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Niclosamide exerts anti-tumor activity through generation of reactive oxygen species
and by suppression of Wnt/ B-catenin signaling axis in HGC-27, MKN-74 human
gastric cancer cells
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Shrivastava S, P SN et al: Niclosamide Introduction Gastric carcinoma (GC) remains a therapeutic challenge despite having many
exerts anti-tumor activity through potent drugs to treat. Various studies emphasized the role of dysregulated Wnt/B-catenin
generation of reactive oxygen species pathway in cancer. In the present study, we examined the anti-cancer effect of Niclosamide
and by suppression of Wnt/ B-catenin and its effect on the dysregulated B-catenin pathway in human gastric carcinoma cell lines.
signaling axis in HGC-27, MKN-74 Methods Cytotoxicity of compound to gastric cancer cell line was assessed by MTT cell
human gastric cancer cells. Asia-Pac viability assay, cell cycle analysis, and apoptosis assay was done using standard kits of
J Oncol 2020; 1: 18-30. https://doi. Muse™ Cell Analyser. Reactive oxygen species (ROS) generation and mitochondrial
org/10.32948/ajo.2020.08.06 membrane potential were analyzed by 2',7'-Dichlorodihydrofluorescein diacetate (DCFDA) and
tetraethylbenzimidazolylcarbocyanine iodide (JC-1) staining respectively. Protein expression
studies were carried out by standard western blotting protocols.
Results Niclosamide treatment resulted in a dose-dependent inhibition of viability of the
gastric carcinoma cell-lines induced cell cycle arrest in the GO/G1 phase and strongly induced
apoptosis in a concentration-dependent manner by downregulating Cyclin-D1 and CDK4
levels, critical proteins required for G1-S phase progression. DCFDA and JC-1 staining results
indicated that Niclosamide enhanced intracellular ROS generation and disrupted mitochondrial
membrane potential. Furthermore, niclosamide treatment decreased the expression of NF-
KB, Bcl-2 and increased the expression of Bax protein. Niclosamide treatment significantly
decreased the 3-catenin mediated transcriptional activity and down-regulated B-catenin levels
and its downstream proteins cyclinD1, CDK-4, and c-myc expression and also impeded Akt
phosphorylation, a common internode in the Wnt and Akt/mTOR signaling in HGC-27 cells.
Conclusion This study demonstrated that Niclosamide might become a promising therapeutic
agent for the management of gastric cancer and further warrants its clinical trials in gastric
cancer patients.
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Introduction

Gastric cancer is the third most common cause of cancer- related
death and ranks fifth in incidence worldwide, with about 70%
of cases occurring in underdeveloped and developing countries.
The etiology of gastric cancer is complex, including both dietary
and non-dietary; over 80% of cases are attributed to Helicobacter
pylori infection. Gastric cancer usually presents at more advanced
invasive stages as a majority of patients remain asymptomatic in
the earlier stages of malignancy [1]. The mainstays of treatment
include surgical resection, peri-operative chemotherapy, and
radiation in appropriate cases [2]. Despite recent progress in its
detection and treatment strategies, gastric cancer has an abysmal
prognosis with a median overall survival (OS) below one year in
advanced metastatic patients [3]. There is thus a pressing need to
develop effective chemotherapeutic agents for the management of
gastric cancer.

Wnt/ B-Catenin signaling pathway is an evolutionarily
conserved pathway that regulates crucial events such as cellular
proliferation and apoptosis, multiple developmental aspects
during embryogenesis, motility, organ development and is also
implicated in tumorigenesis. The aberrant canonical Wnt/B-catenin
signaling pathway plays a crucial role in the development of
gastric carcinoma [4]. Mutations in multiple components of this
pathway, mainly B-Catenin, have reported to be present in a major
proportion of gastric cancers [2]. The intracellular B-catenin
level is maintained by phosphorylation-dependent proteasomal
degradation by the APC complex, which is the critical regulator of
this canonical signaling pathway. Enhanced Wnt signaling leads to
the deactivation of GSK-3f, a critical enzyme in the APC complex;
this, in turn, leads to the accumulation of non-phosphorylated
B-catenin, which enters the nucleus and causes transcription of
genes critical for cell cycle progression and oncogenesis such as
cyclin-D, CDK4, c-myc [5]. Pharmacological suppression of Wnt
signaling has proved to be effective in the treatment of several
cancers.

Drug repositioning of existing drugs for novel indications is an
attractive strategy as it maximizes the value of an existing drug by
reducing costs and timelines involved in the development of new
drugs. In recent years, repositioned drugs accounted for almost 30
% of Food & Drug Administration (FDA) newly approved drugs
and vaccines [6, 7].

Niclosamide (trade name: Niclocide), a salicylanilide derivative,
also has anti-tumor activity apart from its well established
anthelmintic activity. It has shown to exert its anti-tumor action
by modulating multiple signaling pathways, including mTORCI,
STAT3, NF-xB, and Wnt/ B-catenin signaling in a variety of
cancers including breast, prostate cancers, and multiple myeloma
[8, 9 10, 11]. Furthermore Niclosamide displayed strong inhibitory
effect on the growth of cancer stem cells by modulating the stem
cell critical pathways such as Wnt/ B-catenin, Notch, Hedgehog
[12]. In this study, for the first time, we demonstrated the anti-
tumor activity of Niclosamide on gastric cancer. We investigated
the underlying molecular mechanism and its role inhibiting Wnt/
B-catenin, NF-kB, Akt signaling pathways in the gastric tumor
cells.

Materials and methods
Chemicals and antibodies

Niclosamide was purchased from Santa Cruz Biotechnology, Inc.
(Texas, U.S.A.). The powder was dissolved in dimethyl sulfoxide
(DMSO) and stored as aliquots (20 mM) at -80 °C. Roswell
Park Memorial Institute-1640 (RPMI-1640) media, Minimal
essential medium (MEM), Fetal bovine serum, Penicillin,
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Streptomycin, Trypsin/EDTA were purchased from Invitrogen
Life Technologies, USA. Acridine orange (AO), 4',6-diamidino-
2-phenylindole (DAPI), Acrylamide, Ammonium acetate,
2’ 7’—dichlorofluorescein diacetate (DCFDA), Dithiotheritol,
Dihydrogen sodium phosphate, EGTA, tetraethylbenzimidazolyl
carbocyanine iodide (JC-1), Methylthiazolyldiphenyl-tetrazolium
bromide (MTT), Nonidet P-40, N1, N1-Dimethyl bis acrylamide,
NADH, Propidium Iodide, Proteinase K, RNAse A, Sodium
pyrophosphate, Tween 20, Triton-X-100 and all other reagents
unless mentioned were obtained from Sigma-Aldrich Chemical
Co. (St. Louis, MO, USA). Primary antibodies included poly
(ADP-ribose) polymerase (PARP) (116/89 kDa), NF-kB (P65) (65
kDa), Bel-2 (28 kDa), Bax (20 kDa), Cytochrome C (14 kDa), p53
(53 kDa), total Akt (60 kDa), Ser 473 phosphorylated Akt (p-Akt)
(60 kDa), p-4E-BP1 (21 kDa), p-70S6K1 (70 kDa) and Actin (42
kDa). Horseradish peroxidase-conjugated secondary anti-mouse
and anti-rabbit antibodies were purchased from Cell Signaling
Technology, Danvers, MA, USA.

Cell lines

Gastric cancer cell lines used: HGC-27 (Gastric cancer
undifferentiated, mucin-producing- stomach, lymph node
meta-epithelial-like) and MKN-74 (Moderately differentiated
adenocarcinoma. Cell growth is slow - stomach, liver meta -
epithelial-like) procured from Ricken cell bank, Japan. HGC-
27 was cultured in MEM medium, and MKN-74 cell lines were
cultured in RPMI supplemented with 10% fetal bovine serum,
100 U/mL penicillin, and100 pg/mL streptomycin. The cells were
maintained in a humidified incubator at 370 with 5% CO2 and
95% air. Cell lines were sub-cultured by digesting enzymatically
with 0.25 % trypsin/l mM EDTA solution when they reached
approximately 70—80 % confluence.

Cell viability studies

The effects of Niclosamide on cell viability of HGC-27 and MKN-
74 cell lines were assessed by MTT assay [13]. Cells were plated in
flat-bottomed, 96-well microtiter plates at a density of 5 x 103 cells
per well in 100pul medium and were allowed to attach for overnight
in a CO2 incubator. After 12-24 hrs, cells were treated with
different concentrations of Niclosamide and standard Wnt inhibitor
Salinomycin (100 pM, 25 uM, 6.25 uM, 1.56 uM, 0.39 uM, and
0 uM). After 48 hrs of treatment, cells were treated with 100ul of
MTT reagent dissolved in a medium (0.5 mg/ml) and kept for 4
hrs at 37°C. The formazan crystals were solubilized with 200 pl
of DMSO. The percentage of cell viability is directly proportional
to the absorbance of the formazan product, which was measured at
570 nm using a Multimode plate reader (SpectraMax M4, USA).

Morphological observation by AO/EB staining and DAPI staining

Cellular morphological changes were determined by AO/EB
staining using fluorescence microscopy to differentiate the live,
apoptotic, and necrotic cells [14]. HGC-27 and MKN-74 cells
were plated and treated with Niclosamide at 0.5 pM, 1 pM, 2uM
and 2.5 uM, 5 uM, 10 uM respectively for 48hr in a 6-well plate.
Experimental control (untreated cells) was employed. Acridine
Orange (10 pg/ml) and Ethidium Bromide (10 pg/ml) added into
each well, and within 30 min the cells were analyzed under a
fluorescent microscope (Nikon, Japan), with excitation (488 nm)
and emission (550 nm) using a blue filter at a magnification of
200X. The tests were repeated three times. To investigate nuclear
changes such as chromatin condensation, nuclear fragmentation,
both control and Niclosamide treated cells were washed with PBS
and fixed with formalin for 10 min. After incubation, DAPI (10 pg/



M.K. Jeengar et al./Asia-Pacific Journal of Oncology 2020; 1: 18-30

20

! HCG-27 | MKN-74 mn
504
100: 100
= =L 404
= 8 o 80
51 51 .
260 2 60 = 301
i g 2
S 40 240 = — & 204
o e T+ -
S X
L — 20 10- s
0+ T T T T T 0+ T T T T *
0 20 40 60 80 100 0 20 60 80 100 04
Concentration (uM) Concentration (M) HeG2 MERH
A —+ Niclosamide -= Salinomycin —= Niclosamide —s- Salinomycin [ Niclosamide @ Sainomycin

Figure 1. Shematic representation of anti-proliferation effect of Niclosamide on gastric cancer cells. (A) Dose response curves
of niclosamide effect on viability of gastric cancer cells in i) HGC-27 ii) MKN-74 cells respectively as determined by MTT assay
iii) IC-50 values of niclosamide in gastric cancer cell lines compared with standard drug salinomycin (B) Phase contrast images
showing inhibition of proliferation in HGC-27 cells after treatment with 0, 0.5, 1,2 pM concentrations of Niclosamide (C) Phase
contrast images showing change in the proliferation in MKN-74 cells after treatment with 0,2.5, 5, 10 pM concentrations of

Niclosamide .

ml) was added, incubated for 10 min. The images were visualized
under a fluorescent microscope at an excitation wavelength of 359
nm (ultraviolet) and emission at 461 nm using a DAPI filter at a
magnification of 200X (55).

Annexin V and Propidium lodide (PI) staining assay

Annexin V and Propidium lodide (PI) staining assay was
carried out using the method given by Kloesch et al., with minor
modifications [15]. Briefly, to confirm the apoptosis induced by
Niclosamide on HGC-27 and MKN-74, cells in a six-well plate
were treated with 0.5 pM,1 uM, 2 uM and 2.5 pM, 5 uM, 10 uM
concentrations of Niclosamide in HGC-27 and MKN-74 cell lines
respectively for 48hrs. Then cells were treated with MuseTM
Annexin-V & Dead Cell reagent (Merck-Millipore, Germany) as
per instructions provided by the manufacturer and analyzed by
Muse™ Cell Analyzer (Merck-Millipore, Germany).

Cell cycle analysis

Cell cycle analysis was performed using the method given by UV
Mallavadhani et al., with slight modifications [16]. For this assay,
HGC-27 and MKN-74 cells were seeded in 6-well plates at a
density of 1 x 105 cells/ml for 24 hrs. After incubation, cells were
treated with Niclosamide at 0.5 pM, 1 pM and 2 uM in HGC-
27 cells. Then the cells were collected, washed, and fixed in 70%
ethanol in PBS at -200C. After overnight incubation, fixed cells

were pelleted and stained with Propidium iodide in the presence of
RNase A containing Triton X-100 for 30 min at 370C in the dark
and about 5000 events were analyzed in a Muse™ Cell Analyzer
(Merck-Millipore, Germany).

Detection of intracellular ROS by DCFDA method

Intracellular ROS determination was assessed by the DCFDA
method as given by Kim HJ et al. with minor modifications. The
HGC-27 and MKN-74 cells were seeded into a 96- well black
plate and cultured for 24hrs. After treatment with Niclosamide 1
uM, 2 uM, and 5 uM, 10 uM concentrations both HGC-27 and
MKN-74 cell lines respectively for 1 hrs in presence and absence
of N-acetyl-L-cysteine (NAC) (3 mM), the cells were incubated
with 10 uM DCF-DA at 37 °C for 15 min. The nonfluorescent
DCFDA oxidized by intracellular ROS and converted into highly
fluorescent DCFE. The fluorescent intensity of DCF was monitored
at excitation (498 nm) and emission (530 nm) wavelengths using
blue filter by fluorescence microscope (Nikon 801, Japan) at a
magnification of 200X [17].

JC-1 staining

The HGC-27 and MKN-74 cells were seeded into a 96-well black
plate and cultured for 24 hrs. After 24 hrs, attached cells were
treated with Niclosamide at concentrations of 0.5 pM,1 puM, 2
UM and 2.5 uM, 5 uM, 10 pM in HGC-27 and MKN-74 cell lines
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Figure 2. Effect of Niclosamide on morphological changes and apoptosis induction in gastric cancer cells, after treatment with 0
pM, 0.5 pM, 1 pM, and 2 pM in HGC-27 and 0 pM, 2.5 uM, 5 pM, and 10 pM in MKN-74. (A) & (B) Flourescent images obtained
by AO/EB staining of Niclosamide treated cells with indicated concentrations for 48 h. in HGC-27, MKN-74 respectively (C) &(D)
Nuclear morphology determined by DAPI staining in after 48h treatment in HGC-27, MKN-74 respectively .

respectively for 48 hrs. Then after 48 hrs, cells were washed with
PBS, and JC-1 dye is added to the cells and incubated for 30 min.
The images were visualized using a blue filter under a fluorescent
microscope at an excitation wavelength of 450 nm and emission at
490 nm [18].

Scratch wound healing assay

HGC-27 Cells were grown in MEM supplemented with 10% FBS.
Cells were seeded into 6-well tissue culture plate, and after 24
hrs of growth, they reached ~70-80% confluence as a monolayer.
The monolayer was scratched gently and slowly with a new 1 ml
pipette tip across the center of the well. After scratching, well was
washed twice with medium to remove the detached cells. Wells
were replenished with fresh medium & treated with different
concentrations of Niclosamide. Cells were grown for an additional
24 hrs. Cells were then washed twice with 1x PBS and fixed with
formalin for 30 minutes, and a microscope took monolayer image
at a magnification of 200X [19].

Cell adhesion assay

Cell adhesion assay was carried out by a colorimetric method
based on staining cells with the dye crystal violet [20]. Briefly, a

24-well culture plate was coated with 10 png/mL of type I collagen
for 24 hrs at 4 °C, washed twice with PBS, and then plates were
blocked with 1% BSA in MEM for 1 hr. Cells treated with various
concentrations of Niclosamide in MEM containing 10% FCS were
plated at a density of 1 x 105 cells per coated well, followed by 1
hrs incubation at 37 °C. After washing unattached cells with PBS,
adherent cells were fixed in ethanol, stained with 0.1% crystal
violet, and then photographed under microscopy.

Western blotting

The effect of Niclosamide on protein expression of various
downstream proteins of the Wnt signaling pathway was studied
by using Western blotting technique [21]. After treatment with
different concentrations of Niclosamide for 24 hrs in HGC-27 cell
line, cells were collected and washed twice with 1X PBS, then
lysed in Radioimmunoprecipitation assay (RIPA) buffer with
Protease cocktail mixture & phosphatase inhibitor under gentle
rotation for 20 min at 40C, and the supernatant was collected by
centrifugation at 12,500g for 20 min at 40C and stored at -200C
or used immediately. Protein concentration was determined by
the BioRad Protein detection reagent (BioRad). Equal amounts
of protein were separated on SDS polyacrylamide gels. The
separated proteins were blotted or transferred onto polyvinyl
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Figure 3. Apoptotic profile was determined by Annexin V assay (A) and (C) Apoptotic cell profile after exposure of indicated
concentrations of niclosamide in HGC-27(0 pM, 0.5 uM, 1 uM, and 2 pM) , MKN-74 (0 pM, 2.5 uM, 5 uM, and 10 pM)
respectively. (B) and (D) The graphical reperesentation of live, early, late apoptotic, dead cell populations in HGC-27, MKN-74
after treatment respectively. Data represent one of three independent experiments performed.

difluoride (PVDF) membrane (PolyScreen, NEN Life Sciences,
USA) and following blocking (5% nonfat dry milk in TBS-Tween
(0.1%), and probed with relevant primary and HRP-conjugated
secondary antibody. Membranes were visualized on Kodak
BioMax MR-1 films, and further, the protein bands were subjected
to a densitometry analysis using Imagel software. The membranes
were reprobed with B-actin antibodies as an internal control and to
ensure equal loading. Each Western blot shown is representative of
at least three independent experiments.

TopFlash Luciferase reporter assay

HTBI19 (BT-20) triple-negative breast cancer cells (ATCC)
were stably transfected with M50 Super 8x TOPFlash plasmid
(Addgene, plasmid 12456) at the 20:1 ratio with pcDNA3.1 to
provide antibiotic resistance. The best-responding clone was
selected and expanded; this stable cell line is referred to as HTB19-
Tf throughout the text. Luciferase reporter activity measurements
were performed mostly as described [22] with several
modifications. The HTB19-Tf cells were seeded in 100ul DMEM
medium containing 10% FCS at ~10000 cells/well. After overnight
attachment, the cells were additionally transfected by the pCM V-
RL plasmid for constitutive expression of Renilla luciferase
kindly provided by Konrad Basler [23] using X-tremeGENE 9
reagent (Roche) according to the manufacturer's protocol. After
24 hrs, cells were stimulated by 0.5pug/ml mouse Wnt3a purified
as described [21] with or without drug compound for 12 hrs. The
medium was subsequently removed, and 15ul of the lysis buffer
(25mM Glycylglycine pH 7.8, 1% Triton X-100, 15mM MgSO4,

4mM EGTA, ImM DTT) were added into each well. After
incubation for 5 minutes at room temperature, the 96-well plate
was analyzed in the Victor3 Multilabel Counter (PerkinElmer)
with a two-channel dispensing unit primed with the buffer
solutions for firefly and Renilla luciferase activity measurements
prepared as described [24]. The final volumes dispensed per well
were 50ul of firefly and 50ul of Renilla solutions.

Statistical analysis

All results were expressed as Mean + SEM. The intergroup
variation between various groups was assessed by one-way
analysis of variance (ANOVA) using Graph Pad Prism, version
5.0, and the comparison between groups was conducted by
"Bonferroni’s Multiple Comparison Test." Results were considered
statistically significant when p < 0.05.

Results
Niclosamide inhibits the proliferation of gastric cancer cells

In order to investigate whether Niclosamide has a direct cytotoxic
effect on gastric cancer cells, we tested the effect of Niclosamide
on cell viability in two gastric cancer cell lines using the MTT
assay, Niclosamide treatment for 48 hrs resulted in a dose-
dependent decrease in cell viability. IC50 of Niclosamide was
found to be 1.82 pM and 9.38 uM in HGC-27 and MKN-74 cell
lines, respectively (Fig. 1A). Qualitative evaluation using phase
contrast images also showed a dose-dependent decrease in the
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Figure 4. Effect of Niclosamide on cell cycle progression, reactive oxygen species, and mitochondrial membrane potential. (A) Cell
cycle analysis in HGC-27 cells after treatment with 0 pM, 0.5 pM, 1 pM, and 2 pM concentrations of Niclosamide by Muse TM
cell analyzer. (B) Cell population in each phase of cell cycle is represented in graph. Data represent one of triplicate experiments.
(C), (D) Intracellular ROS determination by DCFDA method. Gastric cancer cells were treated with (1 pM and 2 pM) in HGC-27,
(5 pM and10 pM) of niclosamide in MKN-74 cells for 3h and pretreated with 3 mM N- acetyl cysteine. (E), (F) Mitochondrial
membrane potential assessment by JC-1. HGC-27, MKN-74 cells were exposed for (0 pM, 0.5 pM, 1 pM, and 2 pM), (0 pM, 2.5

pM, 5 uM, and 10 pM) concentrations of Niclosamide for 48 h.

number of cells (Fig.1B & 1C). These results were compared with
the standard Wnt inhibitor drug salinomycin IC50 was found to be
10uM and 35uM HGC-27 and MKN-74 cell lines, respectively.

Niclosamide induces apoptosis in gastric cancer cells

We performed a morphological assessment of Niclosamide treated
cells using acridine orange/ethidium bromide staining and DAPI
staining to test whether Niclosamide treatment causes apoptosis.
Acridine orange/ ethidium bromide staining clearly showed that
both cell lines exhibit the characteristic features of apoptosis-
like chromatin condensation, membrane blubbing, and apoptotic
body formation upon treatment with Niclosamide (Fig. 2A &
2B). DAPI staining revealed characteristic apoptotic features such
as the horseshoe-shaped nucleus and nuclear fragmentation in
Niclosamide treated cells when compared to control samples (Fig.

2C &2D).

We performed annexin V-FITC-Propidium lodide staining of
gastric cancer cells treated with Niclosamide for 24 hrs to confirm
the apoptotic effects of Niclosamide further. Increased number of
early apoptotic cells were observed after Niclosamide treatment
for 0.5 uM (7.15%), 1 uM (27.60%) and 2 uM (39.65%) compared
to the control (6.0%) in HGC-27 cells whereas 2.5 uM (8.65%), 5
UM (12.40%) and 10 uM (20.60%) compared to the control (8.16%)
in MKN-74 cells (Fig. 3). These findings suggest that Niclosamide
triggers apoptosis in gastric cancer cells in a dose-dependent
manner.

Niclosamide arrests cell cycle at GO/GI phase in gastric cancer
cells

The cell cycle analysis by propidium iodide staining is a valuable
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Figure 5. Niclosamide inhibits gastric cancer cell adhesion, migration. HGC-27 cells were exposed to mentioned concentrations (0
nM, 0.5 pM, 1 pM, and 2 pM) of Niclosamide. (A) Cell adhesion assay after exposure to Niclosamide for 1hr. (B) Scratch wound

healing assay after 24 hrs of treatment period.

method to determine the phase in which the cell cycle has been
arrested by Niclosamide treatment. A dose-dependent increased
percentage of GO/G1 cells was observed after 24 hrs treatment
with Niclosamide (Fig. 4A & 4B). The G0/G1 population was only
41.3% in control HGC-27 cells, whereas the percentage of these
cells increased to 42.5, 58.2, and 60.3 % after treatment with 0.5
uM, 1 uM, and 2 uM concentrations of Niclosamide respectively.
3.4 Niclosamide induces loss of mitochondrial membrane potential
by increased ROS generation in gastric cancer cells

It is generally accepted that the loss of mitochondrial membrane
potential invariably results in cell death due to the release of
pro-apoptotic factors from mitochondria and a decrease in ATP
production in mitochondria [16, 25]. To investigate the effect
of Niclosamide on the mitochondrial membrane potential, we
performed JC-1 staining. Niclosamide treated cells exhibited green
color fluorescence in a dose-dependent manner compared to red
color fluorescence exhibited by the control cells (Fig. 4E & 4F),
indicating the loss of mitochondrial membrane potential.

Increased intracellular ROS generation often disrupts
mitochondrial membrane potential and causes apoptosis by
oxidation of mitochondrial membrane transition pore and release
of cytochrome C [26, 27, 28]. Thus we next sought to determine
the effect of Niclosamide on cellular ROS levels in gastric cancer
cells using cell-permeant fluorogenic dye DCF-DA. Treatment
with Niclosamide for 3 hrs caused a significant increase of ROS in
these cancer cells at concentrations of 1, 2, 5, and 10 uM in HGC-
27 and MKN-74 cells, respectively. Treatment with NAC reversed
Niclosamide-induced ROS in the cancer cells (Fig. 4C & 4D).
Overall, these results indicate that Niclosamide induces disruption
of mitochondrial membrane potential by increasing intracellular
ROS generation.

Niclosamide inhibits cell adhesion and migration

Cancer metastasis is an essential mediator of cancer-related
mortality and morbidity. Cancer metastasis involves tumor
cell migration, invasion, and adhesion to the extracellular
matrix. We used the cell-matrix adhesion assay to test the effect
of Niclosamide on cell adhesion to the extracellular matrix.
Niclosamide treatment inhibited adhesion of HGC-27 cells to the
matrix in a dose-dependent manner (Fig. 5A)

Therefore, in order to examine whether Niclosamide could inhibit
gastric cancer cell migration, we performed a scratch wound
healing assay on the HGC-27cell line. After 24 hrs exposure to
Niclosamide, as shown in Fig. 5B, Niclosamide-treated groups
showed reduced migration capability in a concentration-dependent
manner. These results show that Niclosamide can suppress gastric
cancer cell migration and adhesion in a concentration-dependent
manner.

Niclosamide induces apoptosis through modulation of anti-
apoptotic and pro-apoptotic factors by mitochondria mediated
intrinsic apoptotic pathway

As demonstrated earlier, Niclosamide increases intracellular ROS
generation and disrupts mitochondrial membrane potential in
gastric cancer cells, which indicates the possible involvement of
mitochondrial-mediated effects in the anti-tumor mechanisms of
Niclosamide. Hence we further analyzed whether Niclosamide
induced apoptosis occurs through the mitochondrial-mediated
pathway by analyzing protein expression of pro-apoptotic protein
(Bax) and anti-apoptotic protein (Bcl-2).

The levels of Bel-2 and Bax were quantified in control and treated
cell lysates with B-actin as control (Fig. 6A & 6B). Increased levels
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Figure 6. Effect of Niclosamide on the apoptotic protein levels. (A) Representative western blots of Bax, Bcl-2, Cyt C, PARP
proteins in HGC-27. HGC-27 cells were treated with Niclosamide (0 pM, 0.5 pM, 1 pM, and 2 pM) were harvested and total cell
lysates were prepared. Total 40 pg of protein was subjected to SDS-PAGE and then proceeded for western blotting analysis and
chemiluminescence detection. Equal protein loading was confirmed by restriping the blots and again probing with B-actin as
internal control. The western blots shown here are representative of triplicate blots with similar results. Band intensities are
measured by Image J program. (B) Relative change of proteins Bcl2, Bax, Cyt C after treatment with respect to control are
represented in histograms. Data are represented as Mean = Standard Error Mean (SEM). ***P < (.001, **P < 0.01 and *P < 0.05
vs. control.
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Figure 7. Effect of Niclosamide on Wnt/ B-catenin pathway. (A) TopFlash Luciferase reporter assay. (B) Effect of Niclosamide on
p-catenin in wnt3a stimulated HGC-27 cells. HGC-27 cells were pretreated with wnt3a 100ng/ml and treated with Niclosamide

2 uM Cells were harvested and total cell lysates were collected and 40 pg protein was loaded in SDS-PAGE and western blotting
analysis was performed. Data represent one of three independent experiments with similar results. (C) Graphical representation
of effect of Wnt3a ligand on cell proliferation of HGC-27 cell line: Cells were stimulated with Wnt3a ligand (200ng/ml)
stimulation for 24 h (D) Graph showing the antiproliferation effect of niclosamide in HGC-27 stimulated with wnt3a at 100, 200
ng/ml for 24h.
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Figure 8. Effect of Niclosamide on the downstream targets of Wnt/ f-catenin pathway; (A) Representative western Blots of
P-GSK-3p, GSK-3B, B- catenin, Cyclin-D1, C-Myc, CDK-4 proteins in HGC-27. HGC-27 cells were treated with niclosamide (0
pM, 0.5 pM, 1 pM, and 2 pM) were harvested and total cell lysates were prepared. Total 40 pg of protein was subjected to SDS-
PAGE followed by western bloting analysis. Equal protein loading was confirmed by restriping the blots and again probing with
p-actin. The western blots shown here are representative of triplicate blots with similar results. Band intensities are measured by
Image J program (B) Relative change of proteins P-GSK-3p, GSK-3p, p —catenin, Cyclin-D1, C-Myc, CDK-4 after treatment with
respect to control are represented in histograms. Data are Mean + SEM. ***P < (0.001, **P < 0.01 and *P < 0.05 vs. control.

of Bax, decreased protein levels of Bcl-2 were observed in a dose-
dependent manner in response to the Niclosamide treatment. The
Bax-to-Bcl-2 ratios in cells treated with 1 and 2 uM Niclosamide
were 1.97 and 10.86, respectively. A collapse of mitochondrial
membrane potential is closely associated with the release of the
pro-apoptotic protein cytochrome C from mitochondria. We also

determined the protein levels of cytochrome C. The results from
Figure 6A indicate the release of cytochrome C into the cytosol.

PARP-1, a 116-kDa protein, is one of the substrates for caspase-3
and is cleaved to PARP-1 89-kDa protein upon activation of
caspases in the apoptotic process. The appearance of the cleaved
form of PARP-1 in cells treated with 1 pM and 2 pM Niclosamide
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Figure 9. Effect of Niclosamide on Akt/ NF-kB axis (A) Effect of Niclosamide on p-Akt, Total- Akt, p-p65-NF-kB , P65-NF-kB
levels (B) Histograms showing fold change of proteins p-Akt, p-p65 NFkB to control. HGC-27 cells were treated with indicated
concentrations (0 pM, 0.5 pM, 1 upM, and 2 pM) of Niclosamide Cells were harvested and total cell cysates were collected and

40 pg protein was loaded in SDS-PAGE and western blotting analysis was performed. Data represent one of three independent

experiments with similar results.

treatment for 24 h suggests that caspase-mediated apoptosis is in
play. (Fig. 6A)

Collectively these results strongly suggest that Niclosamide
induced cytotoxicity is mediated through the modulation of pro-
apoptotic and anti-apoptotic proteins, release of cytochrome C, and
PARP-1 cleavage.

Niclosamide inhibits Wnt/ -catenin signaling pathway in gastric
cancer cells.

Overactivation of the Wnt/B-catenin pathway and mutations in

Frizzled

degradation
complex

GSK-3B

B-catenin are frequently observed in the marked proportion of
gastric cancer [29]. Hence we next set forth to test the effect of
Niclosamide on the transcriptional activity of Wnt/B-catenin
signaling and thereby inhibition of its downstream targets that are
involved in cell proliferation. We determined f-catenin mediated
transcriptional activity in Niclosamide treated and control cells by
using the Top Flash Luciferase reporter assay. 10 uM concentration
of Niclosamide resulted in more than 40% inhibition of
transcriptional activity (Fig. 7A). In the next series of experiments,
we treated the HGC-27 cell line with Wnt3a, a known Wnt protein
to examine the effects of Niclosamide in the presence of activated
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Figure 10. Proposed mechanism for antitumor activity of Niclosamide in gastric cancer cells: Niclosamide inhibited accumulation
of B-catenin, a critical hall mark of activated Wnt/ B-catenin signaling and nuclear transcription of its target genes such

as Cyclin-D, c-myc that are involved in cell proliferation, survival. Niclosamide possibly suppressed Akt phosphorylation

and thereby inhibition of GSK-3p in the APC complex and Akt inactivation also impeded Phosphorylation of p65NF-kB, a
transcription factor involved in cell survival. Furthermore, Niclosamide also potently triggered apoptosis by induction of reactive
oxygen species thereby disrupting Aym .Consequently this leads to release of Cytochrome ¢, Bax , a Bel-2 family pro-apoptotic
factor and decrease in anti apoptotic factor Bcl-2 levels that eventually results in apoptosis.
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Wnt pathway. Stimulation with Wnt3a enhanced proliferation in a
concentration-dependent manner, and Wnt3a at a concentration of
200ng/ml for 24 hr, cell viability of HGC-27 was increased 41.2%
compared to untreated cells, as shown in Fig. 7C. Treatment with
Niclosamide at 1, 2 pM concentration considerably decreased
proliferation of Wnt3a ligand stimulated HGC-27 cells (Fig. 7D).

Further, we determined the effect of Niclosamide on the protein
levels of Wnt / B-catenin upstream proteins and downstream
targets in HGC-27 cells by western blotting. Phosphorylated forms
of GSK-3f and total B-catenin decreased significantly in the treated
cells compared to untreated cells without altering total GSK-3f3
levels (Fig. 8A). In another experiment, we stimulated cells with
Wnt3a and found that it enhanced the total B-catenin levels when
compared to untreated cells. Under similar stimulated conditions,
Niclosamide treatment markedly decreased the total B-catenin
levels (Fig. 7B). This reduced level of B-catenin indicates
that Niclosamide might enhance the phosphorylation levels of
B-catenin, which in turn results in its proteasomal degradation
making it unavailable for nuclear transcriptional effects. Therefore,
further protein expression of downstream effectors of B-catenin
mediated pathways that play an important role in cell proliferation
and cell cycle progression were also determined. Cyclin-D1,
C-myc, and CDK-4 were all down-regulated in a dose-dependent
manner in Niclosamide treated HGC-27 cells (Fig. 8A).

Overall, these results clearly indicate that Niclosamide
downregulates the Wnt/ B-catenin signaling in gastric cancer cells,
possibly by downregulating the phosphorylation of GSK-33 and
decreasing the accumulation of f-catenin.

Niclosamide inhibits Akt/GSK-3/NF-xB pathway activation in
HGC-27 cells

Akt signaling pathway is an important signal transduction
pathway that plays a critical role in cell survival and apoptotic
process. Possible activation of Akt, which further phosphorylates
and deactivates GSK-3p that, in turn, results in the stabilization of
B-catenin, has been implicated in the activation of Wnt signaling
pathway [30, 31]. Hence we checked whether Niclosamide could
modulate the phosphorylation status of Akt by performing western
blotting. As seen in Fig.9A & 9B, we did not find any alterations in
the total protein expression of Akt in Niclosamide-treated HGC-
27 cells, whereas phosphorylated Akt protein at Ser473 decreased
significantly in a dose-dependent manner after treatment with
Niclosamide compared to untreated cells.

Recent reports showed that the NF-kB activation is also regulated
by the Akt signaling pathway [32, 33, 34]. NF-xB family nuclear
transcription factors play a cardinal role in inflammation, immune
responses, as well as in various stages of tumor initiation,
progression, and resistance to chemotherapy. Niclosamide
treatment significantly decreased phosphorylation of p65 NF-
kB in HGC-27 cells without altering total p65 NF-«xB (Fig. 9A &
9B), suggesting that Niclosamide might inhibit NF-xB signaling
pathway through inhibition of the common internode Akt.
Collectively, these results provide evidence for a potential cross-
talk between Wnt, Akt, and NF-kB pathway during Niclosamide-
induced cell growth inhibition and apoptosis in gastric cancer cells.
These results also demonstrate that Niclosamide induces potential
modulation of these multiple signaling pathways, including Wnt,
Akt, and NF-«B in the gastric cancer cells.

Discussion

In this report, to the best of our knowledge, we first time
demonstrated that FDA approved drug Niclosamide exerts
anti-tumor effects in gastric cancer, one of the most common
fatal malignancies in the world. We identified the mechanism
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underlying this effect as the generation of reactive oxygen species,
GO/GI cell cycle arrest, and apoptosis induction. In this study, we
also found that Niclosamide is a potent inhibitor of Wnt/ -catenin
signaling and its associated pathways such as Akt, NF-Kp.

Niclosamide, a salicylanilide derivative, is an FDA approved,
anthelmintic drug and has been used widely used for the treatment
of tapeworm infections for almost 50 years. Besides, it is an
effective and commonly used molluscicide for water treatment
in the control of schistosomiasis [35]. Niclosamide uncouples
oxidative phosphorylation and stimulates adenosine triphosphatase
activity in mitochondria of cestodes [7]. Recently, several
high throughput screening programs identified the anti-tumor
activity of Niclosamide in many cancers such as breast, prostate,
ovarian cancers and glioblastoma. These reports suggested that
Niclosamide modulates multiple signaling pathways such as
STAT3, mTORCI, and Wnt/ B-catenin signalling [8, 9, 10, 11].
Further, inhibition of cancer stem cells, a- subpopulation of tumor
cells that exhibit self- renewal property and resistance to therapy,
could be another important mechanism by which Niclosamide
exhibits an anti-cancer effect.

In this study, we found that Niclosamide strongly inhibited the
viability of gastric cancer cells in vitro (Fig. 1A). The results were
comparable to the effects induced by salinomycin, a polyether
ionophore antibiotic that has shown anti-tumor activity in
different types of human cancers, most likely by interfering with
the Wnt/B-catenin signaling pathway and other cancer stem cell
pathways. However, salinomycin has reported to associate with
neurotoxicity and has a narrow therapeutic index, and its clinical
use has been limited [36]. In contrast, we and others have shown
that Niclosamide is 5 fold more potent than salinomycin in gastric
cancer and was found to be safer in normal cells [37]. Niclosamide
arrested cell cycle progression at the G0/G1 phase in a dose-
dependent manner. Cyclin D1 and CDK4 are essential for the
Glto S phase progression in cell cycle [38]. Niclosamide markedly
decreased both these proteins in a dose-dependent manner.
These results are in line with a previous report that showed that
Niclosamide arrested the cell cycle of the human glioblastoma cell
line also in the G0/G1 Phase [39].

Apoptosis plays a pivotal role in the anti-tumor mechanism
of many anti-cancer drugs. Apoptotic cells show some distinct
morphological features such as membrane blubbing, chromatin
condensation, nuclear fragmentation, and apoptotic body formation
[40] and Niclosamide treated gastric cancer cells exhibited all
these characteristics in a dose-dependent manner.

The generation of reactive oxygen species is a promising
approach in cancer therapy [41]. The increased reactive oxygen
species often decrease mitochondrial aerobic ATP production
and disrupt mitochondrial membrane potential by oxidation
of mitochondrial membrane proteins. A subsequent release
of cytochrome ¢ from the mitochondria triggers the apoptotic
process [42].In our study, Niclosamide elevated reactive oxygen
species generation and disrupted mitochondrial membrane
potential in a concentration-dependent manner. Increased levels
of cytochrome C are also clearly evident in the Niclosamide
treated cells suggesting mitochondrial involvement in the anti-
cancer mechanism of Niclosamide. Our findings are supported
by another report showing that Niclosamide uncoupled oxidative
phosphorylation and caused a loss of mitochondrial membrane
potential in multiple myeloma cells[43].

Metastasis of tumor cells is the predominant cause of cancer-
related death and morbidity. It is a multistep biological process
that involves initial migration, invasion, intravasation, followed by
extravasation and colonization in the distinct sites [44]. Here we
reported that Niclosamide markedly inhibited gastric cancer cell
adhesion and migration in a dose-dependent manner, implying its
anti-metastatic potential in the treatment of gastric cancer.
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Bcl-2 family proteins consist of both pro- and anti-apoptotic
factors, primarily regulate the mitochondrial outer membrane
permeabilization and thus control the commitment of cells towards
intrinsic apoptotic pathway [33]. Niclosamide enhanced Bax to
Bcl-2 ratio and increased PARP-1 level in treated gastric cancer
cells when compared with control cells indicating the possible
involvement of the intrinsic apoptotic pathway in its mechanism of
anti-cancer activity.

Wnt/ B-catenin signaling pathway plays a central role in
mammalian development processes such as cell proliferation,
cell fate determination, cell polarity and migration, and also in
tumorigenesis. Aberrational activation of Wnt signaling and
mutations in various components of this pathway have been
implicated in various types of tumors such as colorectal, breast,
prostate, gastric, and melanoma. Enhanced B-catenin levels
are typical hallmarks of the activated canonical Wnt signaling
pathway, occur due to impeded phosphorylation by APC complex
and inhibited proteasomal degradation. Thus accumulated
B-catenin enters the nucleus and interacts with LEF/TCF forming
a complex and activates downstream targets involved in cell
proliferation such as cyclin D, c-Myc [5]. In our study, Niclosamide
potently downregulated GSK-3f levels, f -catenin mediated
transcriptional activity, total B-catenin levels, and downstream
target proteins in treated cells. This is in agreement with previous
literature in which Niclosamide inhibited Wnt / f-catenin signaling
by promoting Frizzled receptor internalization, LRP6 degradation,
thereby inhibiting B-catenin accumulation and its transcriptional
activity in colorectal, breast and prostate tumors [10, 13, 45].

Akt kinase, an important component in the PI3K/AKT/mTOR
pathway, also acts as an important element in the Wnt / $-catenin
signaling pathway. Upon activation of Wnt signaling, Akt gets
phosphorylated and activated through dishelleved protein, and
thereby it phosphorylates and deactivates the GSK-3 B in the
APC complex, thus stabilizes B-catenin [30]. In the present
study, we examined the effect of Niclosamide on Wnt signaling
mediated Akt activity and its downstream target GSK-3p3, a
critical component in the APC complex. Our results show that
Niclosamide significantly impeded phosphorylation of Akt and
its substrate GSK-3f activity in HGC-27 cells. NF-kB family
transcription factors are another subset of substrates for Akt
kinase that play a pivotal role in inflammation, cell survival and
tumorigenesis, and evasion of apoptosis [32, 34]. In this study,
Niclosamide completely suppressed phosphorylated P65 NF-xB
form, one of the critical components of the NF-kB pathway.

In conclusion, our study demonstrated that Niclosamide has
potent anti-tumor activity in gastric cancer cells through inhibition
of Wnt/ B-catenin and also its associated Akt, NF-kB signaling
pathways as well as generation of reactive oxygen species. Since
this pathway is highly involved in the cancer stem cells, further
work should be done on the anti-cancer effect of Niclosamide
on gastric cancer stem cells. Hence this report emphasizes
that Niclosamide has the potential to become a promising anti-
cancer agent in the treatment of human gastric cancer and further
warrants the initiation of clinical trials in gastric cancer patients.
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