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ABSTRACT: Aberrant regulation of β-catenin signaling is strongly linked with cancer proliferation, invasion, migration, and
metastasis, thus, small molecules that can inhibit this pathway might have great clinical significance. Our molecular modeling studies
suggest that ormeloxifene (ORM), a triphenylethylene molecule that docks with β-catenin, and its brominated analogue (Br-ORM)
bind more effectively with relatively less energy (−7.6 kcal/mol) to the active site of β-catenin as compared to parent ORM. Herein,
we report the synthesis and characterization of a Br-ORM by NMR and FTIR, as well as its anticancer activity in cervical cancer
models. Br-ORM treatment effectively inhibited tumorigenic features (cell proliferation and colony-forming ability, etc.) and induced
apoptotic death, as evident by pronounced PARP cleavage. Furthermore, Br-ORM treatment caused cell cycle arrest at the G1-S
phase. Mechanistic investigation revealed that Br-ORM targets the key proteins involved in promoting epithelial−mesenchymal
transition (EMT), as demonstrated by upregulation of E-cadherin and repression of N-cadherin, Vimentin, Snail, MMP-2, and
MMP-9 expression. Br-ORM also represses the expression and nuclear subcellular localization of β-catenin. Consequently, Br-ORM
treatment effectively inhibited tumor growth in an orthotopic cervical cancer xenograft mouse model along with EMT associated
changes as compared to vehicle control-treated mice. Altogether, experimental findings suggest that Br-ORM is a novel, promising β-
catenin inhibitor and therefore can be harnessed as a potent anticancer small molecule for cervical cancer treatment.

1. INTRODUCTION
Cervical cancer starts in the cervix and is the fourth most
prevalent cancer among women, with approximately 604,127
new cases and 341,831 reported deaths worldwide.1−4

Prolonged infection with human papillomavirus (HPV) is
closely associated with the advancement of this disease.5,6

Approximately 99.97% of cervical cancer cases are associated
with HPV infection.7−9 The oncogenic HPV protein that is
produced by high-risk human papillomavirus (HR-HPV) has
been linked to cervical cancer. Continuous annual reduction of
∼2% in death levels is attributed to effective interventions such
as HPV vaccinations and Pap screening.10 The HPV is a
common sexually transmitted disease that affects almost all
women at least once in their life time. However, only fewer
women get cancer due to HPV.8,11 The female immune system

can frequently eliminate HPV infection without assistance.
However, if the infection is left untreated, it may lead to the
development of cancer.12,13 Although HPV infection is the
main cause of cervical cancer, other factors, such as genetic and
epigenetic changes that work together, are also involved in
cervical cancer progression. Recent research indicates that
HPV oncoproteins may modulate key cancer-associated
pathways such as Wnt/β-catenin signaling.14,15 Aberrant
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activation of the Wnt/β-catenin signaling pathway has been
involved in chemotherapy resistance.16−21

Additionally, a recent study showed that Wnt/β-catenin
signaling also contributed to HPV-negative or low E6/E7-
expressed cervical cancer progression.22 Studies also suggest
that the apoptosis induction, cell motility invasion angio-
genesis, and tumor growth suppression can be achieved in
cervical cancer through the repression of Wnt signaling.23,24

These studies demonstrate that Wnt/β-catenin signaling plays
a significant role in the development of cervical cancer,
independent of HPV.20,25 Accumulating evidence also suggests
that the epithelial−mesenchymal transition (EMT) process,
characterized by loss of E-cadherin and overexpression of N-
cadherin, is responsible for the aggressive and metastatic
characteristics of cervical cancer.26,27 Additionally, β-catenin
expression/subcellular localization also plays a significant role
in the EMT process in a variety of malignancies, including
cervical cancer.28 Notably, studies have shown that higher
tumor grades and tumor burden are associated with higher
nuclear β-catenin expression as compared to adjacent normal
tissues.27,29−32 Stabilization of the transcriptional coactivator
β-catenin modulates the expression of a number of genes
involved in survival, metastasis, and EMT.33 This evidence
suggests that β-catenin could be a molecular target of
significant importance. Targeting it effectively could potentially
result in successful cancer treatment, including cervical cancer.
Consequently, there is a dire need to develop nontoxic
pharmacological inhibitors for targeting this important signal-
ing pathway and treatment of Wnt/β-catenin-driven cancers
alone or in combination with conventional chemotherapy.
Ormeloxifene (ORM) is a synthetic and nontoxic com-

pound with well-defined pharmacokinetics and pharmacody-
namics in humans. In addition to its widespread usage as an

oral contraceptive, a number of studies have demonstrated its
potential anticancer activities.34−38 ORM is known as a
selective estrogen receptor modulator (SERM) and it works
by blocking estrogen receptors in the cervix, uterus, and
breast.39,40 Research conducted in the past by our and other
groups have demonstrated that ORM has excellent anticancer
activity on several cancers, including ovarian, prostate,
pancreas, breast, and head and neck cancers.30,35,40−44

ORM’s remarkable therapeutic index and lack of systemic
toxicity upon prolonged administration serve as important
criteria for its selection for cancer therapy.39 The potential
anticancer activity of ORM laid the foundation for the design
and synthesis of novel analogues of ORM, i.e., bromo-
ormeloxifene (Br-ORM), that could potentially be useful for
the effective targeted suppression of Wnt/β-catenin signaling.
Our study determined Br-ORM as a potential inhibitor of
Wnt/β-catenin, EMT-associated signaling pathways, and
cervical cancer growth.

2. MATERIALS AND METHODS
2.1. Chemistry. All of the chemicals and reagents used in

this study were obtained from Sigma-Aldrich and Fisher
Scientific. Halogenated ORM analogue, Br-ORM, was
synthesized through a multistep organic synthetic approach,
as depicted in Figure 1. Detailed chemical synthesis of Br-
ORM is described in the Supporting Information Figure S1).
Standard spectroscopic, analytical, and chromatographic
techniques were employed to confirm the formation of Br-
ORM. The melting points were determined using the Mel-
Temp apparatus. Br-ORM is crystalline and stable and its
chemical characterization was confirmed through NMR and
HR-MS (Figure S2).

Figure 1. Schematic representation of the multistep chemical synthesis of Br-ORM.
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2.2. Cell Lines and Growth Condition. Cervical cancer
(CaSki and SiHa) cells were procured from American Type
Cell Culture (Manassas, VA) and cultured in RPMI-1640 and
DMEM media (HyClone Laboratories, Inc., Logan, UT)
supplemented with 10% heat-inactive FBS (Atlanta Biologicals,
Norcross, GA), 1% penicillin, and streptomycin (Gibco BRL,
Grand Island, NY). Cells were maintained in a humidified
atmosphere containing 5% CO2 at 37 °C.

2.3. Chemicals and Antibodies. We acquired β-actin
(cat. no. 3700), Histone H3 (cat. no. 4499), N-cadherin (cat.
no. 4061), Slug (cat. no. 9585), Snail (cat. no. 3879), Vimentin
(cat. no. 5741), PARP (cat. no. 9532), MMP2 (cat. no. 4022),
and MMP9 (cat. no. 13667) from Cell Signaling Technology
Inc. β-catenin (cat. no. SC-7199) and E-cadherin (cat. no. SC-
7870) antibodies were procured from Santa Cruz Biotechnol-
ogy. Anti-mouse (cat. no. 4201) and anti-rabbit (cat. no. 4011)
antibodies coupled with horseradish peroxidase (HRP) were
obtained from Promega (Madison, WI, USA).

2.4. Cell Proliferation Assay. The effect of Br-ORM on
cell viability was determined by the MTS assay. Briefly, a 96-
well plate was seeded with 5000 cells per well, and the cells
were allowed to grow in a 37 °C, 5% CO2 incubator overnight.
The next day, the cells were exposed to Br-ORM at 1, 5, 10,
and 20 μM concentrations. After 48 h, 20 μL of MTS reagent
was added to each well, followed by 2 h of incubation in a CO2
incubator, and the absorbance at 490 nm was measured
(SpectraMax M2 spectrophotometer, Molecular Devices,
Sunnyvale, CA, USA).

2.5. Colony Formation Assay. A colony formation assay
was performed to examine the effect of Br-ORM on the
clonogenic potential of cervical cancer cells. Briefly, a 6-well
plate was seeded with 500 cells per well and allowed to
incubate for 3 days. The cells were exposed to Br-ORM (0, 2.5,
5, and 7.5 μM) for 7 days, followed by normal growth media.
The cells in the control group were treated with DMSO. The
colonies were methanol-fixed, hematoxylin-stained, and
counted using UVP 810 software.

2.6. Apoptosis Analysis. Annexin V-FLUOS Staining Kit
(Roche Diagnostic Corp, Indianapolis, IN) was used to
examine the apoptosis-inducing effect of Br-ORM on cervical
cancer cells. Cells were grown to 60% confluence and then
treated with Br-ORM for 24 h. Following the treatment, cells
were incubated in an Annexin-V solution for 20 min. Images
were captured using a fluorescent microscope.

2.7. Flow Cytometry. Flow cytometry was carried out to
investigate the effect of Br-ORM on the cell cycle progression.
Cervical cancer cells (80% confluent) were treated with Br-
ORM (10 and 20 μM) for 24 h, and cell cycle analysis was
performed as described earlier.45

2.8. Migration and Invasion Assay. Cell motility was
performed in vitro scratch wound assay and in a 96-well format
HTS transwell plate from Corning using the same procedure as
previously reported.45 Migration assay was carried out by
agarose bead assay as described earlier.46 A cell invasion assay
was conducted using a cell invasion kit (BD Biosciences, San
Jose, CA).32

2.9. Immunoblotting and Immunofluorescence
Assay. The effect of Br-ORM on protein expression in
cervical cancer cells was determined by immunoblotting
techniques by using specific antibodies.30 β-catenin localization
was determined in nuclear and cytoplasmic lysates as reported
previously.30 Immunofluorescence was performed as described
earlier.33

2.10. TCF Luciferase Assay. CaSki cells (1.5 × 105 cells/
well) were plated in triplicate in 12-well plates. TCF-firefly
luciferase reporter constructs pTOP-FLASH, pFOP-FLASH,
and Renilla luciferase were transiently cotransfected into cells.
The β-catenin/TCF transcription activity was determined as
described previously.30

2.11. Molecular Docking. Protein Data Bank (www.rcsb.
org) was used to get the atomic coordinates for the crystal
structure of β-catenin (PDB ID: 1JDH), whereas PubChem
was used to recover the 2D and 3D structures for Br-ORM.
Following our established method, further computations and
file preparations were performed.47 Docking was performed
using the AutoDock 4 package.48 Docked complexes were
verified and explored using Discover Studio 4.0.49 The
molecular docking interactions were visualized by using
PyMOL.

2.12. RNA Isolation and PCR. mRNA in Br-ORM-treated
cervical cancer cells was extracted using a Qiagen kit and
analyzed with a NanoDrop 2000. E-cadherin and N-cadherin
levels were analyzed by using real-time PCR.

2.13. Xenograft Study. Female athymic nude mice
(Jackson Laboratory, Bar Harbor, ME, USA), aged 6−8
weeks, were used in an orthotopic mouse model of cervical
cancer to test the anticancer efficacy of Br-ORM. All
operations performed on mice were approved by the
UTHSC Institutional Animal Care and Use Committee
(IACUC), and mice were kept in a pathogen-free environment.
We injected a combination of 100 μL of matrigel (BD
Biosciences) and 2.5 × 106 CaSki cells into their cervix. Mice
received an intraperitoneal injection of Br-ORM (250 μg/
mouse) or a vehicle control (1× PBS) three times weekly. To
track the growth of the tumor over time, we used the ellipsoid
volume formula: tumor volume (mm3) = 0.5 × L × W × H,
where L, W, and H are the tumor’s length, width, and height,
respectively. As the tumor volume of control mice reached
1000 mm3, the animals were euthanized, and their tumors were
removed and utilized for tissue sectioning for histopathological
analysis.

2.14. Immunohistochemistry. Immunohistochemistry
using Biocare kits (Biocare Medical, Concord, CA, USA)
was used to assess the effect of Br-ORM on E-cadherin, β-
catenin, Vimentin, Snail, Slug, and PCNA proteins in excised
tumors as described previously.30

2.15. Statistical Analysis. The data were analyzed by a
two-tailed Student t-test and employed to assess the statistical
significance between the control and Br-ORM-treated groups.

3. RESULTS
3.1. Synthesis of Analogue Br-ORM. Novel analogue of

ORM, Br-ORM was synthesized using the method of Ji et al.
(1998) with slight modification.50 Commercially available 2, 4-
hydroxybenzaldehyde and various derivatives of phenylacetic
acid undergo nucleophilic addition−elimination in the
presence of triethylamine and acetic anhydride to give
compound (1). Hydrolysis of (1) with triethylamine using
methanol as a solvent gave compound (2), followed by
alkylation using methyl iodide in the presence of K2CO3 and
acetone to produce (3). The Grignard reaction of (3) with
methyl-magnesium bromide in the presence of THF produced
(4), followed by intramolecular dehydration with TFA and
NaHCO3 to give (5).

51 Hydroarylation of phenol with (5) in
benzene and cyclohexane afforded a 1:1 (w/w) racemic
mixture of D- and L-enantiomers (6). The presence of halogens
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para to the aromatic ring at C-3 changed the confirmation of
ORM analogues. Condensation of (6) with 1-(2-chloroethyl)-
pyrrolidine. HCl (responsible for antagonistic activity) in the
presence of NaH and DMF finally gave the title compound Br-
ORM in approximately 70% yield. The multistep total
chemical synthesis of Br-ORM is depicted in Figure 1.

3.2. Br-ORM Inhibits the Growth of Cervical Cancer
Cells. To assess the antiproliferative effect of Br-ORM in
cervical cancer (CaSki and SiHa) cells, an MTS assay was
performed. As shown in Figure 2A, Br-ORM treatment
suppressed the cell viability in a dose-dependent manner.
The results demonstrated an IC50 of 15−20 μM in CaSki and
SiHa cells, which indicates the enhanced efficacy of syntheti-
cally modified ORM due to the attachment of a bromo
functional group. Previous published studies from our group
have reported the IC50 of ORM more than 20 μM in cervical
cancer cells,52,53 which further highlights the significance of an
additional functional group as bromo to ORM. Using a phase
contrast microscope, the morphology of Br-ORM-treated
CasKi and SiHa cells was compared with the control group.
Results indicated a disrupted morphology of cells treated

with Br-ORM in contrast with controls, which represented
normal morphology (Figure 2B). Next, we examined the long-
term effect of Br-ORM on the clonogenic potential of cervical
cancer cells. As shown in Figure 2C,D, Br-ORM treatment
significantly (p < 0.01) decreased the number of colonies in
both cells. These results indicate that treatment with Br-ORM
reduces the proliferation and clonogenicity of cervical cancer
cells.

3.3. Br-ORM Induces Apoptosis in Cervical Cancer
Cells and Arrest Cells in G1/S Phase. Next, we investigated
whether Br-ORM induces apoptosis in cervical cancer cells.
The apoptosis-inducing effect of Br-ORM was determined by
Annexin V staining and Western blot analysis for PARP
cleavage in cells treated with 20 μM Br-ORM for 24 h. As
shown in Figure 2E, Br-ORM treatment led to the induction of
apoptosis in cells, as determined by Annexin V staining.
Furthermore, following Br-ORM treatment, there was
increased PARP protein cleavage in both cells (Figure 2F).
The arrest of the cell cycle is an attractive therapeutic target for
the treatment of a wide range of cancers; hence, medicines and
small molecules that are able to halt the progression of the cell
cycle are highly desirable.54 In order to assess the effect on the
cell cycle activity, cervical cancer cells were treated with Br-
ORM at concentrations of 10 and 20 μM and evaluated by
flow cytometry. Br-ORM treatment arrested the cell cycle
transition at the G1/S phase in a dose-dependent manner
compared to vehicle control (Figure 2G,H). Taken together,
these findings suggest that Br-ORM can effectively induce
apoptosis and arrest cell cycle progression in cervical cancer
cells.

3.4. Br-ORM Inhibits Migratory and Invasive Potential
of Cervical Cancer Cells. The agarose beads, scratch wound
healing, and Boyden chamber assays were performed to
confirm whether Br-ORM therapy decreases the migratory
capability of cervical cancer cells. As revealed by the agarose
bead assay (Figure 3A), Br-ORM treatment suppressed the
migratory potential of cervical cancer cells as compared to the

Figure 2. Br-ORM decreases proliferation and colony formation of cervical cancer cells. (A) Effect of Br-ORM on cell viability of CaSki and SiHa
cells. Cell viability was assessed by the MTS assay. (B) Representative images of cells after Br-ORM treatment using a phase contrast microscope.
(C) Effect of Br-ORM on the clonogenic potential of CaSki and SiHa. (D) Bar graphs indicating quantification of colony formation with respect to
vehicle control. (E) Effect of Br-ORM on apoptosis-inducing ability in cervical cancer cells as analyzed by Annexin V staining. (F) Western blot
analysis of PARP cleavage following Br-ORM treatment in cervical cancer cells. (G) Effect of Br-ORM on the progression of the cell cycle in
cervical cancer cells as analyzed by flow cytometry. (H) Percentage of cells in each cell cycle phase. (*p < 0.05, **p < 0.01, and ***p < 0.001).
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control group. Reductions in wound healing and trans-
membrane cellular movement under chemotactic drive were
also observed in Br-ORM-treated cells compared to control
cells, as determined by scratch wound healing and the Boyden
chamber assay, respectively (Figure 3B,C). Next, we
investigated whether or not Br-ORM treatment also inhibits
cancer cell invasion. Interestingly, Br-ORM inhibited invasion
of cervical cancer cells (Figure 3D), as determined by a
commercially available cell invasion kit. These findings suggest
that Br-ORM inhibits the migration and invasive abilities of
cervical cancer cells.

3.5. Br-ORM Treatment Effectively Modulates the
Expression of EMT-Associated Proteins/Genes in Cer-
vical Cancer Cells. Cancer cells are characterized by EMT, a
process in which epithelial cells undergo morphologic and
molecular changes that ultimately result in a mesenchymal,
highly metastatic (invasive and motile), and drug-resistant
phenotype.55 Hence, targeting the EMT reduces cancer cell
metastasis and chemoresistance. Herein, we investigated the
effect of Br-ORM treatment on the EMT and associated
markers in cervical cancer cells. Br-ORM treatment down-
regulated N-cadherin, Vimentin, Snail, MMP-2, and MMP-9
expression in CaSki and SiHa, but it upregulated E-cadherin
expression as shown in Western blots (Figure 3E).
Furthermore, qPCR analysis revealed a similar trend of
decreased N-cadherin and increased E-cadherin following Br-
ORM treatment (Figure 3F). E-cadherin restoration was
further confirmed by immunofluorescence analysis (Figure

3G). These findings clearly showed that Br-ORM inhibits
EMT processes in cervical cancer cells.

3.6. Br-ORM Represses Nuclear Translocation of β-
Catenin. As Br-ORM modulated the expression of EMT-
associated proteins/genes, we next investigated its effect on β-
catenin nuclear trafficking, where it interacts with TCF-4 to
promote oncogenic and EMT-associated signaling pathways
involved in cancer and metastasis.56−59 Western blotting
analysis of cytoplasmic and nuclear lysates confirmed that
Br-ORM treatment (20 μM) prevented the nuclear trans-
location of β-catenin expression in CaSki and SiHa cells
(Figure 4A). Appropriate internal controls for cytoplasmic (β-
actin) and nuclear (Histone H3) lysates were used in this
analysis to ascertain the quality and purity of cytoplasmic and
nuclear lysates. Additionally, confocal microscopy analysis also
demonstrated that Br-ORM prevented nuclear localization of
β-catenin in cervical cancer cells compared to that in control
cells (Figure 4B). In addition, we determined if Br-ORM-
mediated reduced levels of nuclear β-catenin repress the
transcriptional activity of TCF-4 using the TCF-4 transcrip-
tional reporter assay, as described in our previous study.60 This
study also suggests a marked repression of TCF-4 activity in
Br-ORM-treated cervical cancer cells.
Molecular docking studies were performed to see the

different types of interactions that exist between amino acid
residues of selected target proteins and Br-ORM. The crystal
structure of β-catenin (PDB ID: 1JDH) was downloaded from
Protein Data Bank (www.rcsb.org), while the 2D and 3D

Figure 3. Br-ORM decreases migration and invasion potential and attenuates EMT in cervical cancer cells. (A) Effect of Br-ORM on agarose bead
assay. AB represents agarose bead, while MC represents migratory cells. (B) Representative images from a scratch wound healing assay
demonstrating cervical cancer cell migration following the Br-ORM. (C) Effect of Br-ORM on the migratory potential of SiHa cells using the
Boyden chamber assay. (D) Effect of Br-ORM treatment on invasion of SiHa cells as determined by a commercially available kit. (E) Western blot
analysis of various EMT and associated effector protein following Br-ORM treatment in cervical cancer cells. (F) Effect of Br-ORM on mRNA
levels of E-cadherin and N-cadherin as determined by qPCR (*p < 0.05). (G) Effect of Br-ORM on E-cadherin (green) in cervical cancer cells.
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structures of Br-ORM were obtained from PubChem (https://
pubchem.ncbi.nlm.nih.gov/compound/5281318#section=2D-
Structure/3D-Conformer). Additional computations and file
preparations were performed according to our previously
described protocol.45−47 After preparing the coordinate files of
the selected targets and ligand (Br-ORM), they were subjected
to docking using the AutoDock 4 package.48 Docking results
clearly signifies that Br-ORM binds into the binding site region
of some known inhibitors of β-catenin [Figure 4C(i,ii)]. The
complex formed between the ligand and protein is stabilized by
different noncovalent interactions. The binding energy (ΔG)
of Br-ORM with β-catenin is 7.6 kcal mol−1. It is inference
from Figure 4C,D that Br-ORM binds significantly with β-
catenin. Docking research with LigPlot reveals several van der
Waals contacts between β-catenin and the ligand Br-ORM. In
the binding region, the following residues of β-catenin LYS345,
SER348, VAL349, CYS350, TRP383, ARG386, and ASN387
show van der Waals interactions with ligand. Along with that,
TYR306, GLN309, and LYS312 form three hydrogen bonds
with Br-ORM (Figure 4D). These bonds provide stability to
the protein−ligand complex (Supporting Information, Figure
S3). Based on these findings, Br-ORM appears to be an
effective inhibitor of the β-catenin signaling pathway in cervical
cancer cells.

3.7. Br-ORM Inhibits Cervical Cancer Cell-Derived
Orthotopic Xenograft Tumors in Athymic Nude Mice.
Next, we developed an orthotopic xenograft mouse model
using CaSki cells to examine whether Br-ORM treatment

reduces cervical tumor growth in vivo. We treated mice with
Br-ORM (250 μg/mice, three times per week) intra-
peritoneally. Our results demonstrate that Br-ORM treatment
inhibited cervical tumor growth as compared to the vehicle-
treated group (Figure 5A). As shown in Figure 5B,C, Br-ORM
significantly decreased tumor volume and tumor weight as
compared to the control groups. In addition, immunohis-
tochemistry analysis of excised tumor tissues showed an
upregulation of E-cadherin expression and a downregulation of
β-catenin, Vimentin, Snail, Slug, and PCNA expression in Br-
ORM-treated animals compared to the control (Figure 5D).
All together, these results further confirm the antitumor
efficacy of Br-ORM and its inhibitory action on nuclear β-
catenin signaling and EMT processes.

4. DISCUSSION
Cervical cancer ranks as the fourth leading cause of cancer-
related death among women worldwide.1−3 Approximately
99.7% of cervical cancer instances involve HPV.6−9 Accumu-
lating studies suggest that cervical cancer is highly associated
with HR-HPV, which produces oncogenic types of HPV
protein.6 Recent studies suggest a close link between the
expression of E6/E7 HPV oncogenes and aberrant operation
of Wnt/nuclear β-catenin signaling.14,15 EMT plays a vital
supporting role in cancer invasion, migration, growth, and drug
resistance, which are all hallmarks of the metastatic phase of
cancer resistance.61−63 EMT is characterized by the disappear-
ance of epithelial cell polarity and cell−cell junction proteins

Figure 4. Effect of Br-ORM on β-catenin signaling pathway in cervical cancer cells. (A) Western blot analysis of cytosolic (i) and nuclear (ii)
localization of β-catenin in CaSki and SiHa cells. (B) Effect of Br-ORM on β-catenin localization in CaSki cells as determined by confocal
microscopy. White arrows indicate localization of β-catenin in control and Br-ORM-treated cells after 18 h. (C). Molecular docking of Br-ORM
with β-catenin. Cartoon representation of Br-ORM in-complexed with β-catenin (i). Three-dimensional view of different interacting residues of β-
catenin with Br-ORM. Br-ORM is shown in the stick model (pink color), and residues participating in polar contacts and other interactions are
shown in ball and stick (ii). (D) Table depicting Br-ORM score with β-catenin as well as the hydrogen bond formation of the binding site residues
of this target protein offers numerous van der Waals interactions with Br-ORM. (E) Effect of Br-ORM on TCF4 promoter activity followed Br-
ORM treatment. The values in the bar graph represent the mean ± SE of three well readings in each group. (*p < 0.05).
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like E-cadherin and β-catenin and the appearance of
mesenchymal biomarkers like N-cadherin and Vimentin.64

Extracellular signals and transcription factors such as SNAIL
members, zinc-finger E-box-binding (ZEB) families, SNAI2
(SLUG), and Twist-related protein 1 regulate EMT.65,66 These
transcription factors cause EMT reactions during tumor
metastases by binding the repressed epithelial genes at their
E-box sequences in the proximal promoter region.64,67,68

Studies have shown that abnormal expression of these
transcription factors is correlated with chemoresistance
development in cancers. Therefore, it is essential to obtain
knowledge of the mechanisms underlying EMT induction and

to discover new entities/approaches to target these alterations
to further improve drug sensitivity in cervical cancer
patients.69,70 We have recently revealed that ORM is a good
anticancer agent and has an excellent therapeutic index, along
with its safety for human use.39 The pyrrolidine moiety in
ORM is favorable and is responsible for its antagonistic
activity. The receptor-binding ability and estrogen-agonistic
activity of ORM are due to its benzopyran base.39

Herein, we synthesized a new ORM analogue, bromo-ORM,
and showed that it proficiently binds to the active site of β-
catenin (binding energy −7.6 kcal/mol). Functional assays
have demonstrated that Br-ORM has the potential to limit the
growth and proliferation of HPV-16 positive human cervical
cancer (CaSki and SiHa) cells. We have shown that Br-ORM
exerts its antiproliferative and pro-apoptotic effects. In
addition, Br-ORM treatment was able to halt the migration
and invasion of cervical cancer cells. Interestingly, Br-ORM
treatment blocks the progression of the cell cycle in the G1/S
phase and induces apoptosis. Furthermore, Br-ORM treatment
upregulates E-cadherin expression in cervical cancer while
downregulating β-catenin, Vimentin, Snail, N-cadherin, MMP-
2, and MMP-9 expression. These results provide compelling
evidence that Br-ORM suppresses EMT progression. Docking
analysis clearly suggests that Br-ORM binds into the binding
site cavity of some known inhibitors of beta-catenin, as
reported previously by other groups.71 Results from the in vitro
efficacy of Br-ORM on cervical cancer encouraged us to set up
an in vivo orthotopic xenograft mouse model for further study.
The tumor xenograft study showed that Br-ORM inhibited
cervical tumor growth in an orthotopic xenograft mouse

Figure 5. Br-ORM inhibits cervical tumor growth in an orthotopic xenograft mouse model. (A) Representative mouse images of control and Br-
ORM-treated tumor-bearing mouse. (B) Line graph indicates regression of CaSki cell-derived xenograft tumor volume in Br-ORM-treated mice
compared to the control group. (C) Bar graph representing tumor weight of control and Br-ORM-treated mice. (D) Effect of Br-ORM on the
expression of E-cadherin, β-catenin, Vimentin, Snail, Slug, and PCNA as determined by immunohistochemistry in excised tumors of control and Br-
ORM-treated mice.

Figure 6. Hypothetical schematic model for the mechanism of action
of Br-ORM in cervical cancer.
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model. We also observed a downregulation of β-catenin and
EMT-related markers in excised xenograft tumors. Overall, our
studies revealed a novel analogue of ORM (Br-ORM) that
represents effective molecular docking with β-catenin and
represses nuclear β-catenin-mediated EMT tumorigenesis and
the cancer progression mechanism. This ORM analogue has a
very high potential to develop it as a novel therapeutic
modality to treat Wnt/β-catenin-derived cancers (Figure 6).

5. CONCLUSIONS
In short, using cell lines and preclinical orthotopic mouse
models, we have shown prospective anticancer impacts of Br-
ORM against cervical cancer. Our findings indicate that Br-
ORM may represent a promising new therapeutic method for
the treatment of cervical cancer and highlight an important
therapeutic approach for future clinical trials.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.3c02277.

NMR spectra, chemical synthesis of Br-ORM, and
surface view of molecular docking of Br-ORM with β-
catenin (PDF)

■ AUTHOR INFORMATION
Corresponding Author

Subhash C. Chauhan − Department of Immunology and
Microbiology, School of Medicine, University of Texas Rio
Grande Valley, McAllen, Texas 78504, United States; South
Texas Center of Excellence in Cancer Research, School of
Medicine, University of Texas Rio Grande Valley, McAllen,
Texas 78504, United States; University of Tennessee Health
Science Center, Memphis, Tennessee 38163, United States;
orcid.org/0000-0002-3347-5120;
Email: Subhash.chauhan@utrgv.edu

Authors
Mohammed Sikander − Department of Immunology and
Microbiology, School of Medicine, University of Texas Rio
Grande Valley, McAllen, Texas 78504, United States; South
Texas Center of Excellence in Cancer Research, School of
Medicine, University of Texas Rio Grande Valley, McAllen,
Texas 78504, United States; University of Tennessee Health
Science Center, Memphis, Tennessee 38163, United States

Shabnam Malik − Department of Immunology and
Microbiology, School of Medicine, University of Texas Rio
Grande Valley, McAllen, Texas 78504, United States; South
Texas Center of Excellence in Cancer Research, School of
Medicine, University of Texas Rio Grande Valley, McAllen,
Texas 78504, United States; University of Tennessee Health
Science Center, Memphis, Tennessee 38163, United States

John Apraku − South Dakota State University, Brookings,
South Dakota 57007-2201, United States

Sonam Kumari − University of Tennessee Health Science
Center, Memphis, Tennessee 38163, United States; National
Institutes of Health, Bathesda, South Dakota 20892-4874,
United States

Parvez Khan − Jamia Millia Islamia University, New Delhi
110025, India; orcid.org/0000-0002-8566-0248

Hassan Mandil − University of Tennessee Health Science
Center, Memphis, Tennessee 38163, United States

Aditya Ganju − University of Tennessee Health Science Center,
Memphis, Tennessee 38163, United States; Memorial Sloan
Kettering Cancer Center, New York, New York 10065,
United States

Bhavin Chauhan − University of Tennessee Health Science
Center, Memphis, Tennessee 38163, United States

Maria C. Bell − Sanford Health, Sanford Gynecologic
Oncology Clinic, Sioux Falls, South Dakota 57104, United
States

Man Mohan Singh − Endocrinology Division, CSIR-Central
Drug Research Institute, Lucknow 226001, India; Present
Address: Retired scientist, Lucknow, India

Sheema Khan − Department of Immunology and
Microbiology, School of Medicine, University of Texas Rio
Grande Valley, McAllen, Texas 78504, United States; South
Texas Center of Excellence in Cancer Research, School of
Medicine, University of Texas Rio Grande Valley, McAllen,
Texas 78504, United States; University of Tennessee Health
Science Center, Memphis, Tennessee 38163, United States

Murali M. Yallapu − Department of Immunology and
Microbiology, School of Medicine, University of Texas Rio
Grande Valley, McAllen, Texas 78504, United States; South
Texas Center of Excellence in Cancer Research, School of
Medicine, University of Texas Rio Grande Valley, McAllen,
Texas 78504, United States; University of Tennessee Health
Science Center, Memphis, Tennessee 38163, United States;
orcid.org/0000-0002-0073-8828

Fathi T. Halaweish − South Dakota State University,
Brookings, South Dakota 57007-2201, United States

Meena Jaggi − Department of Immunology and Microbiology,
School of Medicine, University of Texas Rio Grande Valley,
McAllen, Texas 78504, United States; South Texas Center of
Excellence in Cancer Research, School of Medicine, University
of Texas Rio Grande Valley, McAllen, Texas 78504, United
States; University of Tennessee Health Science Center,
Memphis, Tennessee 38163, United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.3c02277

Author Contributions
††M.S. and S.M. contributed equally to this manuscript.
Conceived the idea: S.M. and M.S.; writing�original draft
preparation: S.M., M.S., and S.C.C.; functional assays: B.C.;
immunohistochemistry: A.G. and H.M.; software analysis:
K.P.; bromo ORM synthesis: J.H. and F.T.H.; western blot:
S.K.; manuscript proofreading: F.T.H., S.K., M.M.S., M.C.B.,
and M.M.Y.; and supervision: M.J. and S.C.C. All authors have
read and approved the final manuscript.
Funding
This study was supported by the National Institutes of Health
(R01 CA210192, R01 CA206069, and R01 CA204552), the
Herb Kosten Foundation, and the Faculty Start-Up Fund from
UTRGV (M.J. and S.C.C.). This work is also partially
supported by CPRIT awards RP210180 and RP230419.
Notes
The authors declare no competing financial interest.

■ REFERENCES
(1) Wilailak, S.; Kengsakul, M.; Kehoe, S. Worldwide initiatives to
eliminate cervical cancer. Int. J. Gynaecol. Obstet. 2021, 155 (S1),
102−106.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c02277
ACS Omega 2023, 8, 38839−38848

38846

https://pubs.acs.org/doi/10.1021/acsomega.3c02277?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c02277/suppl_file/ao3c02277_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Subhash+C.+Chauhan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3347-5120
https://orcid.org/0000-0002-3347-5120
mailto:Subhash.chauhan@utrgv.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mohammed+Sikander"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shabnam+Malik"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="John+Apraku"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sonam+Kumari"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Parvez+Khan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8566-0248
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hassan+Mandil"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aditya+Ganju"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bhavin+Chauhan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maria+C.+Bell"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Man+Mohan+Singh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sheema+Khan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Murali+M.+Yallapu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0073-8828
https://orcid.org/0000-0002-0073-8828
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fathi+T.+Halaweish"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Meena+Jaggi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02277?ref=pdf
https://doi.org/10.1002/ijgo.13879
https://doi.org/10.1002/ijgo.13879
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c02277?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(2) Liu, C.; Li, X.; Huang, Q.; Zhang, M.; Lei, T.; Wang, F.; Zou,
W.; Huang, R.; Hu, X.; Wang, C.; et al. Single-cell RNA-sequencing
reveals radiochemotherapy-induced innate immune activation and
MHC-II upregulation in cervical cancer. Signal Transduction Targeted
Ther.Signal Transduct Target Ther 2023, 8 (1), 44.
(3) Sung, H.; Ferlay, J.; Siegel, R. L.; Laversanne, M.;
Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics
2020: GLOBOCAN Estimates of Incidence and Mortality Worldwide
for 36 Cancers in 185 Countries. Ca-Cancer J. Clin.CA Cancer J. Clin
2021, 71 (3), 209−249.
(4) American Cancer Society. Key Statistics for Cervical Cancer;
American Cancer Society, 2023. (accessed May 4, 2023).
(5) Clarke, M. A.; Wentzensen, N.; Mirabello, L.; Ghosh, A.;
Wacholder, S.; Harari, A.; Lorincz, A.; Schiffman, M.; Burk, R. D.
Human papillomavirus DNA methylation as a potential biomarker for
cervical cancer. Cancer Epidemiol. Biomarkers Prev. 2012, 21 (12),
2125−2137.
(6) Anduj́ar-Sánchez, M. Role of human papillomavirus genotyping
in cervical cancer screening. Enferm. Infecc. Microbiol. Clin. (Engl. Ed.)
2023, 41, 259−261.
(7) Walboomers, J. M.; Jacobs, M. V.; Manos, M. M.; Bosch, F. X.;
Kummer, J. A.; Shah, K. V.; Snijders, P. J.; Peto, J.; Meijer, C. J.;
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