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Combination therapy of niclosamide with gemcitabine inhibited cell proliferation
and apoptosis via Wnt/f3-catenin/c-Myc signaling pathway by inducing f3-catenin
ubiquitination in pancreatic cancer
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ABSTRACT

Pancreatic ductal adenocarcinoma (PDAC) is a type of cancer with high morbidity and mortality rates world-
wide. Owing to a lack of therapeutic options, the overall survival rate of patients with pancreatic cancer is low.
Gemcitabine has been mainly used to treat patients with pancreatic cancer, but its efficacy is limited by
chemoresistance. Therefore, a novel therapeutic agent for PDAC therapy is urgently needed. An anthelminthic
drug, niclosamide, has already been researched in breast, lung, colon, and pancreatic cancer as an anti-cancer
purpose by re-positioning its original purpose. However, combination therapy of gemcitabine and niclosa-
mide was not informed yet. Here, we found that niclosamide co-administered with gemcitabine significantly
inhibited tumorigenesis of pancreatic cancer compared to gemcitabine alone. Further, combining niclosamide
and gemcitabine inhibited cell proliferation and induced apoptosis. Niclosamide induced cell cycle arrest at
the G, phase, and the levels of CDK4/6 and cyclin D1 were lowered after gemcitabine treatment. In addition,
the combination of these chemical compounds more effectively increased the binding level of activated (3-
catenin destruction complex and (3-catenin to enable phosphorylation, compared to gemcitabine alone. After
phosphorylation, niclosamide — gemcitabine upregulated the ubiquitin level, which caused phosphorylated p-
catenin to undergo proteasomal degradation; the combination was more potent than gemcitabine alone.
Finally, the combination more effectively suppressed tumor growth in vivo, compared to gemcitabine alone.
Altogether, our results indicate that niclosamide synergistically enhances the antitumor effect of gemcitabine
in pancreatic cancer, by inducing the degradation of B-catenin with ubiquitination. Therefore, this drug
combination can potentially be used in PDAC therapy.
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Introduction (APC), Glycogen synthase kinase-3p (GSK-3f), Axin, and

Casein kinase 1 (CK1).® The destruction complex phosphor-
ylates cytoplasmic [B-catenin at residues Ser33, Ser37, and

Pancreatic ductal adenocarcinoma (PDAC) is an insidious
type of cancer, which is commonly diagnosed at stage IV.!

Even if PDAC is diagnosed early, complete elimination cannot
be achieved due to its high rate of recurrence and
chemoresistance.” Currently, gemcitabine is a standard che-
motherapeutic drug used to treat pancreatic cancer.” However,
treatment with gemcitabine alone is less effective against
PDAC."* Therefore, exploring and improving novel therapeutic
agents for PDAC therapy are of critical importance.

The Wnt/B-catenin signaling pathway is a key signaling
pathway related to tumorigenesis.” A previous study revealed
that the aberrant activation of Wnt/p-catenin signaling is often
observed in pancreatic cancer cells.® Inhibition of Wnt ligands
inactivates Frizzled (FZL) receptors, Disheveled (DVL) recep-
tors, and LDL receptor-related protein (LRP) 5/6 complexes at
the cell surface,” which leads to the activation of the -catenin

Thr41 for recognition by E3 ubiquitin ligase beta-transducin
repeat-containing proteins (B-TrCP) to be ubiquitinated for
the proteasomal degradation pathway.” Therefore, the Wnt/B-
catenin signaling pathway may be a therapeutic target for
regulating PDAC pathogenesis.

Niclosamide is an FDA-approved anthelminthic drug that
blocks oxidative phosphorylation and triggers adenosine tri-
phosphatase activity in the mitochondria of tapeworm to kill
its head and body.'® In the last 5 years, niclosamide has been
acknowledged as a potential anti-cancer candidate by various
high-throughput screening (HTS)."" Previous studies found
that niclosamide targets Wnt/B-catenin for its inhibition."*'®
Moreover, niclosamide has been proven to be anti-
tumorigenic in various types of cancers, such as breast, lung,

destruction complex comprising Adenomatous polyposis coli and colon." Previously, niclosamide was demonstrated to
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promote Wnt co-receptor LRP6 degradation with no effect on
Dvl2 expression to inhibit the Wnt signaling pathway in pros-
tate and breast cancer.'* Another study also revealed that
niclosamide promotes protein ubiquitination and correlates
with poly ADP ribose polymerase (PARP) expression to
prove its apoptotic effect in the glioblastoma U-87 MG cell
line."* Although niclosamide is a known anti-cancer drug
whether it plays a role in the ubiquitination level of Wnt/p-
catenin signaling in pancreatic cancer remains unclear.
Further, the effect of co-administering niclosamide and gem-
citabine on the ubiquitination level of the Wnt/B-catenin path-
way in pancreatic cancer has not been elucidated.

In this study, we sought to verify whether niclosamide can
synergistically improve the anti-proliferative effect of gemcitabine
in vitro and in vivo. Here, we found that co-treatment with
niclosamide and gemcitabine mainly induced cell cycle arrest at
the G; phase compared to gemcitabine alone. Further, niclosa-
mide and gemcitabine exhibited a synergistic effect on the level of
apoptosis in pancreatic cancer cells. Based on further analysis, we
determined that niclosamide - gemcitabine suppressed cell pro-
liferation and manipulated the ubiquitin level to guide phos-
phorylated p-catenin to a proteasomal degradation pathway in
pancreatic cancer. Further, co-treatment with the drugs more
effectively induced binding between (-catenin and [-catenin
destruction complex (Axinl, GSK-3f, and B-TrCP), compared
to gemcitabine alone, leading to P-catenin phosphorylation.
Herein, a xenograft model was established to determine whether
niclosamide can enhance the anti-proliferative effect of gemcita-
bine on tumor growth in vivo. Niclosamide significantly
improved the inhibitory effect of gemcitabine as a novel thera-
peutic agent for PDAC therapy.

Materials and methods
Cell lines and cell culture

Human pancreatic cancer cell lines (MIA PaCa-2, PANC-1, AsPC-
1, and BxPC-3) and the kidney of human embryo (HEK-293A)
were purchased from the American Type Culture Collection
(ATCC, Manassas, VA). MIA PaCa-2, PANC-1, and HEK-293A
cells exhibiting epithelial morphology were maintained as cultured
in DMEM supplemented with 10% FBS (Biowest, MO, USA) and
1% antibiotic — antimycotic reagent (Gibco, MA, USA) at 37°C
with 5% CO,. AsPC-1 and BxPC-3 cells exhibiting epithelial mor-
phology were maintained as cultured in RPMI supplemented with
10% FBS (Biowest, MO, USA) and 1% antibiotic — antimycotic
reagent (Gibco, MA, USA) at 37°C with 5% CO,.

Cell viability and proliferation assay

A water-soluble tetrazolium salt (WST) assay was used to assess
cell viability. Cells were seeded into a 96-well plate at a density of
3x 10> cells per well and incubated overnight. Thereafter, the
cells were treated with various concentrations of gemcitabine
(Yuhan, Seoul, Korea), niclosamide (Cayman Chemical
Company, MI, USA), and Control (DMSO) for 72h. A stock
solution for niclosamide was prepared by dissolving the ethano-
lamine salt in DMSO as an organic solvent for indicated con-
centration. Growth medium was replaced with 10% WST-1

reagent (DoGenBio, Seoul, Korea) and incubated at 37°C with
5% CO, for 1 h. The data are expressed as optical density (ODys)
measurements and were obtained using a VersaMax microplate
reader (Molecular Devices, CA, USA) with a 450-nm filter.

Patient-derived organoids and drug testing

Human pancreatic tissues were obtained from patients diagnosed
with pancreatic cancer at the Gangnam Severance Hospital from
2018 to 2019. Written informed consent was obtained from each
patient and the study was approved by the institutional review
board (3-2018-0241). Briefly, tissues were sliced into 5-10 mm
pieces, washed with advanced DMEM/F12 (Gibco) supplemen-
ted with 1% penicillin - streptomycin (Welgene, Gyeongsan,
Korea), and then enzymatically digested with advanced
DMEM/F12 supplemented with 0.125mg/mL dispase II
(Wako, VA, USA), 0.1 mg/mL DNase I (Millipore, MA, USA),
0.125 mg/ml collagenase II (Gibco), and 1% penicillin - strepto-
mycin for 1h at 37°C with shaking (150 rpm). After digestion,
the supernatant was filtered through a 70-pum cell strainer (SPL,
Gyeonggi-do, Korea) and pelleted by centrifugation at 200 x g for
5min at RT. The pellet was resuspended in culture media and
mixed with Matrigel (Corning, NY, USA) at a ratio of 1:1 (v:v),
seeded in a 48-well plate at a density of 1x 10* per well, and
incubated with 5% CO, at 37°C for 10 min to polymerize the
matrices. After polymerization, the matrices were treated with 0.5
and 1 (M niclosamide, and control (DMSO) for 72 h.

Cell cycle

MIA PaCa-2 cells were incubated with gemcitabine, niclosa-
mide, and control (DMSO) for 24 h, harvested using trypsin-
EDTA (0.25%) with phenol red (Gibco) and washed twice in
Dulbecco’s phosphate-buffered saline (Biowest). Cells were
fixed at —20°C for 15 min, washed twice with cold DPBS, and
then incubated with propidium iodide (PI) dye with RNase
A (Sigma-Aldrich) for 30 min. Samples were analyzed on
a FACScanto II flow cytometer (BD Biosciences) with a 488-
nm jon laser. A minimum of 10,000 events were recorded for
each sample. Cell cycle analysis of DNA histograms was per-
formed using the FlowJo software (BD Biosciences).

Apoptosis

MIA PaCa-2 cells were incubated with the assigned drugs for
48 h, harvested by using Trypsin-EDTA (0.25%) with phenol
red (Gibco) and washed twice in Dulbecco’s phosphate-
buffered saline (Biowest). The cells were incubated with 10%
binding buffer, propidium iodide (PI), and FITC (BD
Biosciences) for 15 min. The samples were then analyzed for
phosphatidylserine exposure by annexin-V FITC/propidium
iodide double-staining on a FACScanto II flow cytometer (BD
Biosciences) with a 488-nm ion laser. A minimum of 10,000
events were recorded for each sample.

RT-PCR

The cells were treated with the assigned drug compounds for
24 h. Thereafter, the cells were harvested using TRIZOL



Reagent (Sigma-Aldrich). A total of 0.4 pg of total isolated
RNA was analyzed via reverse transcription PCR using the
Maxime™ RT-PCR premix kit (Intron, Gyeonggi-do, Korea).

Western blot analysis

The cells treated with the assigned compounds were washed with
DPBS, collected, and lysed in RIPA buffer. The cell lysates were
then separated on SDS polyacrylamide gels and transferred to
polyvinylidene fluoride membranes (Merck Millipore, MA,
USA). After blocking nonspecific binding with TBS-T (0.1%
Tween) containing 5% skim milk for 1h at room temperature,
the membranes were immunoblotted with primary antibodies at
4°C overnight. Subsequently, the membranes were incubated with
HRP-conjugated goat anti-rabbit secondary antibody or goat
anti-mouse secondary antibody for 1h at room temperature.
The protein bands were exposed to an enhanced chemilumines-
cent (ECL) horseradish peroxidase (HRP) substrate (Thermo
Fisher Scientific, USA) and detected on X-ray films. Primary
antibodies against anti-Wntba (# 174963) were purchased from
Abcam (Cambridge, UK). Anti-cleaved/pro-caspase 9 (# 56076),
anti-cleaved/pro-caspase 3 (# 9662/9661), anti-ubiquitin (# 8017),
anti-c-Myc (# 40), anti-Bcl2 (# 509), anti-B-actin (# 47778), anti-
p21 (# 6246), anti-CDK4 (# 601), anti-CDKG6 (# 7961), and anti-
CDK?2 (# 163) were purchased from Santa Cruz Biotechnology
(Dallas, TX, USA). Anti-Rb (# 9309), anti-Phospho-Rb (# 9307),
anti-Axinl (# 2087T), anti-Phospho-B-catenin (S33/37/T41) (#
9561S), anti-B-catenin (# 9582S), anti-B-TrCP (#4394S), anti-
Cyclin D1 (# 2922S), anti-Phospho-Akt (T308) (# 9275S), anti-
Akt (# 9272S), anti-Bax (# 2772T), anti-Phospho-JAK2 (# 3771),
anti-JAK2 (# 3230), anti-Phospho-STAT3 (# 9145), anti-STAT3
(# 9139), anti-Phospho-GSK3p (# 9323), and anti-GSK3p (#
9315) were purchased from Cell Signaling Technology
(Danvers, MA, USA). Anti-y-tubulin (# T6557) was purchased
from Sigma-Aldrich (St. Louis, MO, USA). HRP-conjugated goat
anti-mouse secondary (# 7076S) and HRP-conjugated goat anti-
rabbit secondary (# 7074S) antibodies were obtained from Cell
Signaling Technology (Danvers, MA, USA).

Immunoprecipitation assay

After treatment, the cells were washed once with Dulbecco’s
phosphate-buffered saline and lysed for 30 min on ice. The cell
lysates were incubated with the indicated antibodies overnight at
4°C. After incubation, magnetic A/G beads (Burlington, MA,
USA) were precleared with Dulbecco’s phosphate-buffered sal-
ine (Biowest). The A/G beads were incubated with antigen-
antibody complexes for 30 min. The protein A/G beads were
washed three times with DPBS and the complexes were boiled
with denaturing elution buffer (2X Laemmli sample buffer, -
mercaptoethanol, and Dulbecco’s phosphate-buffered saline) at
95°C for 5 min. The IP samples were subjected to SDS-PAGE
followed by western blotting using the indicated antibodies.

Immunofluorescence assay

Tissue sections were deparaffinized in xylene for 5min and
rehydrated using ethanol. Antigen retrieval was performed by
boiling in preheated buffer 10 mM citrate buffer pH 7.6 for 10
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min at 200 W in a microwave. Next, slides were blocked by 10%
goat serum in phosphate-buffered saline tween pH 7.4 for 1 h at
room temperature. Primary antibodies rabbit monoclonal anti-
phospho-f-catenin (S33/37/T41), anti-B-catenin, anti-GSK3p,
anti-B-TrCP (1:100, Cell Signaling Technology, Danvers, MA,
USA) were added and incubated at 4°C overnight. Texas Red
goat anti-rabbit IgG (H+L) (Molecular Probes, Eugene, Oregon,
USA) was used as secondary antibody. Pictures were taken using
the ZEISS LSM 980 with Airyscan 2.

Xenograft tumor model

Five-week-old male BALB/c mice were purchased from the
Model Animal Research Center of Yonsei University (Seoul,
Korea). For the tumor xenograft assay, 4 x 10° PANC-1 cells
were suspended in 100 pL of DPBS and subcutaneously injected
into the left flank of mice. When the tumor volume reached
approximately 100 mm>, mice were randomly divided into six
groups. Gemcitabine (10 mg/kg), niclosamide (10 mg/kg), and
control (DMSO) were intraperitoneally administered twice per
week. After four weeks, all mice were euthanized. Tumors in each
group were collected and fixed in 4% paraformaldehyde. All
animal experimental procedures followed the National Institutes
of Health Guide for the Care and Use of Laboratory Animals and
were performed in accordance with protocols approved by the
Institutional Animal Care and Use Committee (IACUC) of Seoul
Yonsei Pharmaceutical University Experimental Animal Center.

Statistical analysis

Statistical analysis was performed with an unpaired ¢-test using
GraphPad Prism version 8.0 (GraphPad Software, CA, USA).
Data are presented as mean * SD. Statistical significance was
set at p <.05; a p value <0.01 was considered significant and
indicated as **.

Results

Niclosamide enhances the inhibitory effect of gemcitabine
on cell proliferation

To determine whether gemcitabine and niclosamide could
effectively inhibit cancer cell proliferation, we administered
both drugs to the PDAC cells, PANC-1 and MIA PaCa-2,
AsPC BxPC3 HEK 293aat increasing dosages in the WST-1
assay. To determine the drug treatment concentrations of both
chemical compounds, the ICs, value was first calculated by
verifying both niclosamide and gemcitabine treatment in
PANC-1 and MIA PaCa-2 cells (Figure 1a). After determining
the drug concentration via ICso analysis, we proceeded to
determine whether niclosamide alone could hinder the cell
proliferative effect at the organoid scale. The total effectiveness
of niclosamide was calculated by measuring the spreading area
of each organoid. Niclosamide significantly suppressed orga-
noid proliferation compared to levels of the control (Figure 1b)

After examining the anti-proliferative effect of niclosamide in
the organoid scale, we treated niclosamide on PANC-1 and MIA
PaCa-2 cells to determine its regulatory effect on cell proliferation
via an increase in its concentration with a fixed dose of
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Figure 1. Niclosamide enhances the inhibitory effect of gemcitabine on cell proliferation. PANC-1, MIA PaCa-2, AsPC-1, BxPC-3, and HEK-293A cells were cultured in 96-
well plates (5 x 10°/plate and 3 x 10°/plate, respectively) for 24 h, and then treated with various doses of gemcitabine and niclosamide for 72 h. Thereafter, the WST-1
reagent was applied to monitor cell viability using a VersaMax microplate reader. (a) ICs, values of gemcitabine and niclosamide in PANC-1, MIA PaCa-2, AsPC-1, BxPC-
3, and HEK-293A cells were determined using GraphPad Prism and a nonlinear regression model. (b) Morphological changes in organoids were monitored for 72 h via
incubation with different concentrations of niclosamide. The total inhibitory effect of different dosages of niclosamide was calculated. The data represent mean + SD (n
=3), * p <.05, ** p <.01, compared with the control group. (c) Viability of PANC-1 and MIA PaCa-2 cells was measured following treatment with the indicated
concentrations of each drug for 72 h. The data represent mean £ SD (n =9), * p <.05, ** p < .01, compared with the gemcitabine group (5 uM). (d) Viability of PANC-1
and MIA PaCa-2 cells was measured following treatment with the indicated concentrations of each drug for 48 h and 72 h, respectively. The data represent mean + SD
(n=12), * p <.05, ** p <.01, compared with the gemcitabine group (5 uM). () MIA PaCa-2 cells were incubated with the indicated concentrations of gemcitabine and
niclosamide for 24 h, and the expression of the JAK-STAT signaling proteins p-JAK2/JAK2, p-STAT3/STAT3, CDK4, cyclin D1, c-Myc, and p-Akt/Akt were determined
using western blotting.

gemcitabine (5uM). Co-treatment with the two drugs led to
a significantly enhanced inhibitory effect on cell proliferation
compared to treatment with gemcitabine alone (Figure 1c). To
determine the anti-proliferative effect of niclosamide on cell pro-
liferation, PANC-1 and MIA PaCa-2 cells were treated with
niclosamide with or without 5uM gemcitabine and the drug-
exposure time was varied. As the exposure time increased, niclo-
samide - gemcitabine significantly lowered the viability of
PANC-1 and MIA PaCa-2 cells (Figure 1d).

As the co-administration of niclosamide - gemcitabine
markedly induced cell cytotoxicity of pancreatic cancer cells,
we investigated genes affect cell proliferation via the JAK-
STAT signaling pathway in MIA PaCa-2 cells (Figure le). In
a prior study, niclosamide was not found to affect JAK2, but
could inhibit STAT3.?° By confirming the phosphorylation
level of STAT3, gemcitabine alone was not found to effectively
lower the protein expression. However, when gemcitabine was



combined with niclosamide, its anti-proliferative effect was
enhanced to inhibit the phosphorylation of STAT3 at the
Tyr705 residue (Figure le). Moreover, c-Myc, a downstream
target of STAT3, was markedly weakened by niclosamide —
gemcitabine. Therefore, niclosamide enhanced the inhibitory
effect of gemcitabine via the JAK-STAT proliferation pathway.

Such findings suggest that niclosamide may exhibit signifi-
cantly enhanced anti-proliferative effect on cell growth when
co-treated with gemcitabine at both the cell and organoid levels
via examining JAK-STAT proliferation signaling pathway.

Niclosamide induces cell cycle arrest at the G, phase

As niclosamide enhanced the inhibitory effect of gemcitabine
on cell proliferation, we assessed their ability of cell cycle
modulation using various concentrations of gemcitabine and

CANCER BIOLOGY & THERAPY e 5

niclosamide. Based on FACS analysis, both niclosamide and
gemcitabine only induced G, and S-phase arrest, respectively.
However, co-administering the two drugs caused
a significantly higher percentage of arrest at the G; -phase
than gemcitabine and niclosamide alone (Figure 2a,b).
Therefore, both drugs synergistically elevated early phase
arrest in the cell cycle to prevent cell proliferation.

We assessed the genes involved in the G; to S-phase transi-
tion at the mRNA and protein levels to verify the role of co-
treatment with niclosamide - gemcitabine (Figure 2¢,d).
A previous study proved that the activation of CDK4/6 com-
plexes with cyclin D1 binding initiates entry into the G, -phase
of the cell cycle.*' After passing through the G, phase, cyclin
D1 phosphorylates Rb (retinoblastoma protein) to activate
CDK2 with cyclin El binding to activate the S phase.”?
Interestingly, the protein level of CDK4 was markedly reduced

(a) Control GEM 5 uM GEM 5 uM + NCL 0.5 uM (b)
4 E
r % s 1201= GG, == S =m G,/M
: Gy/Gy =347% Gy/Gy =38.7% 4 Gy/Gy =48.7%
S =46.5% S =60.3% S =15.3% _
g: G,/M = 18.8% §,§ Gy/M =1.1% g’ Gy/M = 4.2% ~ 100 . * + *
: S
{ - —_
: L‘ : ;80
- ©
s § S22 e vSrmes 2w . =
GEM 5 N;M NCL 1 uM NCL 0.5 uM NCL 1 uM o 607 L
+ i =
. M M ; M . M % | 7 | [ . | _I_
5 i = 40—+ [
3 Gy/G; =50.8% * Gy/G,; =459% ° Gy/Gy =49.2% 3
] S=442% ¢ S$=351% = S=19.8%
5 G/M=50% G/M =19.0% G/M = 31.0% 20+
4 s .
£ 5 0
: i‘ . GEM(BuM) — + + + — -—
NCL@M) — — 05 1 05 1
c
() (d) GEM(BwWM) — + + + = =
GEM(E) —  + W = = NCL@M) — — 05 1 05 1 (kDa)
NCL (uM)  — — 05 1 05 1 (bp)
P21 | e S A - a— | 21
CDKN1A
CDK4 | «ws s s — - 30
CDK4
CDKG | s — -36
CDK6
Cyclin D1 | - — <34
CCND1 p-Rb pand - -
(Ser780) —— — - <110
G2 Rb | e G @i Q) e === | <110
CCNE1 CDK2 | o o o s e -34
GAPDH i B-actin | (NS GNP GND GED D | < i3

Figure 2. Niclosamide induces cell cycle arrest at the G; -phase. (a) MIA PaCa-2 cells were treated with the indicated concentrations of drugs for 24 h, and then
incubated with Pl dye for 30 min. The samples were analyzed using Fluorescence-activated Sorting System, FACScan Canto Il for the cell cycle arrest evaluation. The
data were then analyzed using FlowJo Software. (b) Identification of G, S, and G,/M-phase by Pl staining. The data represent mean + SD (n = 3), * p <.05, ** p <.01,
compared with the gemcitabine only group. (c) MIA PaCa-2 cells were treated with different concentrations of gemcitabine and niclosamide for 24 h, and the mRNA
expression levels of the G; or S phase-related genes CDKN1A, CDK4, CDK6, CCND1, CDK2, and CCNET were determined by RT-PCR. (d) After treatment with different
concentrations of gemcitabine and niclosamide for 24 h, the expression levels of the G; and S phase-related proteins p21, CDK4, CDK6, cyclin D1, CDK2 were

determined using western blot.
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by the combination of the two drugs (Figure 2d). In addition,
both the mRNA and protein expression levels of CDK6 and
cyclin D1 were strongly reduced by treatment with niclosa-
mide and gemcitabine (Figure 2c,d). As niclosamide - gemci-
tabine reduced the level of CDK4/6-cyclin D1 complexes, the
phosphorylation level of Rb was also reduced. Further, the
level of p21 was markedly increased to enhance the formation
of the inactive trimeric complexes of CDK4/6-cyclin D1.*'
However, the level of the S-phase entry-related genes, CDK2
and CCNEI, revealed that niclosamide had no significant effect
on their mRNA and protein expression.

Altogether, niclosamide — gemcitabine induced cell cycle arrest
at the G; -phase by inhibiting the formation of CDK-cyclin
complexes and the phosphorylation of Rb in the G; -phase by
inducing the escalation of p21 levels in pancreatic cancer cells.

Niclosamide increases the level of apoptosis

As both niclosamide and gemcitabine induced cell cycle arrest at
the G, -phase (Figure 2), the combination of the two compounds
was expected to induce apoptosis of PDAC cells. To determine
whether the compounds synergistically induced apoptosis, MIA
PaCa-2 cells were treated with gemcitabine and niclosamide.
Based on the results, the percentage of both early apoptosis and
late apoptosis was significantly increased by utilizing a dual stain-
ing system of FITC and PI via FACS analysis (Figure 3a).
Treatment with gemcitabine and niclosamide had
a significantly higher apoptotic effect than treatment with each
drug alone (Figure 3b). To verify the effects of the chemical
compounds at both the mRNA and protein levels, apoptotic
genes were confirmed via RT-PCR and western blotting.
Apoptosis-inducing genes were increased at both the mRNA
and protein levels. In particular, co-treatment with niclosamide
and gemcitabine triggered the expression of apoptosis-inducing
genes (Bax, CASP9, and CASP3). In addition, co-administration
of the two drugs mainly blunted the expression of Bcl-2, an
apoptosis-inhibiting gene, at the mRNA and protein levels
(Figure 3c, d). Consequently, niclosamide promoted the induc-
tion of apoptosis by gemcitabine in pancreatic cancer cells.

Niclosamide decreases cell proliferation through the Wnt/
B-catenin signaling pathway

Wnt/p-catenin signaling pathway is a signaling pathway that con-
tributes to tumorigenesis.” As niclosamide enhanced the anti-
proliferative effect of gemcitabine, downstream targets of [-
catenin were assessed at the mRNA expression level (Figure 4a).
Niclosamide — gemcitabine showed the highest inhibitory effect on
most of the Wnt/p-catenin signaling genes in MIA PaCa-2 cells.
We proceeded to verify the protein level of Wnt5a to
determine whether the drugs synergistically inhibit Wnt sig-
naling when administered to MIA PaCa-2 cells. The co-
administration of the drugs downregulated the protein levels
of Wnt5a. In addition, as niclosamide promoted the intensity
of induced phosphorylation of B-catenin at Ser33/37/Thr41,
the level of B-catenin was simultaneously lowered (Figure 4b).
To determine whether increasing the dosage of niclosamide
would have a negative impact on the cytoplasmic level of B-

catenin, niclosamide was administered to MIA PaCa-2 cells at
increasing concentrations with 5 uM gemcitabine (Figure 4c).
As expected, increasing the dosage of niclosamide significantly
induced the phosphorylation of B-catenin and lowered the
level of B-catenin based on verification of the expression of
each protein. Therefore, niclosamide was shown to affect the
level of phosphorylated B-catenin.

As niclosamide increased the level of phosphorylated (-
catenin, it also triggered the binding of endogenous Axinl,
GSK-3B, and B-TrCP on phosphorylated B-catenin by co-
immunoprecipitation (Figure 4d). B-TrCP (E3-ubiquitin
ligase) is known to bind to phosphorylated p-catenin to induce
ubiquitination.” Therefore, verifying the ability of niclosamide
to induce the level of P-catenin-ubiquitin binding for the
proteasomal degradation pathway proved important. To deter-
mine whether niclosamide enhances the level of ubiquitina-
tion, B-catenin was immunoprecipitated to confirm its
combination with ubiquitin by increasing the dosage of niclo-
samide (Figure 4e). When niclosamide was administered to
MIA PaCa-2 cells in the presence of MG132, niclosamide was
identified to enhance the anti-proliferative effect on PDAC
cells by inducing ubiquitination.

Opverall, treatment with niclosamide and gemcitabine mark-
edly promoted the binding of the Wnt/B-catenin destruction
complex with B-catenin to be led by ubiquitin to the protea-
somal degradation pathway.

Niclosamide significantly inhibits tumorigenesis in vivo

To determine whether co-treatment with niclosamide and gem-
citabine weakens the proliferation of PDAC tumors, PANC-1
cells were xenografted in BALB/c nude mouse models to gen-
erate PDAC tumors for four weeks in vivo (Figure 5a). After the
tumor volume reached 100 mm?>, the drugs were intraperitone-
ally administered twice per week (Figure 5b); body weight and
tumor size were recorded after intraperitoneal injection.
Tumor formation was more observably receded when both
gemcitabine and niclosamide were administered (Figure 5c¢,d).
Moreover, as tumor growth was suppressed in the xenograft
model bearing PANC-1 cells, tumor weight was significantly
lower in the co-treatment group than in the other two groups
(Figure 5e). Although tumor growth was expanded in vivo, all
three groups had no significant difference in body weight (data
not shown). In addition, to compare the expression of phos-
pho-B-catenin (S33/37/T41), B-catenin, GSK3p, and B-TrCP
for each group in tumors, all the four different groups of
tumors were collected to analyze via immunofluorescence
assay (Figure 5f). The co-injected group showed the most
upregulated level for both phosphorylated p-catenin and f-
TrCP, but downregulated in B-catenin than any other groups.
As expected, no significant difference was observed in GSK-3f3
as one of B-catenin destruction complex. Therefore, by com-
paring the different treatments, niclosamide was found to
enhance the anti-tumor capacity of gemcitabine in vivo.

Discussion

As the 5-year survival rate of pancreatic cancer patients is
approximately 10%,> the discovery of therapeutic drugs to



CANCER BIOLOGY & THERAPY e 7

(a) Control GEM 5 pM GEM 5 uM + NCL 0.5 M (b)
= Late Apop. | =1 Late Apop. | =1 Eateipap: == Early Apoptosis
o] 5.3% | <] 5.4% | <3 6.4% 60— .
=3 e &™) e ' _ @ Late Apoptosis
;na_: ;'0' E‘ﬂoj A S E‘“o_: Wy 0¥ x; sk
i Q ; R QR T 'g Q1 Q@ :
= Sk APop. | o1 gilyApop. | = APOPp. = i *k
R PP 0 o E - " 12% | o ; 4% g 40
S S R S S i T TN T TR "R " T o
2 FircA n Firca & FITCA }é’,
GEM 5 uM + NCL 1 uM NCL 0.5 uM NCL 1 uM L)
R o) —
=1 Late Apop. | =1 Late Apop. | "1 Late Apop. o 20
<] 43% [ <1 53% | <] 8.2%
=1 =1 =1
£ 1 fgir 4 N S 5 -3 o amaze 3
ae [} : [ il LR
s ™ iy ol e 2 o} aF 0
= Sy APOD. | = MRS APoP. | = AlREAR).APop. GEM(BWM) — + + + — —
2 prarirrrmer—rrmig iy ¥ eyt Glr 3 gy
oI T Ell‘)TO-A ot s P " ogg 0 10° o, 0 NCL (uM) — — 05 1 05 1
(c) (d) GEMGBWM) — + + + — —
NCL@M) — — 05 1 05 1 (kDa)
GEM(BIM) — + + + = - BAX | e s s mmm === === | <20
NCL@M) — — 05 1 05 1 (bp) Bel2 | M S e | < 26
BAX 103
Cleaved Caspase 9

BCL2 161

CASP3 146
CASP9 129

GAPDH 131

Cleaved Caspase 3

Pro-Caspase 9

Pro-Caspase 3

<43

B-actin

Figure 3. Niclosamide increases the level of apoptosis. (a) MIA PaCa-2 cells were treated with the indicated concentrations of drugs for 48 h, and then incubated with
annexin-V/PI for 15 min. The samples were analyzed using a fluorescence-activated sorting system (FACScan Canto II) for apoptosis analysis. (b) Bar graph of both early and
late apoptosis based on gated cells using the BD FACSDiva™ software program. The data represent mean + SD (n = 3), * p <.05, ** p <.01, compared with the gemcitabine
only group. (c) MIA PaCa-2 cells were treated with the indicated concentrations of gemcitabine and niclosamide for 48 h, and the mRNA expression levels of apoptosis-
related genes BAX, BCL2, CASP3, and CASP9 were determined using RT-PCR. (d) After treatment with different concentrations of gemcitabine and niclosamide for 48 h, the
expression levels of the apoptotic proteins BAX, Bcl2, cleaved/pro-caspase 9, and cleaved/pro-caspase 3 were determined using western blotting.

cure pancreatic cancer patients is urgently needed. Although
a previous study revealed that gemcitabine cannot effectively
kill cancer due to chemoresistance,** this drug had to be
administered as the primary treatment for patients with unre-
sectable locally advanced pancreatic adenocarcinoma.”> To
improve its anti-tumor effect, niclosamide, a drug approved
by FDA and used for tapeworm infection, was repurposed as
a cancer therapeutic drug candidate.*®

Of note, the effects of niclosamide on other types of
cancer cells have already been studied via various signal-
ing pathways. A previous study showed that niclosamide
has an ability to inhibit p-catenin/TCF (T-cell factor)
complex formation and interrupt downstream target gene
transcription in colorectal cancer for regulating tumori-
genesis and metastasis.”” Also, another study found out

that STAT3 is one of the main factors that mediate cancer
cell survival by activating anti-apoptotic genes such as Bcl-
2 and Bcl-XL in human head and neck cancer and non-
small cell lung cancer.”®*° And, it turned out that niclo-
samide can block STAT3 phosphorylation and nuclear
translocation in prostate cancer to halt cell proliferation
and apoptosis.”® Moreover, niclosamide triggers mito-
chondrial fission by causing mitochondrial fragmentation
to induce apoptotic cell death.’® There are some more
studies that niclosamide suppresses the cell viability in
osteosarcoma, head and neck squamous sarcoma, and

thyroid cancer cells.”'~*?

Therefore, we questioned that niclosamide may assist antic-
arcinogenic effect of gemcitabine in pancreatic cancer. Here,
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Figure 4. Niclosamide decreases cell proliferation and inhibits linear ubiquitination of B-catenin. (a) After treatment with different concentrations of gemcitabine and
niclosamide for 24 h, the mRNA expression levels of Wnt/B-catenin-related genes CTNNB1, CDK4, CCND1, and MYC were determined using RT-PCR. (b) MIA PaCa-2 cells
were incubated with the assigned concentrations of gemcitabine and niclosamide for 24 h, and the intracellular expression levels of Wnt5a, p-B-catenin, and -catenin
were determined using western blot. (c) MIA PaCa-2 cells were incubated with increasing dosages of niclosamide and gemcitabine (5 uM) for 24 h, and the intracellular
expression levels of p-B-catenin, and B-catenin were verified via western blot analysis. (d) MIA PaCa-2 cells were incubated with the indicated concentrations of
gemcitabine and niclosamide for 24 h. Thereafter, the lysates were subjected to immunoprecipitation using B-catenin antibody, and the co-precipitating endogenous
proteins were detected by western blot with the indicated antibodies. (e) Lysates from MIA PaCa-2 cells were incubated with the indicated concentrations of
gemcitabine and niclosamide for 16 h, then with or without 10 uM MG132 for an additional 8 h. The harvested protein samples were immunoprecipitated with -
catenin antibody and the immunoprecipitated fractions were analyzed by immunoblotting with the indicated antibodies.

we found that the combination of niclosamide and gemcita-
bine had more significant antiproliferative effect than each of
the single drug in pancreatic cancer.

To confirm the anti-proliferative effects of niclosamide on
pancreatic cancer, we administered niclosamide with or with-
out gemcitabine to PDAC cells. With increasing dosage of
niclosamide and gemcitabine, cell viability was significantly
lowered in both time- and concentration-dependent manners
in PANC-1 and MIA PaCa-2 cells in vitro.

Niclosamide has been shown to effectively induce cell
cycle arrest and apoptosis in other cancer cell types, such
as hepatocellular carcinoma cells and thyroid cancer
cells.’>** Herein, by administering niclosamide to PDAC
cells, we found that niclosamide significantly induced cell
cycle arrest in the G; phase and apoptosis. Moreover, its
effect was found to be markedly improved when gemcita-
bine was co-administered to cancer cells. Therefore, we
proved that niclosamide improves the effect of gemcitabine
by blocking the cell cycle and inducing apoptosis in PDAC
cells.

Abnormal activation of the Wnt/B-catenin signaling path-
way contributes to tumorigenesis in pancreatic cancer.” We
confirmed that both mRNA and protein levels of Wnt/p-
catenin related genes were restrained by the combination of
niclosamide and gemcitabine. Intriguingly, the phosphoryla-
tion of B-catenin was induced by niclosamide, while the pro-
tein level of B-catenin was concurrently lowered (Figure 4c,d).

Therefore, we assumed that a change in the level of B-catenin
phosphorylation could be a signal for ubiquitination. As the
destruction complex of p-catenin induces the phosphorylation
of B-catenin, B-TrCP may detect increased levels of phos-
phorylated P-catenin. Hence, niclosamide triggered an upre-
gulation of the level of ubiquitin to be bound to the
destabilized P-catenin, leading to proteasomal degradation.
As niclosamide affected the proteasomal degradation of -
catenin in vitro, the anti-proliferation capacity of niclosamide
was also verified in vivo by suppressing the proliferation of
pancreatic tumor cells in the xenograft models. Our data sup-
port the hypothesis that niclosamide could improve the anti-
proliferative effect of gemcitabine, leading to the conversion
from growth arrest to cell death. Further exploration of this
combination therapy should be performed in a clinical trial.
In relation to ubiquitination, Wang et al. demonstrated that
a genotoxic effect from chemotherapy could inhibit the phos-
phorylation of c-Abl2 and OTULIN (OTU Deubiquitinase
with Linear Linkage Specificity) to encourage linear ubiquiti-
nation of B-catenin regardless of the FZD/LRP heterodimeric
receptors and Wnt ligands in breast cancer.’® Phosphorylated
OTULIN is known to be bound to the ubiquitin ligase com-
plex, LUBAC (Linear ubiquitin chain assembly complex:
SHARPIN, HOIL-IL, and HOIP), which hinders the ubiquiti-
nation of P-catenin to stabilize the Wnt/p-catenin signaling
pathway to promote tumorigenesis.”” In our study, we proved
that both gemcitabine and niclosamide enhance the activated
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levels of B-catenin destruction complex and ubiquitin to
induce anti-tumorigenesis. Moreover, co-treatment with
niclosamide - gemcitabine could be utilized as
a chemotherapeutic therapy that triggers the genotoxic stress
mentioned by Wang et al. Therefore, it would be intriguing to
explore whether both niclosamide - gemcitabine and inhibi-
tion of OTULIN phosphorylation could synergistically
strengthen the level of P-catenin ubiquitination with the
induced genotoxic stress from niclosamide - gemcitabine.

In conclusion, niclosamide - gemcitabine significantly
inhibited the viability of pancreatic cancer cells at physiologi-
cally relevant concentrations. Further, higher levels of cell
cycle arrest at the G, -phase and apoptosis were confirmed in
the co-treatment group compared to the gemcitabine only
group. Altogether, we verified the anti-proliferative effect of
niclosamide - gemcitabine in both the JAK/STAT and Wnt/p-
catenin signaling pathways. The degradation of B-catenin with
ubiquitination facilitated the anti-proliferative effect of niclo-
samide — gemcitabine in vivo.
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