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Abstract

FOXM1, a proto-oncogenic transcription factor, plays a critical role in cancer development and treatment resistance in
cancers, particularly in breast cancer. Thus, this study aimed to identify potential FOXM1 inhibitors through computational
screening of drug databases, followed by in vitro validation of their inhibitory activity against breast cancer cells. In silico
studies involved pharmacophore modeling using the FOXM1 inhibitor, FDI-6, followed by virtual screening of DrugBank
and Selleckchem databases. The selected drugs were prepared for molecular docking, and the crystal structure of FOXM1 was
pre-processed for docking simulations. In vitro studies included MTT assays to assess cytotoxicity, and Western blot analysis
to evaluate protein expression levels. Our study identified Pantoprazole and Rabeprazole as potential FOXM1 inhibitors
through in silico screening and molecular docking. Molecular dynamics simulations confirmed stable interactions of these
drugs with FOXM1. In vitro experiments showed both Pantoprazole and Rabeprazole exhibited strong FOXM1 inhibition
at effective concentrations and that showed inhibition of cell proliferation. Rabeprazole showed the inhibitor activity at 10
uM in BT-20 and MCF-7 cell lines. Pantoprazole exhibited FOXM1 inhibition at 30 uM and in BT-20 cells and at 70 uM
in MCF-7 cells, respectively. Our current study provides the first evidence that Rabeprazole and Pantoprazole can bind to
FOXM1 and inhibit its activity and downstream signaling, including eEF2K and pEF2, in breast cancer cells. These find-
ings indicate that rabeprazole and pantoprazole inhibit FOXM1 and breast cancer cell proliferation, and they can be used for
FOXM1-targeted therapy in breast or other cancers driven by FOXMI.
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Abbreviations

2D Two-dimensional

3D Three-dimensional

ADME  Absorption, distribution, metabolism, and
excretion

DBD DNA-binding domain

ER Estrogen receptor

eEF2K  Eukaryotic elongation factor 2 kinase

FDA Food and drug administration

FDI-6 Fork domain inhibitor-6

FOXM1 Forkhead box protein M1

FOX Forkhead box

HER2 Human epidermal growth factor receptor 2

MD Molecular dynamics

PDB Protein data bank

pEF2 Phospho-eukaryotic elongation factor 2

RMSF  Root-mean-square fluctuation

RMSD  Root-mean-square deviation

SPC Simple point charge

TNBC  Triple-negative breast cancer

Introduction

Breast cancer is the most commonly diagnosed cancer in
women and the second leading cause of cancer-related death
[1, 2]. Triple-negative breast cancer (TNBC) accounts for
approximately 10-20% of all breast cancers and is character-
ized by the absence of estrogen receptor (ER), progesterone
receptor (PR), and human epidermal growth factor recep-
tor 2 (HER2) expression. This subtype of breast cancer is
known for its heterogeneous phenotypic structure, aggressive
clinical course, and highly invasive nature, leading to early
metastasis and poor prognosis. TNBC patients have shorter
survival rates compared to those with other breast cancer
subtypes, largely due to its resistance to current treatments
and the lack of effective targeted therapies [3—6]. Although
a new targeted treatment strategy, Sacituzumab, a Trop-
2-receptor-targeted antibody conjugated chemodrug (topoi-
somerase inhibitor) for metastatic TNBC, was approved by
the Food and Drug Administration (FDA) in 2020, and the
overall response rate remains low with a median duration
of response of only 7.7 months. Immunotherapy has lim-
ited effect only a small fraction of patients. Consequently,
there is an urgent need to identify new molecular targets and
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develop effective therapeutic strategies to improve prognosis
and poor survival rates in TNBC patients [5, 7].

FOXM1 is a proto-oncogenic transcription factor that
belongs to the Forkhead box (FOX) family and plays criti-
cal roles in regulating cycle progression, DNA damage
response, apoptosis, angiogenesis, and metastasis and tumo-
rigenesis [7, 8]. Dysregulation of FOXM1 has been linked
to numerous human diseases, including various cancers,
making it an attractive target for therapeutic applications
[9, 10]. FOXM1 is overexpression of in TNBC breast cancer
and associated with tumor aggressiveness, metastasis, poor
patient outcomes, and reduced overall survival rates [4, 8].

The transcriptional activity of FOXMI is tightly regu-
lated and suppressed by p53 tumor suppressor protein, and
p53 mutations detected in about 80% of TNBC patients lead
to upregulation of FOXM1 and uncontrolled cell prolifera-
tion, migration, invasion, drug resistance, tumor growth,
and progression in breast and other cancers [11, 12]. The
increased activity of FOXM1 in TNBC contributes to mul-
tiple aspects of tumor progression and therapy resistance.
Genetic targeting of FOXM1 by RNAi-based strategies have
been shown to suppress TNBC tumor growth in mice [13],
suggesting it as a promising candidate for targeted therapies
in TNBC [13, 14]. Given the multifaceted functions in can-
cer progression, targeting FOXM1 has emerged as a promis-
ing therapeutic approach. In recent years, the development
of FOXM!1 inhibitors has gained a significant attention as a
potential strategy to disrupt the aberrant activity of FOXM1
in breast and other cancers [15, 16].

Identification of pharmacological inhibitors of FOXM1
has been challenging. However, several small-molecule
inhibitors have been developed to directly interact with
FOXM1-DNA-binding domain (DBD), disrupting its DNA-
binding activity, preventing its binding to the promoters of
the target genes [17, 18]. Approaches such as inhibition of
expression or activity of upstream regulators of FOXMI,
such as kinases or coactivators, that indirectly contribute to
inhibition of its transcriptional activity has been also used
development of potential FOXM1 inhibitors [17, 19, 20].
Furthermore, indirect FOXM1 inhibitors such as natural
compounds (i.e., thiostrepton, honokiol, siomycin A) and
direct inhibitors (i.e., SR-T100, FDI-6, RCM-1 and DFS lig-
nan, XST-119) have been identified, but none of these inhib-
itors has advanced to clinical trials [13, 20, 21]. Although
these FOXMI inhibitors are promising candidates often
they are not specific and exhibit off-target effects toward
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other targets. For instance, thiostrepton is a potent FOXM 1
inhibitor but it is a highly promiscuous molecule with off-
target effects, including inhibition of proteasome and arrest
of mitochondrial protein synthesis.

In the last decade, drug repurposing has emerged as a
promising strategy and has become an increasingly suc-
cessful and popular approach for developing new cancer
therapies, leveraging existing FDA-approved compounds
for novel therapeutic applications [22]. This approach offers
several advantages over traditional drug discovery, including
reduced time and cost [22]. On the other hand, the conven-
tional drug discovery process is not only time-consuming
but also has high failure rates [22, 23]. Therefore, computa-
tional approaches such as pharmacophore modeling, molec-
ular docking, and molecular dynamics (MD) studies have
significantly gained interest in finding effective candidates
for secondary uses of approved drugs for the treatment of
related diseases, such as cancer [23].

In the current study, we aimed to identify potential
FOXM1 inhibitors through a drug repurposing strategy and
employed an integrated approach, including in silico screen-
ing of FDA-approved drugs and molecular docking and MD
simulation studies. Our studies identified two hit candidates,
rabeprazole and pantoprazole, as inhibitors of FOXM]I.
Rabeprazole and pantoprazole are FDA-approved drugs
used to prevent acid secretion from the stomach by acting
as proton pump inhibitors primarily used for the treatment
of acid-related gastrointestinal disorders such as gastric and
duodenal ulcers. Our findings showed that Trp308, Ser290,
Arg286, Asn283, His287, and Asn288 amino acid residues
on the FOXM1 protein interact with rabeprazole and panto-
prazole exhibit strong binding affinity. Both drugs inhibited
cell proliferation and FOXMI1 protein in breast cancer cell
lines in a dose-dependent manner, with rabeprazole being
more potent compared to pantoprazole. Our data suggest that
rabeprazole and pantoprazole can inhibit FOXM1 and pro-
vide a targeted therapeutic option for breast cancer patients
and other cancers with aberrant FOXM1 expression, laying
the foundation for developing FOXM1-targeted personalized
treatment approaches in future.

Materials and methods

In silico studies

Generation of the ligand-based pharmacophore model

To create a pharmacophore model, we used previously pub-
lished FOXM1 inhibitor FDI-6 [17, 24]. The features of
pharmacophore were determined using the BIOVIA Discov-

ery Studio 2021 (DS 2021) Auto Pharmacophore Generation
module [25-27]. This pharmacophore model was used as a

three-dimensional (3D) query to search for matching hits
from approved drug databases.

Pharmacophore-based virtual screening

Pharmacophore-based virtual screening was conducted uti-
lizing the DrugBank (https://go.drugbank.com/) and drug
libraries sourced from various categories including antican-
cer, antidiabetic, anti-infection, and antiparasitic compounds
available at (https://www.selleckchem.com). The pharma-
cophore model derived from FDI-6 was employed to screen
these databases using the Ligand Pharmacophore Mapping
and Screen Library modules within DS [27, 28].

Ligand preparation

Among the mapped and best screened results following
pharmacophore-based screening study, the FDA-approved
drugs were downloaded as.sdf format to prepare for molecu-
lar docking studies. The downloaded compounds in.sdf for-
mat were converted to.pdb files using Open Babel software
(version 2.3.2) [29]. The ligand structures were then pre-
pared in AutoDock Tools (ADT) from MGL software pack-
ages (version 1.5.6), where the Gustier partial charge was
assigned and were saved in rigid format [30]. Subsequently,
all structures were transformed into the.pdbqt format, ena-
bling their utilization in subsequent investigations.

Protein and grid preparation

The crystal structure of FOXM1 protein was downloaded
from the protein data bank (PDB) (3G73) [28, 31]. The crys-
tal structures of the protein were subjected to pre-processing
steps to optimize the docking experiment. First, all hetero
atoms, water molecules, and chain A, C, and D were elimi-
nated from the crystal structures. Subsequently, only polar
hydrogen atoms were added to the remaining protein struc-
tures [31, 32]. The resulting protein structures were then
saved in the.pdbqt format, ensuring compatibility for sub-
sequent docking simulations.

Active site prediction

Grid preparation was performed using AutoDock Tools
version 1.5.7 protocols [31, 33-35]. The literature related
to FOXM1-DNA-binding domain (DBD) was thoroughly
examined to identify the binding site residues. As a result,
the specific residues crucial for FOXM1-DNA interaction,
namely Asn283, Arg286, and His287, were determined.
These residues were found to play essential roles in facili-
tating the interaction between FOXM1 and DNA [28, 31].
The grid box for the binding site of the FOXM1-DBD amino
acids, where the ligand molecule binds, was determined.
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Molecular docking studies

Molecular docking was carried out using AutoDock Vina
[31, 32, 35-37] with the selected approved drugs. Subse-
quently, the top hit drugs were determined based on their
docking scores and then, the two-dimensional (2D) ligand
interactions were analyzed using the DS.

Molecular dynamics (MD) simulations

The dynamic behavior of the protein-ligand complex was
investigated through MD simulations using the Desmond
of Schrodinger [31]. The Protein Preparation Wizard was
used to prepare the FOXM1 protein. To mimic physiological
conditions, the complex was immersed in a solvated envi-
ronment consisting of an orthorhombic periodic box filled
with simple point charge (SPC) water. Neutralization was
achieved by adding 150mM NacCl solution. The solvated
structure was then subjected to energy minimization and
restrained to its initial location using the OPLS2005 force
field [26, 27, 38, 39]. Subsequently, 100ns MD simulations
were carried out under NPT ensemble at a temperature of
300 K and a pressure of 1 atm. The observed protein—ligand
interactions were obtained during simulations. These analy-
ses provided insights into the behavior and dynamics of the
protein—ligand complex in the simulated environment.

In vitro activity studies
Cell lines and culture conditions

Human TNBC cells (BT-20) and estrogen receptor-positive
(ER +) breast cancer cells (MCF-7) were purchased from the
American Type Culture Collection (Manassas, VA, USA).
All breast cancer cell lines were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM)/F12 supplemented with
10% fetal bovine serum (Sigma-Aldrich, St. Louis, MO).
These cells were cultured under standard conditions at 37 °C
and 5% CO, in DMEM-F12 (1:1) supplemented with 10%
fetal bovine serum (FBS) and 1% penicillin/streptomycin
(PS) [40, 41].

Cell cytotoxicity assay (MTT assay)

To determine the cell cytotoxicity, the drugs were dissolved
in DMSO and then were applied to the cells in the ranging
concentrations from 5 uM to 100 uM for 96 h. Untreated
cells and DMSO-treated cells were used as a control. After
the indicated time periods, MTT solution (3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide) was added
to each well and the cells were incubated for 3 h at 37 °C in
a CO, incubator [41]. The plates were measured at 570 nm
using a Thermo Spectrophotometer. The data are represented
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using GraphPad Prism 7 program. The percentage of cell
viability was determined [39].

Transfection with siRNA

Two different small interfering RNAs (siRNAs) target-
ing FOXM1 gene (FOXM1#1 (SASI_Hs01_00052108),
FOXM1#2 (SASI_Hs01_00243977), and non-silencing
control siRNAs (WD00909801)) were purchased from
Sigma-Aldrich. Exponentially growing breast cancer cells
were plated and 24 h later transfected with FOXM1 siRNAs
or control siRNA at a final concentration of 50 nM for 72 h
using HiPerFect Transfection Reagent (Qiagen) according to
the manufacturer’s protocol. The concentrations of siRNAs
were chosen based on previous studies [6, 8, 40, 42, 43].
Non-silencing control siRNA-transfected cells were used
as controls. After treatment, the cells were harvested and
processed for western analysis.

Western blotting

Western blot analysis was carried out according to our
previously reported studies [40-42]. TNBC (BT-20) and
ER + (MCF-7) cell lines were treated with the indicated con-
centrations of Rabeprazole and Pantoprazole. Additionally,
both MCF-7 and BT-20 cells were transfected with siRNAs
(50 nM) for 72 h. Following siRNA treatment, cells were
harvested, washed with PBS, and lysed using lysis buffer
containing phosphatase, protease, and 1% NaCl. Protein
concentrations were determined using a BCA assay Kkit.
The proteins were separated by SDS-PAGE gel electropho-
resis, transferred to membranes, and probed with primary
antibodies against FOXM1, eEF2, p-EF2 (Thr56) (Cell
Signaling Technologies), eEF2K (Proteintech), and p-actin
(Proteintech). After washing with TBS-T, the membranes
were incubated with anti-rabbit and anti-mouse secondary
antibodies. Finally, protein bands were visualized using an
Alpha Imager [41].

Results and discussion
In silico studies
Virtual screening and hit drug identification

To identify the hits that bind to DBD of FOXM1, we used
the pharmacophore features of FDI-6 as a positive control, as
depicted in (Fig. 1). The pharmacophore model consists of
six distinct pharmacophore features as illustrated in (Fig. 1).
Among these features, two hydrogen bond acceptor features
are associated with the nitrogen atoms of the thieno[2,3-b]
pyridine ring, while another hydrogen bond acceptor feature
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Fig. 1 Pharmacophore features of FDI-6 generated by DS. The
hydrogen bond acceptors, aromatic features, and hydrophobic are dis-
played in mesh spheres of green, orange, and blue, respectively. The
arrows indicate the constraint direction (Color figure online)

corresponds to the carbonyl group. Additionally, three aro-
matic ring features represent the phenyl ring attached to the
NH group, the thieno[2,3-b]pyridine ring, and the thiophene
ring. Finally, a hydrophobic group is centered around the
CF; group. This comprehensive description of the pharma-
cophore model provides valuable insights into the structural
requirements necessary for ligand binding and interaction
within the FOXM1-DBD. We employed a 3D query for vir-
tual screening of the DrugBank (approximately 10,000 com-
pounds) and Selleckchem databases (10,439 compounds).
Virtual screening was conducted using Pharmacophore
Mapping and Screen Library protocols within the DS soft-
ware. The screen library protocol was configured to retrieve
the top 20 hits, resulting in the identification of 391 com-
pounds (185 from DrugBank and 206 from Selleckchem).
Subsequently, 11 compounds were chosen as hits, primarily
based on their FDA approval status, along with considera-
tions of fit value, drug’s chemical properties, and structural
similarity to FDI-6.

Based on previously published studies, it is well estab-
lished that three conserved amino acid residues, includ-
ing Asn283, Arg286, and His287, play crucial roles in the
FOXM1 protein-DNA interaction [28, 31, 36, 44]. His287
establishes direct and indirect hydrogen bonds with the
DNA base, mediated by a water molecule [28, 44]. Pertur-
bation of this hydrogen bonding network, possibly due to a
His287 mutation, reduces the binding affinity of FOXM1
to DNA. Furthermore, Asn283 exhibits two conformations:
vertical, engaging in two hydrogen bonds with DNA, and
horizontal, forms minimal DNA interactions but engages
in two hydrogen bonds with Arg286. Mutations in Asn283
decrease DNA-binding affinity of FOXM1, while mutations
in Arg286 abolish its DNA hydrogen binding, potentially
favoring the vertical conformation of Asn283 and enhancing

its DNA interactions [28, 31, 36, 44]. Understanding the
structural and functional significance of these amino acid
residues sheds light on the mechanism of FOXM1-DNA
binding and its implications in cellular processes governed
by FOXMI.

Molecular docking studies

Based on an assessment of FDA approval status, fit val-
ues, drug chemical properties, and structural similarity to
FDI-6, we identified eleven potential drugs (hits) among
the FDA-approved drugs. Subsequently, molecular docking
was performed using AutoDock Vina, followed by molecular
docking analysis in the DS, to evaluate the binding affin-
ity of the selected compounds. Each of the eleven potential
candidates underwent docking and their respective docking
scores and fit values are documented in (Table 1.) These hits
exhibited molecular interactions with critical amino acids
(His287, Arg286, and Asn283) that play a role in inhibit-
ing FOXM1-DBD. These findings underscore the potential
of these selected compounds as promising candidates for
further evaluation in the context of binding to and inhibiting
FOXM1 function.

Based on the molecular docking scores and ligand/drug
interaction diagrams (Fig. 2, 3), four potential drugs were
identified, including Silibinin, Famotidine, Pantoprazole,
and Rabeprazole. Notably, Silibinin and Pantoprazole exhib-
ited higher binding energies of — 6.1 kcal/mol and — 5.9
kcal/mol, respectively, compared to the positive control and
reference compound FDI-6 (— 5.6 kcal/mol). On the other
hand, Rabeprazole and Famotidine displayed lower bind-
ing energies compared to the positive control (— 5.5 kcal/
mol, — 4.5 kcal/mol, respectively). The docking results for
the selected drugs and standard FDI-6 are summarized in
(Table 1).

Interaction of selected compounds with active site residues
on FOXM1

The interactions of selected candidates including Panto-
prazole, Rabeprazole, Famotidine, and natural compound
Silibinin with the active site residues of FOXM1-DBD were
analyzed and compared with the positive control FDI-6.
FDI-6 interacted with His287, Asn283, Arg286, and Trp308
through hydrophobic interactions and conventional hydrogen
bonds, as shown in (Fig. 2a). Pantoprazole interacted with
Trp308, Ser290, Arg286, and His287, while Rabeprazole
interacted with Asn288, His287, Asn283, and Arg286. Pan-
toprazole formed four hydrogen bonds, as shown in (Fig. 2¢),
and Rabeprazole exhibited various interactions as depicted
in (Fig. 2d). Famotidine interacted with Ser284, Giy280,
and His287, forming two conventional hydrogen bonds and
a pi-sulfur bond, as shown in (Fig. 2e). Silibinin showed
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Table 1 Docking scores and fit values of the selected 11 drugs targeting the FOXM1-DBD

No Drugs (ID) Database Fit value Method (discovery studio) Docking
score (kcal/
mol)

1 Lifitegrast (S3714) Selleckchem 1.44037 Ligand pharmacophore mapping -63

2 Silibinin ($2357) Selleckchem 3.39885 Ligand pharmacophore mapping —6.1

3 Pantoprazole (S2105) Selleckchem 3.87575 Screen library/best results -59

4 Sulfasalazine (S1576) Selleckchem 3.57656 Screen library/best results -59

5 Ilaprazole (S3666) Selleckchem 3.67673 Screen library/best results -5.6

6 Rabeprazole (S4845) Selleckchem 3.75232 Screen library/best results - 55

7 Cardarine-GW501516 (DB05416) DrugBank 3.31021 Screen library/best results -55

8 GW0742 (S8020) Selleckchem 3.58484 Ligand Pharmacophore mapping -55

9 Phthalylsulfathiazole (S5700) Selleckchem 3.78803 Screen library/best results -53

10 Sulfadimethoxine (DB06150) DrugBank 3.88599 Screen library/best results -5.0

11 Famotidine (DB00927) DrugBank 3.37979 Screen library/best results —45

12 FDI-6 (reference inhibitor) - - - — 5.6

The selected drugs for in vitro studies were highlighted in bold

Fig.2 The key interactions of the drugs with FOXM1-DBD; the 2D
structural representation of FOXM1-DBD residues and 3D represen-
tation showing the docked hits interacting with the binding site resi-

the interactions with Arg286, Ser290, Trp308, Leu291,
Arg297, and Leu259 forming four conventional hydrogen
bonds (Fig. 2b). These findings highlight the specific resi-
dues involved in the binding interactions of the inhibitors
with FOXM1-DBD providing insights into the molecular
interactions and potential mechanisms of inhibition.
Analysis of the interactions between the selected inhibi-
tors and the active site residues of FOXM1-DBD revealed
that the standard inhibitor FDI-6 interacts with the critical
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55,

dues of FOXM1-DBD. a FDI-6, b Silibinin, ¢ Pantoprazole, d Rabe-
prazole, and e Famotidine

amino acids His287, Asn283, and Arg286 through two
conventional hydrogen bonds. Rabeprazole also displayed
the same interaction pattern, forming three conventional
hydrogen bonds with these important amino acids. This
indicates that Rabeprazole exhibits a stronger interaction
with the target compared to the positive control FDI-6.
These findings from our in silico studies suggest that
Rabeprazole is a more potent inhibitor of FOXM1-DBD
than FDI-6.
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Acceptor

Fig.3 The comparative docking poses of Pantoprazole (blue), Silib-
inin (red), Famotidine (yellow), and Rabeprazole (orange) with FDI-6
(green) within the active site of FOXM1-DBD. a The docking poses
of all selected drugs alongside FDI-6 in FOXM1-DBD and individual

Pantoprazole exhibited notable interactions with two crit-
ical amino acids His287 and Arg286 forming three conven-
tional hydrogen bonds. Notably, it showed superior binding
compared to FDI-6 and like rabeprazole, it did not interact
with Asn283. This finding highlights the FOXM1-DBD
inhibitory potential of Pantoprazole. On the other hand,
Silibinin formed two conventional hydrogen bonds both
with Arg286, while Famotidine displayed weaker binding
by engaging in only one hydrophobic interaction with the
amino acid His287. The analysis of the interactions between
the selected drugs and FDI-6 showed that Pantoprazole and
Rabeprazole interact more strongly with critical amino acids
in FOXM1 compared to FDI-6. These findings provide valu-
able insights into the structural basis of inhibitor—rFOXM1—
DBD interactions and suggest Rabeprazole and Pantoprazole
as promising candidates for testing in in vitro studies for the
inhibition of FOXM1-DBD. Next, we aimed to elucidate the
potential binding modes of the selected hits with FOXM1-
DBD and to compare their binding modes with that of the
standard inhibitor FDI-6 (Fig. 3a).

Silibinin which exhibited interactions with a single
critical amino acid for target inhibition demonstrated a
binding mode relatively similar to that of FDI-6 (Fig. 3c).
Rabeprazole, interacting with all essential amino acids
for target inhibition, demonstrated coordination modes
comparable to those observed with FDI-6 (Fig. 3d). How-
ever, Famotidine displayed a significantly different bind-
ing mode compared to FDI-6, suggesting a completely

comparisons, depicting the docking poses of Famotidine (b), Silibinin
(c), Rabeprazole (d), and Pantoprazole (e), with FDI-6 in the active
site of FOXM1-DBD (Color figure online)

different binding mode (Fig. 3b). Pantoprazole, interacting
with two critical amino acids, shared coordination modes
like those observed in FDI-6 (Fig. 3e).

The common coordination modes between Rabeprazole
and Pantoprazole with regard to FDI-6 suggest their poten-
tial as novel FOXMI1 inhibitors. Moreover, a relatively
close association binding mode exhibited by Silibinin in
comparison with FDI-6, underscores its distinct binding
characteristics. In contrast, the unique binding model
displayed by Famotidine, differing from that of FDI-6,
emphasizes its divergent binding properties. These find-
ings elucidate the binding dynamics between the selected
drugs and FOXMI1, offering valuable insights into the
development of novel inhibitors targeting this critical
protein.

Based on the studies in the literature, FDI-6 is a potent
inhibitor of FOXM1 and acts by disrupting the interaction
of FOXM1 with target gene promoters, leading to decreased
transcriptional activity [31] By binding to the DNA-binding
domain DBD in which it targets critical amino acids such
as, His287, Asn283, and Arg286, has been shown be effec-
tive in preclinical studies [17, 24, 31]. In vitro preclinical
TNBC models, FDI-6 has demonstrated significant antitu-
mor effects, including inhibition of cell proliferation, induc-
tion of apoptosis, and suppression of migration and invasion
[17, 31]. FDI-6 also sensitizes TNBC cells to chemotherapy,
potentially overcoming treatment resistance [17, 31]. How-
ever, the safety profile of FDI-6 has not been documented.
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In arecent study conducted in 2022 by Zhang et al. [28],
the inhibitory potential of XST-20 on the FOXM1-DBD
was demonstrated in ovarian cancer cells. Notably, XST-
20 demonstrated promising binding interactions with key
amino acids, such as His287, Asn283, and Arg286 within
the FOXM1-DBD, indicating that this compound also holds
significant importance as a FOXM!1 inhibitor. However, pre-
clinical in vivo studies demonstrating its in efficacy in tumor
models in mice are needed to pave the way for potential
clinical applications targeting FOXMI1 in various cancers.

MD simulation studies

Throughout the MD simulations of the protein-hit com-
plexes, we conducted a comprehensive analysis of the pos-
sible interactions of Rabeprazole and Pantoprazole. The
top docking pose and the best conformation interactions
with FOXM1 were utilized. The average root-mean-square
deviation (RMSD) value was approximately 3.70 A for the
FOXM1-DBD-FDI-6 complex (Fig. Sla) Supplementary
Information), suggesting a moderate degree of structural
deviation from the initial conformation during the MD sim-
ulation. This indicates that while the complex undergoes
some structural fluctuations, it maintains a relatively stable
overall conformation throughout the simulation. The RMSF
plot provides additional insight into the dynamic behavior
of individual amino acid residues within the complex, illus-
trating their varying degrees of mobility over the course of
the simulation. Analyzing the RMSF (Fig. S1b) plot ena-
bles a detailed examination of regions within the protein

Protein-ligand contacts

Protein-ligand contacts

that experience significant structural flexibility or rigidity,
which can further advance our understanding of the func-
tional dynamics of the FOXM1-DBD-ligand (i.e., FDI-6)
complex. In the FOXM1/FDI-6 complex (Fig. 4a), signifi-
cant hydrogen bond interactions were observed between the
ligand and the amino acid residues of Asn283 and His287, as
well as Ser290 and Arg286, indicating that these hydrogen
bonds contribute to the stability and binding affinity of the
complex. Furthermore, hydrophobic interactions involving
Trp308 and positively charged atom interactions mediated
by the backbone interactions of Arg286. These hydrophobic
and electrostatic interactions play a crucial role in the overall
structure and function of the complex.

In the complex involving Pantoprazole (Fig. 4b), a net-
work of hydrogen bond interactions was identified among
the ligand and Asn283, Ser284, Arg286, and His287,
which play critical roles in establishing specific contacts
and fostering the stability of the complex. Additionally,
side chain interactions involving Ser313, Asn315, Asp328,
and Leu327 were observed, contributing to the overall
binding affinity of the complex. Furthermore, the hydro-
phobic interactions with Pro279, Leu327, and Tyr317
were noted, thereby augmenting the stability and inter-
actions within the complex. Polar molecular interactions
involving His287, Asn283, Ser284, Asn315, and Ser313
were found to bolster the overall structural integrity and
specificity of the complex. The average root-mean-square
deviation (RMSD) value of approximately 3.30 A for the
FOXM1-DBD-Pantoprazole complex (Fig. S1c) indicates
a moderate degree of structural deviation from the initial
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conformation during the molecular dynamics’ simula-
tion, suggesting a relatively stable overall conformation.
The root-mean-square fluctuation (RMSF) (Fig. S1d) plot
provided additional insights into the dynamic behavior of
individual amino acid residues within the complex, elu-
cidating their varying degrees of mobility throughout the
simulation. Analyzing the RMSF plot facilitates a compre-
hensive examination of regions within the protein expe-
riencing notable structural flexibility or rigidity, thereby
enhancing our understanding of the functional dynamics
of the FOXM1-DBD-Pantoprazole complex.

In the complex with Rabeprazole and FOXM1 (Fig. 4c¢),
we identified hydrogen bond interactions between Ala277,
Phe324, Tyr239, and Asn283. These hydrogen bonds play
a significant role in the formation and stabilization of
the complex. Moreover, side chain interactions involv-
ing Asp321, GIn322, Ile276, Val323, and His275 were
observed, contributing to the overall binding affinity and
specificity of the complex. The hydrophobic interactions
with Ala277, Phe324, Tyr239, Val323, and 11e276 were
also detected, further strengthening the stability and inter-
actions within the complex. We also identified negatively
charged atom interactions, mediated by the backbone inter-
actions to Asp321 be involved in the complex formation.
Polar molecular interactions involving His287, Asn283,
GIn322, and His275 were identified, providing additional
stability and specificity to the complex. The average root-
mean-square deviation (RMSD) value was detected as
approximately 2.30 A for the FOXMI1-DBD-Rabepra-
zole complex (Fig. Sle) indicates a moderate degree of
structural deviation from the initial conformation dur-
ing the MD simulation, suggesting a relatively stable
overall conformation. The root-mean-square fluctuation
(RMSF) (Fig. S1f) plot provided additional insights into
the dynamic behavior of individual amino acid residues
within the complex, elucidating their varying degrees of
mobility throughout the simulation. Analyzing the RMSF
plot facilitates a comprehensive examination of regions
within the protein experiencing notable structural flex-
ibility or rigidity, thereby enhancing our understanding of
the functional dynamics of the FOXM1-DBD-Rabeprazole
complex.

These detailed findings shed light on the molecular inter-
actions within the protein-ligand complexes, uncovering
key features that contribute to their potential as inhibitors
of FOXM1-DBD. Understanding these interactions is crucial
for rational drug design and optimization. The information
obtained from the MD simulations can guide future stud-
ies aiming to develop novel and potent inhibitors targeting
FOXM1-DBD for cancer treatment. Further investigations,
including experimental validation and structure—activity
relationship studies, are warranted to fully explore the thera-
peutic potential of these compounds.

In vitro activity

Selected drugs reduced cell proliferation and viability
of breast cancer cells

To evaluate the effects of selected drugs on breast cancer cell
line proliferation and viability, we investigated their impact
on (TNBC) BT-20, and estrogen receptor-positive (ER +)
MCEF-7 cell lines using the MTT cell viability assay. Cells
were exposed to varying concentrations of Pantoprazole,
Famotidine, Rabeprazole, and Silibinin for 96 h and their
viability was evaluated through MTT assays.

Our findings demonstrated that Rabeprazole significantly
affected the viability of BT-20 and MCF-7 cells at concen-
trations ranging between 5 pM and 20 uM (Fig. 5a, b). Pan-
toprazole exhibited significantly affected cell proliferation
and viability at 30 uM and 70 uM in BT-20 and MCF-7 cell
lines, respectively (Fig. 5c, d). However, Famotidine and
Silibinin did not induce cytotoxic effects within the tested
concentration range (5—100 uM). Consequently, Silibinin
and Famotidine were excluded from western blot analysis
due to their limited effects on cancer cells at high concentra-
tions compared to Rabeprazole and Pantoprazole.

Rabeprazole and pantoprazole inhibit FOXM1 in breast
cancer cells

The inhibitor activity of the two drugs against FOXM1
was determined in BT-20 and MCF-7 cell lines. For this
purpose, we evaluated FOXM1 levels after treatments with
Rabeprazole and Pantoprazole in the cell lines at various
concentrations. Both drugs exhibited strong FOXM!1 inhibi-
tion at effective concentrations that showed inhibition of cell
proliferation. Rabeprazole showed the inhibitor activity at
10 uM in BT-20 and MCF-7 cell lines (Fig. 6a, b). Panto-
prazole exhibited FOXM!1 inhibition at 30 pM and 70 uM
in BT-20 and MCF-7 cells, respectively (Fig. 6a, b). These
results indicate that Rabeprazole is the most potent inhibi-
tor against FOXM1 in both cancer cell lines. Previously,
we have shown that TNBC cells (MDA-MB-231, BT-20)
have higher FOXM1 expression than other breast cancer
cell lines, including the MCF-7 cells [43]. Therefore, TNBC
cells, BT-20 are expected to be more responsive to Panto-
prazole compared to MCF-7 cells response to Pantoprazole.
We have previously reported that FOXMI transcriptionally
drives expression of elongation factor 2 kinase (eEF2K),
which promotes cell proliferation and growth TNBC tumor
xenografts in mice [42]. FOXM1 inhibition leads to down-
regulation of eEF2K and suppresses cell proliferation and
tumor growth in TNBC models [42, 45]. Therefore, we
investigated the inhibitor effect of two drugs on eEF2K
expression that is the downstream mediator of FOXM1
[43]. The results showed that the treatment of cells with both
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Fig.5 Rabeprazole and pan- a g0 BY-20
toprazole inhibit breast cancer 9h
cell proliferation. The effects
of Rabeprazole and Pantopra-
zole were evaluated by MTT
cell viability assay after 96 h
of treatment of BT-20 and
MCEF-7 breast cancer cells.
Rabeprazole and Pantoprazole
reduced the cell viability on
BT-20 (a, ¢) and MCF-7 (b, >
d) cells. Data were presented
as means +S.D. *p<0.05,
**p<0.01, ***p <0.001, and
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drugs reduced levels of eEF2K and its direct downstream
target p-EF2 (Thr56) in (TNBC) BT-20 and (ER +) MCF-7
cell lines.

To confirm whether Rabeprazole and Pantoprazole sup-
press FOXM1 and its downstream target eEF2K expres-
sions, we also genetically silenced FOXM1 gene using a
specific siRNA targeting FOXM1 mRNA in two different
breast cancer cells and evaluated expressions of FOXM1
and eEF2K by Western blot analysis. As expected, knock-
down of FOXM1 by siRNA decreased the FOXM1 and its
downstream targets eEF2K expression as well as phospho-
rylation of EF2 (p-EF2) at Thr56 in MCF-7 and BT-20 cells
compared to control treatments. These studies suggested
that genetic and pharmacological inhibition of FOXM1 by
siRNA, Rabeprazole, and Pantoprazole, respectively, sup-
press expression of FOXM1 in both BT-20 and MCEF-7 cells
(Fig. 6a, b). In this analysis, f-actin was used as a loading
control. Overall, these results indicate that the Rabeprazole
and Pantoprazole treatments inhibit FOXM1 in breast cancer
cells and these drugs may be used as promising FOXM1
anticancer agents for targeting FOXMI1 in solid tumors.

Pantoprazole and Rabeprazole are the FDA-approved
anti-acid proton pump inhibitors (PPIs) primarily used for
the treatment of acid-related gastrointestinal disorders and
ulcers to reduce acid secretion from the stomach. While their
main indication is not cancer treatment, there is increasing
interest in exploring their potential roles in cancer manage-
ment [46-48].

Pantoprazole has been shown to exert antiprolifera-
tive effects in gastric cancer, leukemic cancer, colorectal
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cancer, and pancreatic cancer [46—48], inhibit tumor
growth, induce apoptosis, and enhance the effectiveness of
chemotherapy drugs [46]. Pantoprazole has been shown to
inhibit proteasomal degradation [49]. Similarly, Rabepra-
zole has been shown to demonstrate anticancer properties
in gastric cancer, colorectal cancer, and esophageal cancer
[50]. Rabeprazole inhibits tumor growth and the expres-
sion of cancer-promoting genes and sensitize cancer cells
to chemotherapy [50]. However, the mechanism of action
of the antiproliferative effects of these drugs was not fully
understood.

We have previously demonstrated that FOXM1 is over-
expressed in TNBC cells and higher expression of FOXM1
is associated with shorter survival and worse prognosis of
patients [6, 8, 42, 43]. Furthermore, we showed for the first
time that FOXM1 gene using siRNA suppressed TNBC
tumor growth in mice and validated it as a molecular tar-
get for TNBC [6, 8, 42, 43]. Our current study provides
the first evidence that Pantoprazole and Rabeprazole can
bind to FOXM1 and inhibit its activity and downstream
signaling including eEF2K and pEF2 in breast cancer cells.
As expected, inhibition of FOXM1 with Pantoprazole and
Rabeprazole leads to significant reduced of cell proliferation
and survival in two different breast cancer cells.

Overall, our studies also shed light on the anticancer
effects of two anti-acid drugs Pantoprazole and Rabeprazole.
While further research is needed to fully elucidate the poten-
tial of Pantoprazole and Rabeprazole in cancer treatment,
these findings highlight the potential for repurposing these
commonly used PPIs for oncological purposes [46, 49].
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Fig.6 Rabeprazole and pantoprazole inhibit FOXMI in breast cancer
cells. The cells were treated with siRNA FOXM1#1 or FOXM1#2 or
control siRNAs (50 nM, 72 h); the cells were treated with Rabepra-
zole and Pantoprazole or DMSO control vehicle. Rabeprazole and
Pantoprazole inhibit FOXM1 expression in TNBC BT-20 (a) and
MCE-7 (b) cells. Protein extracts were isolated 72 h after treatments
and P-Actin was used as a loading control. RAB rabeprazole, PAN
pantoprazole

Fig.7 An overview for future
perspectives

FDI-6
Docking score: -5.6 kcal/mol

Structure-activity relationship (SAR)

According to our combined in silico and in vitro results,
we analyzed the chemical structures of reference molecule
FDI-6 and approved drugs. A schematic overview of this
study is shown in (Fig. 7). Although reference molecule has
thieno[2,3-b] pyridine scaffold, the studied drugs contribute
to FOXM1 activity with a benzimidazole ring. Furthermore,
the sulfinyl group of the approved drugs could take the place
of amide substitution in FDI-6. Rabeprazole decreased the
FOXM1 activity levels in Western blot analysis due to the
pyridine ring bearing long ethylene groups (-CH,-). A dif-
luoromethoxy group at 5-position on benzimidazole scaffold
of Pantoprazole may contribute to the activity more than a
trifluoromethane substituent at 4-position on FDI-6 refer-
ence molecule. In addition, pyridine ring including various
substituents can be used in the further design of new ana-
logues of FDI-6 in place of substituted phenyl ring bearing
an electron-withdrawing fluorine atom. As a result, we dem-
onstrate that the benzimidazole scaffold and O-substituted
pyridine ring can be used in place of the thieno[2,3-b] pyri-
dine scaffold of FDI-6.

Conclusion

Our study utilizing pharmacophore-based virtual screening
and molecular docking analysis identified for the first time
that two FDA-approved anti-acid drugs, Pantoprazole and
Rabeprazole, as potential FOXM1 inhibitors and that these
drugs may be used in cancer therapy for targeting FOXM1-
driven cancers, including breast cancer. These compounds
demonstrated interaction with key amino acids involved in
FOXM1-DBD inhibition, highlighting their mechanism
of action as inhibitors. Further analysis demonstrated that
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Pantoprazole and Rabeprazole interact with active site resi-
dues of FOXM1-DBD with distinct binding patterns.

Consequently, Rabeprazole and Pantoprazole are poten-
tial novel inhibitors of FOXM1 and may be used as FOXM1-
targeted cancer therapy in treatment of breast cancer and
other FOXM-driven cancers. These results contribute to the
understanding of FOXM1-mediated cellular processes and
may aid in the development of novel treatments for breast
cancer and other diseases involving dysregulated FOXM1
activity.

Furthermore, further in vitro and in vivo analyses are
needed before these drugs can be used in clinical transla-
tion. These scaffolds may contribute to design of new and
effective molecules for future perspectives.
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