

The most effective therapy for early-stage CRC is currently surgical resection [3], while
5-fluorouracil (5-FU) based combination chemotherapy is the first-line standard of care
for both metastatic and surgically resectable CRC [5]. Despite the efficacy of surgical
intervention at early stages, chemotherapy is the standard of care for advanced disease [8].
Thus, an unmet need exists for targeted antitumor agents that can effectively combat tumor
progression and metastasis while synergizing with chemotherapy and targeted therapies.

In 2008, chromodomain helicase DNA-binding protein 1 like (CHD1L), also known as
ALC1, was identified as a chromatin remodeling enzyme [9]. It has since gained recognition
as an oncogene overexpressed in many cancer types [6,9-11]. Multiple studies consistently
link elevated CHD1L expression as a biomarker for poor prognosis, poor survival, and
metastasis in various cancers, including CRC [10,12-21]. CHD1L is influenced by key
cancer-driving pathways, including Wnt/g-catenin, PI3K/AKT, and Ras/MAPK [22]. Its
diverse roles encompass regulating malignant gene expression, cell plasticity and stemness
via epithelial-mesenchymal transition (EMT), cell survival, and metastatic potential [23].
Given the critical role of CHD1L in tumor progression, metastasis, and drug resistance, the
identification of CHDL1L inhibitors (CHD1L.i) could lead to effective targeted therapies for
CRC and other cancers.

Recently, we reported the high-throughput screening (HTS) discovery and pre-clinical
development of the first-in-class CHD1Li for the treatment of cancer, exemplified by the
pyrimidine-based lead drug OTI-611 (aka 6.11) [24,25]. The first generation CHD1L.i
display potent antitumor activity through allosteric inhibition of CHD1L ATPase, which
induces programmed cell death. Moreover, inhibition of CHD1L does not cause DNA
damage or acute toxicity in mice. In continuation of our efforts to expand the CHD1L.i
chemical space while improving the structural diversity of pharmacophores, herein, we
report the hit-to-lead validation of promising next generation CHD1L.i toward the treatment
of CRC and other cancers.
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2. Materials and methods

2.1. Cellline

The colorectal cancer cell lines SW620, SW480, and HCT116 were purchased from
American Type Culture Collection (ATCC) (Manassas, VA). The cell lines were STR
profiled and tested for bacteria or mycoplasma contamination prior to use. SW620 cells
were transfected with a dual-reporter plasmid and sorted according to their mesenchymal or
epithelial phenotype as previously described [26]. The cells were stored in a liquid nitrogen
tank until needed, when they were then thawed and passaged twice before use.

2.2. Cell culture

Cells were grown within RPMI 1640 media (Gibco, Ref#: 11875-093) containing 5%
fetal bovine serum (Gibco, Ref#: 10437028) in 10 cm tissue culture coated dishes (Fisher
Scientific, Ref#: FB012924). Cells were stored in a 37 °C humidified incubator at 5%
CO», for growth. Cells were split by aspirating media from the plate, washing with 5

mL of Phosphate Buffer Solution (PBS) 1X pH 7.4 (Gibco, Ref#: 10010-023), followed
by addition of 0.25% Trypsin (Life Technologies, Ref#: 25200072) in media, prior to
incubation for 6 min. The trypsin was neutralized with 4 mL of growth media.

2.3. Catalytic enzyme assay

The catalytic enzyme assay was performed as previously described [24,27]. A reaction
mixture was prepared at the concentrations of 100 nM of the catalytic domain of CHD1L
(cat-CHD1L) and 200 nM/L of c-Myc DNA or mononucleosome (Active Motif, Ref#:
81770) in buffer (50 mM Tris pH 7.5, 50 mM NaCl, 1 mM DTT, 5% glycerol). ATP was
added at a concentration of 10 pM to begin the reaction, bringing the total reaction volume
to 10 pL. After initiation, the reaction was allowed to proceed for 1 h while incubated

at 37 °C. Then, 500 nM/L of Phosphate sensor was added to the reaction to quantify the
ATPase activity of the enzyme. An Envision plate reader (Revvity, Waltham, MA) was
used to measure the excitation at 430 nm and the emission at 450 nm of the phosphate
sensor. The fluorescence generated from this reaction was compared to a standard inorganic
phosphate curve to calculate the enzyme kinetics. All statistical analysis was performed
using GraphPad Prism.

2.4. Tumor organoid culture

SW620-GFP+, SW480, and HCT116 cell lines were used to grow 3D tumor organoids.
After cell lines were split, they were counted by creating a 1:1 ratio mixture of cell
suspension and Trypan Blue (Sigma-Aldrich, Ref#: T8154-20 mL). This solution was
analyzed and counted using a Bio-Rad TC20 automated cell counter (Bio-Rad, Hercules,
CA). 2000 cells in 100 pL of growth media were added to each well in a 96-well clear,
round bottom ultra-low attachment (ULA) well plates (Corning, Ref # 7007). Plates were
spun at 1000 RPM for 15 min at 25 °C to aggregate the cells. 25 pL of 10% Matrigel
(Corning, Ref# 356231) in growth media was added to each well for a final concentration
of 2% Matrigel. 100 puL of PBS 1X pH 7.4 was added to the spaces between wells within
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the plate to reduce evaporation. The plates were incubated at 37 °C for 72 h to grow tumor
organoids in each well.

2.5. 3D cytotoxicity assay

The CHD1L.i were tested at seven different concentrations to determine their cytotoxic effect
on tumor organoids as previously described [24,27]. Compounds were dissolved in DMSO
(Sigma-Aldrich, Ref #34869) to make a 10 mM stock solution and stored at — 80°C. After
thawing, the stock was diluted with growth media and serially diluted before addition to
cells in a 1:6 ratio. After 72 h of growth, cells were treated with CHD1Li in triplicates or
quadruplicates at final concentrations ranging from 0.625 uM to 40 uM in 0.4% DMSO. The
plate was incubated at 37 °C for 72 h before harvesting. During harvesting, the organoids
were transferred to a white, flat bottom 96-well plate (Greiner, Ref#:655083) and treated
with 35 pL of 3D Cell Titer Glo (Promega, Ref#: G7572). The plates were then placed on

an orbital shaker at 400 RPM for 45 min before they were analyzed using the Envision plate
reader. These experiments were conducted on 2 to 3 separate instances on different days to
determine result repeatability.

2.6. EMT dual reporter assay

The EMT dual reporter assay was performed as previously described [24,26,27]. SW620-
GFP+ cells were plated as 3D organoids and treated with 0-40 uM of CHD1L.i as described
above. The Opera Phenix HCS System (Revvity) was used to perform high content imaging
and analysis of the 3D organoids at settings previously described [26]. This imaging was
performed on SW620-GFP+ organoids prior to harvesting for the cytotoxicity assay.

2.7. CSC stemness clonogenic assay

The CSC stemness assay was performed as previously described [28]. SW620-GFP+ Cells
were plated at 300 cells/well in 96 well clear, flat bottom, black plates and allowed to
attach overnight. The following day, cells were treated with CHD1Li or DMSO control

at concentrations ranging from 0.25 to 8 UM in media. The vehicle and treatments were
refreshed with 25 pL of treatment or vehicle on days 5 and 8. On day 9, cells were imaged
with the Opera Phenix HCS system at settings previously described [28]. Prior to imaging,
the colonies were stained with 25 uL of 0.67 pg/mL Hoechst 33342 (Life Technologies,
Ref#: H3570) in PBS and incubated for 15 min at 37 °C. The images were analyzed using
the Harmony 5.1 software to count colony number, area, and confluence [28].

2.8. Microsomal assay

The microsomal stability of hit CHD1Li 8-11 was evaluated in CD-1 mouse microsomes
(Gibco, Ref#: MSMCPL) and human microsomes (Gibco, Ref#: HMMCPL) as previously
described [29]. At the final concentrations, the 100 L reaction solution consisted of 0.5
mg/mL microsomes, phosphate buffer pH 7.4 (44 mM KH2PO4, 56 mM K2HPQO4), 1.94
mg/mL UDPGA (Sigma Aldrich, Ref# U6751), 25 pug alamethicin (Sigma-Aldrich, A4665),
1 mM MgCl,, 1 mM NADPH (Sigma-Aldrich, Ref# 481973-50MG), 1% DMSO, and 10
UM of either CHD1L.i or testosterone (Sigma, T1500-1 G) for control tubes. All the reaction
components except NADPH were pre-incubated for 5 min at 37 °C on a heat block. The
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reactions were activated by adding NADPH and incubated at 37 °C for the remainder of the
reaction. At time points 0, 5, 15, 30, 45, and 60 min, 100 pL of the reaction solution was
removed and mixed with acetonitrile at a 1:1 ratio to halt the reaction. Samples from each
time point were centrifuged at 3000 RPM for 5 min and the supernatant was sampled for
mass spectrometry analysis.

2.8.1. Mass spectrometry analysis—A Prominence HPLC (Shimadzu, Kyoto, Japan)
coupled to a QTrap 4500 mass spectrometer (AB Sciex, Farmingham, MA) was used for
this analysis. The mass spectrometer was operated in the ESI+ mode and all settings were
optimized by manually tuning to infused standard solutions. Global mass spectrometer
parameter settings were selected to give the highest average sensitivity for all compounds of
interest. Global mass spectrometer settings are as follows: curtain gas, 40 psi; collision gas,
high; ion spray voltage, 4500 V; source temperature, 700 °C; ion source gas 1 and 2, 50 psi;
entrance potential, 10 V; and collision cell exit potential, 14 V. The collision energy (CE)
and declustering potential (DP) were optimized separately for each compound (see Table

S4 for LC-MS/MS transitions). Data was collected using the multiple reaction monitoring
(MRM) mode. Quantitation was performed using an external calibration curve for each
compound. Analytical separation was achieved with a Phenomenex kinetex C18 column [2.1
% 100 mm, 2.6 pm]. The column was held at 40 °C and eluted at 0.6 mL/min with a gradient
of 0.1% formic acid (A) and 0.1% formic acid in 9:1 acetonitrile:water (B) with a total
runtime of 10 min. Chromatographic separation was achieved with a linear gradient (time,
% of solvent B): 0-0.5 min, 5% B; 0.5-4.5 min, 5-55% B; 4.5-6.5 min, 55-94% B; 6-7
min, 94-5% B; and then isocratic for 3 min at 5% B to re-equilibrate the column. The first

3 min of eluent was diverted to waste to reduce contamination of the front end of the mass
spectrometer. Calibration curves were prepared from the stock standard solutions. Serial
dilutions of stock standards were prepared in DMSO. Calibration standards were prepared in
20% DMSO in water. Calibration curves typically contained 25 fmols — 3 pmols on column
for testosterone, and 25 fmols — 2 pmols on column for CHD1Li 8-11. The corresponding
mass transitions are shown in Table S4.

Molecular modeling

All calculations were performed using the Schrodinger molecular ™ modeling suite (version
2022-2) and OPLS4 force field.

2.9.1. Ligand and protein preparation—The 3D low energy conformation of hit
compounds 8-11 was created with the LigPrep module. Ligands ionization and tautomeric
states were generated using Epik at pH 7.0 + 2.0. The 3D model of fl-CHD1L (UniProt#
Q86WJ1) in the active state was downloaded from AlphaFold database [30] and processed
using the protein preparation workflow. A reliability check of the minimized protein
structure was conducted prior to its use for further calculations.

2.9.2. Binding site elucidation—The minimized fl-CHDL1L structure was
characterized for potential druggable sites using the SiteMap module. The minimum site
points per site were set at 15 while using a more restrictive requirement for hydrophobicity
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to exclude sites occupying free space. The returned sites were ranked based on the site score,
drugability score, size, and volume.

2.9.3. Molecular docking and binding free energy (AGpjng) estimation—The
minimized structures of hit CHD1Li 8-11 and fl-CHDZ1L were used as inputs for molecular
docking calculations using the induced-fit docking (IFD) protocol at the best site identified
from SiteMap calculations. The receptor grid box was defined as the centroid of amino acid
residues bordering the selected binding site with an inner and outer box size of 10 and 30
A, respectively. The ligand ring conformations were sampled at 2.5 kcalmol™2, followed

by a short minimization of the protein structure to RMSD 0.18 A and Prime refinement of
residues within 5 A of binding site. Ligands were then redocked into receptor structures
within 30 kcalmol™1 using extra-precision Glide docking.

Subsequently, the AGpjng for the resulting CHD1L complexes were estimated using Prime
molecular mechanics/generalized Born surface area (MM/GBSA) module. The variable-
dielectric generalized Born model (VSGB), which uses water as an implicit solvent, was
selected as the solvation model. All atoms of binding site residues were minimized during
the calculation to account for ligand-induced conformational changes. The best pose for
each hit compound was determined using the docking score, glide emodel, glide energy, IFD
score and AGpjng-

2.9.4. Molecular dynamics (MD) simulation—MD simulation was conducted as
previously described [25]. Briefly, the requisite model systems for CHD1Li 9 and 11 were
created using the system builder. Each system was solvated with SPC solvent models

in an orthorhombic box with 10 A periodic boundary conditions on all sides. System
neutralization was achieved with NaCl salt at ~50 mM. The Desmond MD simulation was
performed over a total of 500 ns simulation period using the NPT ensemble at constant
temperature (300 K) and pressure (1.01 bar). Simulation trajectories were recorded at 500 ps
intervals and using relevant Python scripts.

2.10. Statistical analysis

Statistical analysis and graphs were executed in GraphPad Prism 10 for MacOS (version
10.0.2). A non-linear regression model was used to create a logarithmic curve to model the
inhibitor vs response variable slope and calculate the half maximal inhibitory concentration
(ICsp) of each compound within a 95% confidence interval. Normalization to control and
EC,_fo1q Calculations were performed in Microsoft Excel for MacOS (version 16.76).

3. Results

3.1

Hit to lead validation workflow

30 compound hits out of the 52 hits discovered from our previous HTS showed repeat
activity in a secondary screen; thus, hits were reexamined for their potential as CHD1L.i
using a tailored hit-to-lead validation schema to prioritize additional hits as leads for
further optimization (Fig. 1). The previously discovered pyrimidine-based lead, CHD1L.i
6.0, was used as reference and positive control. The compounds were first tested against the
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cat-CHD1L recombinant enzyme ATPase assay to confirm inhibitory activity and eliminate
false positives from the HTS. Once confirmed as hits, they are tested for their ability to
induce cytotoxicity or inhibit or reverse EMT, using CRC tumor organoids models.

Promising hits were next examined for their ability to inhibit CSC stemness, using the
clonogenic colony formation assay [28]. The mesenchymal phenotype of SW620 cells
(SW620-GFP+) was selected for all cell-based experiments in this validation scheme
performed after the 3D cytotoxicity assay, since these cells display enhanced tumorigenic
properties, including multidrug resistance and CSC stemness [26]. Therefore, this phenotype
has the highest potential for colony formation, metastasis, and represents an aggressive

CRC tumor cell model [26, 31]. Finally, top hits from these experiments were evaluated for
their metabolic stability in mouse liver microsomes [32,33]. The results from the hit-to-lead
validation experiments are summarized in Table 1.

3.2. CHD1L enzyme inhibition

Confirmed hits from primary HTS were re-evaluated for their dose dependent inhibition of
cat-CHD1L ATPase. Compounds 32-36 were deprioritized due to their limited potency with
inhibition concentration 50% (ICsq) values > 20 pM. All the other compounds displayed
relatively potent CHDL1L inhibition with ICgg < 15 uM (Table 1). Hit compounds 8-11
displayed similar inhibitory activity compared to CHD1L.i 6.0 and were prioritized for
further validation (Table 1 and Fig. 2A).

3.3. 3D cytotoxicity

As a measure of antitumor activity, we assessed prioritized hits for their ability to induce
cytotoxicity using SW620 tumor organoids cultured uniformly in 96-well plates [26,27,34].
Despite the promising I1Csq values for inhibition of CHD1L ATPase, many compounds in
the screen showed poor cytotoxicity even at a high dose of 40 uM, which is likely due to
unfavorable physicochemical properties (Table 1). For example, compounds 18 and 20 were
poorly soluble in DMSO and aqueous solutions likely prohibiting cellular activity. However,
8-11 displayed relatively good cytotoxicity with 1Cgsq < 30 uM further validating their
selection as CHD1L.i (Fig. 2B). Notably, 11 exhibited the best cell based activity with an
ICsq of 3.3 uM, which is comparable to CHD1L.i 6.0 but up to 9-fold greater than 8-10 (Fig.
2B). The cellular activity of CHD1L.i 11 is likely facilitated due to its better physicochemical
properties i.e., molecular weight, lipophilicity, and aqueous solubility (Table S1). The
cytotoxicity of CHD1Li were subsequently tested in two additional CRC lines, SW480

and HCT116, to evaluate their ability to induce cell death across differing phenotypes and
oncogenic mutations (Fig. 2C, D). SW480 and SW620 cells were originally isolated from
the same patient’s primary tumor site and metastatic site, respectively [35]. Together, the
three cell lines used represent distinct CRC phenotypes with different genetic aberrations
and tumorigenic and metastatic potential. Although the potency of each CHD1L.i differed
slightly between CRC cell types, the ranking of each compound in terms of cytotoxicity
remained unchanged, with compound 11 displaying the most potent activity, followed by 8,
9, and finally 10 (Fig. 2B-D).
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3.4. EMT reversal

We have previously demonstrated that CHD1Li exhibit dose-dependent inhibition or

reversal of EMT in CRC tumor organoids [24, 27]. Using this approach, EMT inhibition

or reversal was evaluated in SW620-GFP+ organoids using a fluorescent dual-reporter
plasmid, measuring downregulation of mesenchymal biomarker vimentin with concomitant
upregulation of the epithelial biomarker E-cadherin (Fig. 3) [26]. We observed partial effects
or inhibition of EMT with some CHDL1L.i such as 8 and 10 while 9 and 11 effectively
reversed EMT (Fig. 3A). CHD1L.i 11 displayed the most potent reversion of EMT, which led
to tumor organoid Killing at higher doses (Fig. 3). This suggests that 11 may be effective at
reducing the metastatic potential of aggressive mesenchymal tumor cells.

3.5. Inhibition of CHD1L-mediated CSC stemness

Complementary to CHD1L.i effects on EMT, we utilized the clonogenic assay to evaluate
the CHD1L.i’s ability to inhibit CSC stemness [28]. The ICgq of stemness for all compounds
ranged between nM to low UM (Table 1) with the most potent CHD1Li being compound
9and 11 (Fig. 4A,B). However, 11 superior and 3-fold more potent compared CHD1L.i

6.0, and this is also consistent with its ability to reverse EMT (Fig. 3). Mesenchymal cells
expressing vimentin possess enhanced CSC stemness, which facilitates cell survival and
increased invasion and metastatic potential [36]. As such, the compounds that only induced
partial EMT reversal had reduced potency against stemness compared to CHD1Li 11.

3.6. Microsomal stability

A knowledge of metabolic stability is an important step during early-stage drug development
for lead prioritization [37]. We have previously observed a correlation between in vitro
microsomal stability and in vivo pharmacokinetics and efficacy for CHD1Li [25]. In vitro
evaluation of hit CHD1L.i 8-11 stability towards biotransformation showed that CHD1L.i 9
and 11 were the most stable when exposed to human and mouse microsomes with half-lives
of ~100 min. Compounds 9 and 11 also exhibited up to 16-fold superior stability compared
to CHD1Li 8 and10 (Table 1). The poor stability in CHD1Li 8 and 10 are attributed to the
Smethyl unit as shown by the mass transition analysis (Table S4). Sterically unhindered S
methyl units are considered as metabolic soft spots due to their vulnerability to cytochrome
P450-mediated oxidative metabolism [38]. Hence, optimization studies for these CHD1L.i
should focus on addressing the thiomethyl functionalities. Similarly, the ability of CHD1L.i
11 to exist as either the pyrimidinol or pyrimidinone tautomer (Table S1) requires attention
to avoid idiosyncratic toxicity outcomes [39,40].

3.7. Insilico CHD1L binding studies

3.7.1. Binding site elucidation—We have previously characterized the potential
binding sites on CHD1L using a reported crystal structure and prioritized an allosteric site
on the C-ATPase domain as the most plausible binding site for CHD1L.i 6.0 and analogs
using molecular dynamics simulations [25]. However, in this study, we utilized an Al
generated homology model retrieved from the AlphaFold database to improve the accuracy
of our predicted CHD1Li complexes [30].
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Structural analysis of the apo AlphaFold homology model before and after protein
preparation provided a full length (fl)-CHDL1L structure in an active conformation with
improved protein packing and without missing loops, steric clashes, or unusual B-factors
[41-43]. More importantly, SiteMap calculations returned five potential binding sites (Table
S2), including the ATP binding site, a large allosteric site on the macro domain, two shallow
sites on the N-ATPase domain, and the previously identified CHD1L.i allosteric binding site
on the C-ATPase domain. Again, the C-ATPase allosteric site had the highest drugability
score (1.039) and site score (1.016) overall, confirming it as the most plausible binding site
(Fig. 5A).

3.7.2. CHDL1Li target interaction—To gain molecular level insight on the possible
target interaction profile of hit CHD1Li 8-11 and identify the corresponding pharmacophore
features furnishing enzyme inhibition, the compounds were docked at the C-ATPase
allosteric site using the IFD protocol. The higher docking and IFD scores for CHD1L.i 8
and 10 (Table S3) suggests that they bind more tightly to the target compared to CHD1L.i

9 and 11. The MM/GBSA binding free energy, which is often a more accurate descriptor

of native poses [44], is also higher for CHD1Li 8 and 10 as compared to 9 and 11. These
results agree with the enzymatic data, which showed CHD1Li 8 and 10 as more potent
CHD1Li than 9 and 11 (Fig. 2). Nevertheless, the weaker cell-based potencies of CHD1L.i
8-10 as compared to 11 despite their potent CHD1L inhibition can be attributed to structural
features limiting cell membrane permeability [45,46]. For instance, with a calculated pKa of
7.12 (Table S1) and a protonated imidazole nitrogen, CHD1Li 9 will exist at an ~50:50%
ratio of ionized and neutral forms at physiological pH likely impacting its cell activity and
potency due to limited diffusion into cells of the ionized form.

Analysis of the docked complexes showed the CHD1L.i structural features favoring target
binding (Fig. 5B—E). CHD1Li 8 formed strong H-bond interactions (within 3 A) with Asn
491 and Lys 273 via its urea and thiadiazole units, and other H-bond interactions with

Ser 441 and Arg 468 via the 3,5-dimethoxy unit (Fig. 5B). The p/-cation interactions of
electron-rich phenyl and thiophene rings with Lys 273 and Arg 468, and the hydrophobic
contacts with Lys 263, Glu 275, and Pro 445 presumably stabilized the ligand in the
allosteric binding site. Although CHD1Li 10 (Fig. 5C) only formed pi-pi stacking and
H-bond interactions with Phe 438 and Tyr 480, respectively, the hydrophobic propyl linker
allowed a robust network of hydrophobic contacts to favor high CHD1L affinity comparable
to CHD1Li 8. On the other hand, the similar enzyme inhibition of CHD1Li 9 and 11 is
justified by their identical pr-pistacking interaction with Tyr 480 (Fig. 5D,E). Moreover,
CHD1L.i 9 featured an H-bond with Lys 273 while CHD1L.i 10 interacted similarly with Tyr
480. These results suggest that a combination of H-bond acceptors and hydrophobic groups
favor CHD1L binding. Thus, it is inferable that CHD1Li 9 and 11 can be optimized by
incorporating pharmacophore features that favor these desired interactions. This is supported
by CHD1L.i 8, the most potent hit, having the highest number of H-bond acceptors and
overall interactions with CHD1L (Fig. 5B), and the most stable target complexation (Table
S2).
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3.7.3. Molecular dynamics simulation—Having established the possible protein-
ligand interactions, we conducted a 500 ns long MD simulation for CHD1Li 9 and 11 (Fig.
6). The goal was to analyze the time-dependent evolution of these interactions and determine
ligand stability in terms of root-mean square deviation (RMSD) from the reference structure,
i.e., the IFD pose. MD simulation is crucial to comprehensively account for the structural
flexibility and ligand-induced conformational changes in a drug-target model system beyond
IFD [47].

The convergence of CHD1Li 9 at an average RMSD of 0.8 nm within the first 10 ns

and the preservation over the entire 500 ns simulation period indicates a highly stable
complexation without the ligand diffusing away from the allosteric binding pocket (Fig. 6A).
Both CHD1Li 9 and 11 had sustained binding site residence, which is inferable from the
H-bond interactions with the amide oxygen atom of Tyr 480, which were sustained over a
relatively longer period of time (Fig. 6 A,B right panels). While hydrophaobic interactions
are important for CHD1L.i binding, increased H-bond acceptors appear to be beneficial at
improving tight CHD1L binding and residence time.

4. Discussion

CHDA1L overexpression and its oncogenic function are well characterized [23]. Notably,
CHDLL functions at the interface of tumor progression and tumor cell survival, particularly
by promoting malignant gene expression, cell cycle progression, inhibition of programed
cell death, and promoting the increased invasion and metastatic potential, all of which
contribute to multidrug resistance of chemotherapy and targeted therapy in the clinic
[10,23]. Many of these tumorigenic properties have been linked to CHD1L’s role in EMT,
where CRC cells gain CSC stemness. Hence, CHD1L inhibition can reduce tumor viability,
reverse EMT, and decrease CSC stemness CRC and potentially other cancers. Consequently,
the drug discovery process described herein produced two new CHD1Li 9 and 11 as leads
for further development.

CHD1Li 11 is particularly noteworthy as it potently inhibits the target resulting in, EMT
reversal, inhibition of stemness, and tumor cell death in metastatic CRC cells and tumor
organoids. Furthermore, 11 was the most stable to metabolic degradation in human and
mouse microsomes. In addition to antitumor properties, a small molecule drug capable of
eliciting inhibitory effects on tumor progression is desirable for treating aggressive cancers,
as it can prevent drug resistance, tissue invasion and metastasis. The antimetastatic potential
of CHDL1L. is substantiated in a report by Mu et al., which demonstrated that CHD1L
knockdown significantly inhibited lung metastasis in an orthotopic model of breast cancer
[12].

5. Conclusion

Building on our previous CHD1L.i lead drug development, the structural diversity of
CHD1L.i characterized herein is expected to facilitate a new series of CHD1Li antitumor
agents for CRC and other forms of cancer. Furthermore, CHD1L.i display single agent
antitumor activity while also eliciting the inhibition pathways driving tumor progression
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and multidrug resistance. Thus, we anticipate that CHD1Li will be an effective therapeutic
strategy alone or when combined with standard of care chemotherapy or targeted therapies,
increasing their potential impact for treating a variety of cancers.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Testing scheme for CHD1L.i drug discovery. CHD1L.i are selected from either HTS hits or

analogs developed from a previously identified hit. They are then subjected to different in
vitro assays in the “testing funnel” to filter out the less promising hits or analogs. Highly
promising compounds are advanced for further testing and the most promising (leads) are
taken through in vivo testing or used as structural templates for lead optimization using
medicinal chemistry. Results from all tests are analyzed for existing SAR to design new
analogs and improve efficacy.
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Top HTS hits exhibit dose-dependent inhibition of CHD1L and tumor organoid viability. (A)
Graphical representation of dose-response inhibition of the cat-CHD1L enzyme by CHD1L.i
(N = 2). Each data point is averaged from 2 experiments performed in quadruplicate and
error bars are the calculated standard error of the mean (SEM). Graphical representation

of dose-response cytotoxicity induced by top CHD1Li (N = 3) in (B) SW620-GFP+, (C)
SW480, and (D) HCT116 CRC tumor organoids. Each data point is averaged from 3
experiments performed in triplicate and error bars are the calculated standard error of the

mean

(SEM).
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Fig. 3.

CHD1Li Modulates EMT. (A) Graphical representation of EMT reversal by each of the top
HTS hits (N = 3) Each data point is the average of 3 experiments performed in triplicate
and error bars are the calculated standard error of the mean (SEM). (B) Representative
fluorescent images (10x air objective) of 3D SW620-GFP+ tumor organoids treated with
CHDLLi for 72 h at concentrations of 0-40 uM. All images obtained using Opera Phenix

using the RFP and GFP channel.
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Fig. 4.
CHD1Li Inhibit CSC Stemness in CRC cells. (A) Graphical representation of dose-response

inhibition of CSC stemness by the CHD1Li (N = 2). Error bars are the calculated standard
error of the mean (SEM) of 2 experiments performed in triplicate. (B) Representative images
(25 stitched fields of view on 10x air objective) of 2D SW620-GFP+ colonies treated with
CHD1Li for 10 days at 0.25-8 uM and stained with Hoechst dye for imaging. All images
were obtained using the Opera Phenix.
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CHD1Li 9 CHD1Li 11

Fig. 5.
Predicted fl-CHD1L allosteric binding site and binding poses of hit CHD1Li. (A) fl-CHD1L

structure showing the most plausible CHD1Li binding site. The domain architecture is
depicted in cartoon representation as N-ATPase (cyan), C-ATPase (purple), macro domain
(green) and linker region (gray). The proposed C-ATPase allosteric binding site is marked
with a red ellipse while the ATP binding site is depicted by the bound ADP shown in CPK
representation. (B-E). Each panel shows the 3D representation of the predicted binding pose
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for the CHD1Li as indicated. The non-bonded interactions are depicted as hydrogen bond
(yellow-dashed), pi-cation (green-dashed), and pi-pi stacking (blue-dashed).
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CHD21Li molecular dynamics with CHD1L. The MD trajectory analysis involved the
assessment of CHD1Li 9 (A) and 11 (B). The left panels depict the RMSD evolution of
both the protein and the complex, while the right panel illustrates a 2D representation of
protein-CHD1L.i contacts throughout the 500 ns simulation period. In the 2D representation,
hydrogen bonds are denoted in purple, hydrophobic residues are represented by green
spheres, and polar residues are indicated by blue spheres.
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