CDDpress

ARTICLE

www.nature.com/cddis

W) Check for updates

The anthelmintic drug niclosamide induces GSK-f3-mediated
B-catenin degradation to potentiate gemcitabine activity,
reduce immune evasion ability and suppress pancreatic cancer

progression
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Niclosamide, a cell-permeable salicylanilide, was approved by the Food and Drug Administration for its anthelmintic efficiency.
A growing body of evidence in recent years suggests that niclosamide exhibits potential tumor-suppressive activity. However, the
role and molecular mechanism of niclosamide in pancreatic cancer remain unclear. In this study, niclosamide inhibited proliferation
of pancreatic cancer cells (PCCs), induced apoptosis via the mitochondrial-mediated pathway, and suppressed cell migration and
invasion by antagonizing epithelial-to-mesenchymal transition. Also, niclosamide inhibited tumor growth and metastasis in
pancreatic cancer xenograft mouse models. Mechanistically, niclosamide exerted these therapeutic effects via targeting B-catenin.
Niclosamide did not reduce B-catenin mRNA expression in PCCs, but significantly downregulated its protein level. Moreover,
niclosamide induced B-catenin phosphorylation and protein degradation. Interestingly, niclosamide also induced GSK-3(3
phosphorylation, which is involved in the ubiquitination degradation of B-catenin. Pharmacological activation of B-catenin by
methyl vanillate and -catenin overexpression abolished the inhibitory effects of niclosamide. Furthermore, niclosamide
potentiated the antitumor effect of the chemotherapy drug gemcitabine and reduced the ability of cancer immune evasion by
downregulating the expression levels of PD-L1, which is involved in T cell immunity. Thus, our study indicated that niclosamide
induces GSK--mediated (3-catenin degradation to potentiate gemcitabine activity, reduce immune evasion ability, and suppress

pancreatic cancer progression. Niclosamide may be a potential therapeutic candidate for pancreatic cancer.

Cell Death and Disease (2022)13:112; https://doi.org/10.1038/s41419-022-04573-7

INTRODUCTION

The general view of cancer is that metastasis determines the
ultimate outcome of many cancer patients, especially pancreatic
cancer patients [1]. Pancreatic ductal adenocarcinoma (PDA)
represents approximately 90% of all pancreatic cancers and is
one of the top five leading causes of cancer-related deaths [2].
Surgery is regarded as the primary treatment for PDA. However,
only a few patients with PDA can undergo surgery. Unresectable
locally advanced pancreatic cancer usually invades adjacent
important structures, especially the abdominal trunk and superior
mesenteric artery. The best treatment method for these patients is
controversial. Some patients can try resection after initial
treatment. For most patients with locally advanced pancreatic
cancer that is absolutely unresectable, or patients with extra-
pancreatic lesions that are suspected based on imaging findings

but cannot be diagnosed, relevant guidelines recommend
chemotherapy for a period of time instead of immediate
chemotherapy [3-5]. Gemcitabine is currently one of the main
chemotherapeutic drugs used to treat PDA. However, its clinical
application fails to prolong the survival time of patients with PDA
[6]. Hence, developing novel robust therapeutic strategies to block
cancer metastasis or enhance the therapeutic efficacy of
gemcitabine is essential to fulfill the unmet needs of patients
with PDA.

The role of EMT in PDA has received increased attention across a
number of disciplines in recent years. Emerging evidence has
shown that the EMT program is a significant driver of PDA
progression from initiation to metastasis [7, 8]. Tumor cells
undergoing EMT may migrate through the blood stream, threaten-
ing manifestations of cancer progression [9]. Many signaling
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pathways participate in the EMT process of PDA, including Wnt/
B-catenin signaling [10, 11]. When Wnt/B-catenin signaling is
activated, the nuclear translocation of [B-catenin increases, and
B-catenin located in the nucleus acts as a coactivator of lymphoid
enhancer factors/T-cells to activate downstream genes, such as
c-Myc [12]. Wnt/B-catenin signaling also plays an essential role in
the proliferation of cancer cells. Abnormal activation of Wnt/
B-catenin signaling has been shown in various tumors, including
pancreatic cancer [13].

Drug repositioning, which involves the use of existing drugs
for different indications, is an effective strategy for traditional
drug development. Drug repositioning can decrease treatment
costs and development times [14]. The anthelminthic niclosa-
mide (Fig. 1A) has been used to treat tapeworm infection for

approximately 50 years [15]. Recent studies have revealed that
niclosamide potently inhibits Wnt/B-catenin signaling in various
cancers, including oral squamous cell carcinoma, colon cancer,
and breast cancer [16-20]. However, the role of niclosamide in
PDA remains unknown. Considering the crucial role of the Wnt/
-catenin signaling pathway in pancreatic cancer, we hypothe-
sized that niclosamide could be used to treat patients with PDA.
Emerging evidence suggests that activation of the Wnt pathway
is linked to tumor progression and resistance to chemotherapy.
Moreover, studies have also pointed out that increased Wnt/
B-catenin signaling promotes the resistance of PCCs to
gemcitabine [21]. Thus, drugs targeting the components of
the Wnt pathway may increase the sensitivity of PCCs to
gemcitabine [22, 23].

PANC-1 Patu8988
A B 8in —opi C PANC-1 Patu898s
1uM
OH 6 6 0 —5uM
/o CI\ 5 , T b
0 £ £ 4 —15um 3
HN N* = = —20um £
c Yo S 3 u =
2 2 B F
Niclosamide
(2',5-dichloro-4'-nitrosalicylanilide) o; ¥ T y y o T T N T T
) 10 20 30 0 10 20 30 40 50 0 10 20 0 10 20
Time (Hour) Time (Hour) Niclosamide (uM)
D Niclosamide (uM) E Niclosamide (uM)
PANC-1 Patu8988
Fkk
*
< 300
g =
g 2 3
& § 200 *k
[ *
-
°
. 3
87 2 £
S o 3
5 2 z
& 5
o 0 10 20 0 10 20
Niclosamide (uM)
F PANCA Patu8o8s X . G Niclosamide (uM) PANC-1
Niclosamide
0 10 20 sekczuid
(uM) —_
110.096 017 E
c-Myc 108 108 o *
108 4
S 2 10
GAPDH gm 10t 2
& © & s
PANC-1 Patu898s8 1 2
15 - 1.54 100 2.20 0
K] 10° 0% 105 108 107 10° 100 105 105 107 10° 10 105 105 107 0 10 20
% VoRTC Niclosamide (M)
k] = 19 Patu8oss
] 10 11.49 0.70 g
s 1007 o
3 § 10° 1 E
o @ Pl i 4
2 2 104 @
s s i g
° o 108 4 a
14 i Q
100 = (ﬂ-
0 10 20 [} 10 20 10t 796151 1.81 i
Niclosamide (uM) 10° 10° 10° 108 107 100 10° 10¢ 105 105 107 10° 10° 10 10° 105 107 10° 0 10 20
V-FITC Niclosamide (uM)
H PANC-1 Patu898s cleaved caspase-3 cleaved caspase-8 Bax Bcl-2
Nicl .
= 5 = - Patu8988
iBia o 10 20 o 10 20 (™M) PANC-1  Patu9ss PANC-1  Patu8988 PANC-1  Patu8988 PANC-1  Patu
T 15 *x
T Cleaved H
Cleaved § 1.0 5
—_— — S — m— ‘a '
32 - I caspase-8 § |;|
o
21— 3 05
$
26 — 2
-
&

0 10 20 0 10 20
Niclosamide (uM)

Fig. 1

0 10 20
Niclosamide (uM)

0 10 20 0 10 20 0 10 20

Niclosamide (uM)

0 10 20
Niclosamide (uM)

0 10 20

Niclosamide inhibits proliferation and induces apoptosis in PCCs. A Molecular structure of niclosamide. B Cell proliferation assay was

conducted using a xCELLigence RTCA system. C Cell viability was assessed by CCK8 assay. D Niclosamide affects cell morphology.
E Clonogenic assays were performed to reveal the effects of niclosamide on the colony formation of PCCs. G Apoptosis was determined by
flow cytometry. The percentage of total apoptotic cells was quantified for each sample as the sum of early apoptotic and late apoptotic cells.
H Western blotting analysis of Bcl-2, Bax, cleaved caspase-3, and cleaved caspase-8. F Western blotting analysis of c-Myc.
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To verify this hypothesis, we evaluated the biological activities
of niclosamide in PDA in vitro and in vivo, and further
investigated the relevant molecular mechanisms. These data
highlight the potential clinical value of niclosamide, shedding a
new light on the treatment of gemcitabine-resistant pancreatic
cancer.

RESULTS

Niclosamide inhibits proliferation and induces apoptosis in
PCCs

The effects of niclosamide on Patu8988 and PANC-1 cell
proliferation were determined via label-free RTCA, CCK-8 assay,
and colony formation assay. After treatment, the antitumor effects
of niclosamide on PANC-1 and Patu8988 cells were examined.
RTCA showed that the proliferation of PANC-1 and Patu8988 cells
decreased significantly after treatment with different niclosamide
concentrations (Fig. 1B). Based on the results, two concentrations
of niclosamide, 10 and 20 uM, were selected for the following
experiments. As shown in Fig. 1C, CCK-8 assay showed that the
survival rate of the niclosamide-treated group was much lower
than that of the control group (P < 0. 05). A significant decrease in
the number of tumor cells was also observed under the
microscope (Fig. 1D). A plate colony formation assay was also
performed to detect the effect of niclosamide on the proliferation
of PCCs (Fig. 1E). The colony number of PCCs treated with 10 or
20 uM niclosamide was significantly lower than that of the control
PCCs. Western blotting analysis revealed that niclosamide
significantly decreased the expression of c-Myc (Fig. 1F). These
results suggest that niclosamide inhibits the proliferation of PCCs
in a dose-dependent manner.

Two PCC lines were treated with niclosamide for 24h to
examine the effects of niclosamide on cell apoptosis. Apoptotic
cells were determined using the Annexin V-FITC/PI method.
Compared with that in the control group, the percentage of
apoptotic cells in the niclosamide-treated groups increased with
increasing niclosamide concentration (Fig. 1G). In particular, after
treatment with a high concentration of niclosamide, the degree of
apoptosis of PCCs increased considerably. Western blotting
analysis also revealed that niclosamide upregulated the expres-
sion of cleaved caspase-3, cleaved caspase-8, and Bax, but
downregulated the expression of the antiapoptotic protein Bcl-2
(Fig. TH). These results suggest that niclosamide promotes the
apoptosis of PCCs in a dose-dependent manner.

Niclosamide inhibits the EMT process of PCCs

First, PANC-1 and Patu8988 cells were treated with different
concentrations of niclosamide for 24 h, and changes in cell
morphology were observed under a microscope. Normal PCCs
are spindle-like and have more antennae, which are beneficial
for migration and invasion. After niclosamide treatment, the
cells became round, and the antennae decreased obviously,
indicating significant inhibition of the EMT process (Fig. 2A). We
performed a Transwell assay to determine the invasive ability of
PCCs. As shown in Fig. 2A, the control group showed strong
invasive ability, whereas the niclosamide-treated group showed
significantly inhibited invasive ability. Next, we performed
wound-healing assay to detect the migration of PCCs. Treat-
ment with 10 or 20 uM niclosamide for 24 h markedly reduced
the migration ability of PANC-1 and Patu8988 cells (Fig. 2B).
Next, the expression of EMT-related essential proteins was
detected. As shown in Fig. 2C, niclosamide dramatically
increased E-cadherin expression, but decreased a-SMA, col-
lagen type I, and vimentin expression, which further confirmed
that niclosamide inhibited the EMT process of PCCs. Immuno-
fluorescence showed the same results (Fig. 2D, E). These
findings indicate that niclosamide inhibits EMT in PCCs in a
dose-dependent manner.
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Niclosamide decreases Wnt/B-catenin signaling

Bioinformatics analysis revealed that (-catenin was highly
expressed in PCCs and was related to tumor stage and prognosis
(Fig. 3A-C). Therefore, we tested the effect of niclosamide on the
B-catenin signaling pathway. We found that niclosamide did not
affect the mRNA expression of B-catenin (Fig. 3D). However,
western blotting analysis revealed that niclosamide decreased
Wnt1 and B-catenin expression, but increased the phosphoryla-
tion of B-catenin (Fig. 3E). Considering that B-catenin mainly plays
a role in nuclear translocation, we detected the nuclear transloca-
tion of -catenin in PANC-1 and Patu8988 cells via immunofluor-
escence. As shown in Fig. 3F, niclosamide treatment decreased the
nuclear translocation of [-catenin. In addition, niclosamide
treatment increased the phosphorylation of GSK-3B (Fig. 3G),
which is involved in the degradation of B-catenin. Moreover, the
immunohistochemistry analyses showed that (-catenin activity
was significantly increased in pancreatic cancer tissues (Fig. 3H).
These results suggest that Wnt/B-catenin signaling may be
involved in the inhibitory effect of niclosamide in PCCs.

Niclosamide inhibits tumor xenograft growth in nude mice
Figure 4A shows a significant difference in tumor volume between
the control and niclosamide groups. The average tumor volume
and weight were significantly different between the two groups
(Fig. 4B, C). The lowest number of tumor cells was observed in the
niclosamide group, compared with that in the control group
(Fig. 4D). Moreover, western blotting and immunohistochemistry
analyses showed that in the niclosamide group, the expression of
Ki67, a-SMA, vimentin, and collagen type | was decreased, whereas
that of E-cadherin was increased (Fig. 4E-G). The protein
expression of Wnt1 and (-catenin significantly decreased with
niclosamide treatment, compared with that with DMSO treatment,
whereas B-catenin phosphorylation increased (Fig. 4H, I). However,
the mRNA level of 3-catenin was not different between the control
and niclosamide groups (Fig. 4J). In addition, niclosamide
treatment reduced tumor metastasis (Fig. 4K). These results are
consistent with those obtained in vitro.

Methyl vanillate and B-catenin overexpression reversed the
inhibitory effect of niclosamide in PCCs

To further verify the inhibitory effect of niclosamide in PCCs via
the Wnt/B-catenin signaling pathway, we tested whether its effect
using methyl vanillate, a Wnt/B-catenin activator. As shown in
Fig. 5A, the numbers of PANC-1 and Patu8988 cell colonies were
considerably higher following treatment with 20 uM niclosamide
and 20 uM methyl vanillate than after treatment with only 20 uM
niclosamide. In addition, Transwell assay results showed that
methyl vanillate treatment reversed the inhibitory effect of
niclosamide on the invasive ability of PCCs (Fig. 5B). Wound-
healing assay showed that methyl vanillate treatment significantly
abolished the inhibitory effect of niclosamide on the migration of
PANC-1 and Patu8988 cells (Fig. 5C). Next, we detected the
expression of EMT-related proteins by western blotting. As shown
in Fig. 5D, methyl vanillate reversed the expression of E-cadherin,
a-SMA, collagen type |, and vimentin.

To further study the specific target of niclosamide, B-catenin
was overexpressed in PANC-1 cells (Fig. 6A). Moreover, we found
that B-catenin overexpression reversed the invasive and migration
abilities of niclosamide-treated cells (Fig. 6B, C). The expression of
EMT-related proteins was determined by western blotting. Our
results revealed that [-catenin overexpression reversed the
expression of E-cadherin, a-SMA, and collagen type | (Fig. 6D, E).

Niclosamide potentiates gemcitabine activity and reduces
immune evasion ability in PCCs

Gemcitabine is one of the commonly used chemotherapeutics for
treating pancreatic cancer, but it is prone to drug resistance,
leading to unsatisfactory therapeutic effects. Here, we investigated

SPRINGER NATURE
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Fig. 2 Niclosamide inhibits the EMT process of PCCs. A Transwell invasion assay was performed in PCCs. B Wound scratch assay, cell
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analysis of E-cadherin, a-SMA, collagen type |, and vimentin (scale bar = 50 pm). D Immunofluorescence analysis of E-cadherin in PCCs (scale
bar = 50 pm). E Immunofluorescence analysis of collagen type | in PCCs (scale bar = 50 pm).

whether niclosamide enhances the anti-pancreatic cancer effect of
gemcitabine. The clone formation experiment results showed that
combined treatment with niclosamide enhanced the efficacy of
gemcitabine in inhibiting the proliferation of PCCs (Fig. 7A, B).
Transwell and wound-healing assays revealed that the invasive
and migration ability of PANC-1 cells was significantly reduced by

SPRINGER NATURE

the co-treatment with niclosamide and gemcitabine compared
with that after gemcitabine treatment alone (Fig. 7C-F). Simulta-
neously, immunofluorescence and western blotting assays
showed that the combined treatment with niclosamide and
gemcitabine significantly reduced collagen type | and vimentin
protein expression (Fig. 7G, H).
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Immune escape plays a vital role in the development and
progression of pancreatic cancer. Thus, we also tested the effect of
niclosamide on the immune escape of pancreatic cancer. The
GEPIA 2 database revealed a clear correlation between ctnnb1
expression and immune infiltration density, as well as between
CTNNB1 expression and PD-L1 (CD274) mRNA expression (Fig. 8A,
B). As shown in Fig. 8C, gRT-PCR analysis showed that niclosamide
inhibited the gene expression of PD-L1 in PCCs. Western blot and
immunofluorescence results also showed that niclosamide inhib-
ited PD-L1 in expression in PCCs (Fig. 8D-F), thereby reducing the
immune evasion ability of pancreatic cancer (Fig. 9)

DISCUSSION

Pancreatic cancer is always referred to PDA which is one of the
most lethal solid malignancies worldwide. Several first-line che-
motherapy agents, such as gemcitabine, have significantly
improved the survival of patients many types of cancer. However,

Cell Death and Disease (2022)13:112

these agents have limited outcomes in PDA, and effective drugs for
this disease are still lacking [24, 25]. Niclosamide, a known
anthelminthic, has been used to treat tapeworm infections [18].
Recent studies have revealed that niclosamide potently inhibits
Wnt/B-catenin signaling in various cancers, including oral squamous
cell carcinoma, breast cancer, and colon cancer [16-20]. However,
studies on the effect of niclosamide in PDA are scarce, and the
molecular mechanism of the antitumor activities of niclosamide
remains unknown. Thus, in the present study, we investigated
the effects of niclosamide on PDA in vitro and in vivo. Our results
showed that niclosamide exerts protective effects against cancer by
inhibiting the proliferation, migration, and invasion of PANC-1 and
Patu8988 PCCs. In addition, we found that a high concentration of
niclosamide induced apoptosis of PCCs via the mitochondrial
apoptotic pathway, and that niclosamide promoted the activation
of caspase-3 and caspase-8 while reducing the expression of the
antiapoptotic protein Bcl-2. Further experiment showed that
niclosamide treatment inhibited the induction of EMT by

SPRINGER NATURE
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niclosamide treatment.

Wnt/B-catenin signaling. Furthermore, we established a xenograft
nude mouse model to confirm the antitumor bioactivity of
niclosamide in vivo. Taken together, our results provided an
experimental evidence for the potential of niclosamide as a
supplemental treatment to inhibit PDA.

The Wnt/B-catenin signal transduction pathway is a highly
conserved pathway in biological evolution, and it plays a crucial
role in the development of multiple cancers [26]. In normal
somatic cells, B-catenin only acts as a cytoskeleton protein that
forms a complex with E-cadherin on the cell membrane to
maintain homotypic cell adhesion and prevent cell migration.
However, when the extracellular Wnt signaling molecule binds to
a specific receptor protein on the cell membrane and activates
intracellular disheveled protein, GSK-3 is consequently inacti-
vated, which prevents the phosphorylation and degradation of
B-catenin and thus causes the accumulation of B-catenin in the
cytoplasm [27]. When [B-catenin concentration in the cytoplasm
reaches a certain level, it can be transferred to the nucleus. In the
nucleus, B-catenin binds to the transcription factor family TCF/LEF,
which can activate proto-oncogenes, such as CyclinD1 and c-Myc,
which are involved in cell proliferation and differentiation [28].
[B-Catenin plays an essential role in this signaling pathway, and its
accumulation in the cytoplasm and subsequent translocation to
the nucleus is considered a sign that the signaling pathway is
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activated. Previous studies have confirmed that the Wnt/B-catenin
signaling pathway is activated in the development of most human
tumors, including PDA [21, 29, 30]. The Wnt/B-catenin signaling
pathway mainly modulates cancer cell proliferation and metas-
tasis, and thus regarded as a valuable target of cancer therapy. In
our study, niclosamide downregulated the expression of Wnt1, c-
Myc, and f-catenin proteins while upregulating that of phos-
phorylated B-catenin.

For patients with unresectable pancreatic cancer, gemcitabine
treatment does not significantly improve their survival rate
because of the severity of the primary cancer and acquired
resistance to gemcitabine [31]. Therefore, alternative therapeutic
options for combination chemotherapy are urgently needed.
Several studies have revealed that the activity of the Wnt/
[-catenin signaling pathway can be induced and elevated under
chemotherapy [32]. Wnt/B-catenin signaling promotes EMT, which
is a crucial mechanism of therapeutic resistance that allows tumor
cells to escape immune recognition and targeting therapy [33].

Moreover, we detected EMT-related protein expression and
found that niclosamide increased E-cadherin expression while
decreasing a-SMA, collagen type |, and vimentin expression.
Furthermore, we found that methyl vanillate, a Wnt/B-catenin
agonist, reversed the inhibitory effect of niclosamide on the EMT
process in PDA. These results suggest that the Wnt/B-catenin
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signaling pathway is inhibited by niclosamide, thereby suppres-
sing the EMT process in PDA [34]. We also examined the effect of
niclosamide in combination with gemcitabine and proved that the
combined treatment enhanced the efficacy of gemcitabine in
inhibiting the proliferation of PCCs. Furthermore, we revealed that
niclosamide inhibited PD-L1 expression in PCCs, thereby reducing
the cancer-immune evasion ability.

There are still many shortcomings in our study. There are many
directions worthy of in-depth discussion. For example, when
niclosamide plays an anti-tumor effect, what role does pancreatic
stellate cells play? We found that the Wnt/B-catenin signaling
pathway plays an important role, but we are not sure whether this
pathway plays a dominant role. Furthermore, niclosamide may
inhibit the immune escape of PCCs, but this finding remains to be
verified by more experiments.

In conclusion, our study showed that niclosamide specifically
inhibited Wnt/B-catenin signaling in PDA both in vitro and in vivo
(Fig. 9). The inhibitory effect of niclosamide may be mediated via
the Wnt/B-catenin signaling pathway. A combined treatment with
niclosamide enhanced the efficacy of gemcitabine against PDA,
although the clinical effectiveness of the combination of
niclosamide and gemcitabine as an antitumor therapy needs
further research. Moreover, further studies are needed to explore
the bioactive structure of niclosamide.

MATERIALS AND METHODS

Drugs

Niclosamide (CAS No: 50-65-7, HPLC: 98.68%) and methyl vanillate (CAS
No: 3943-74-6, HPLC: 99.15%) were purchased from MedChemExpress
(MCE, NJ, USA).

Cells and cell culture
Human pancreatic cancer cell lines, Patu8988, and PANC-1, were
purchased from the Cell Bank of the Shanghai Institute of Biochemistry
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and Cell Biology (Shanghai, China). The cells were cultured in Dulbecco’s
modified Eagle’s medium (HyClone, Logan, UT, USA) supplemented with
10% fetal bovine serum (FBS; HyClone), 100 ug/ml streptomycin, and
100 U/ml penicillin (Gibco, Billings, MT, USA). The cells were incubated in a
humidified 5% CO, incubator at 37 °C.

CCK-8 assay

The viability of PCCs treated with different concentrations of niclosamide
was measured using a Cell Counting Kit 8 (CCK8, HY-K0301; MCE)
according to the manufacturer’s instructions. After 24 h of treatment, 10 pl
of CCK-8 reagent was added to each well, and which was then incubated
for another 2 h. Next, the absorbance at 450 nm was measured, and cell
viability was calculated relative to that of untreated control cells.

Flow cytometry analysis

PANC-1 and Patu8988 cells were cultured with niclosamide for 24 h and
then collected by centrifugation (1000 rpm, 10 min, 21 °C). For apoptosis
analysis, resuspended cells were incubated with 10 pul Annexin V-FITC and
5 pl propidium iodide (Pl) at room temperature (21 °C) for 15-20 min in the
dark. Finally, the apoptosis of the PCCs was analyzed by flow cytometry
(BD FACSVerse™, BD Biosciences, USA).

Real-time cellular analysis (RTCA)

For the proliferation assay, the cells were seeded at 4.5 x 10* cells/well in
E16-Plate (RTCA, xCELLigence Roche, Penzberg, Germany) for 6 h and then
treated with different niclosamide concentrations. The cell growth index
was recorded using a label-free real-time cellular analysis (RTCA) system
(Roche, Penzberg, Germany).

Transwell assay

Transwell assays were performed to evaluate the invasive ability of PANC-1
and Patu8988 cells in vitro. Cells at a concentration of 2 x 10° cells in 200 ul
of serum-free medium were inoculated in the upper chamber, coated with
Matrigel®. Into the lower chamber, 500 pl medium containing 10% FBS was
added as a chemoattractant. After incubation for 24 h, the invading cells
were fixed with formaldehyde and stained with 0.5% crystal violet
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(Sigma-Aldrich, Shanghai, China). The number of invading cells was
counted in six randomly selected areas under a microscope.

Colony formation assay

A colony formation assay was performed to evaluate the long-term effect
of niclosamide on the clonogenic potential of PCCs. Briefly, 1000-1500
cells were plated per well in six-well plates. Cells were treated with
different concentrations of niclosamide once clones were visible to the
naked eye. Dimethyl sulfoxide (DMSO) was used as the vehicle control.
After 7-10 days of treatment, the cell colonies were stained with 0.5%
Crystal Violet and the colonies were counted.

Wound-healing assay

PCCs were inoculated in six-well plates and incubated at 37 °C for 48 h. A
single scratch per plate was made using a small pipette tip creating a
1 mm wide linear gap. The isolated cells were washed away with PBS
(phosphate buffered solution), and then medium containing 0, 10, or
20 uM niclosamide was added. The cells were allowed to fill this gap.
Images of the culture area were captured using an inverted microscope
every 24 h.

Immunofluorescence staining

Immunofluorescence staining was performed as described previously [35].
PANC-1 and Patu8988 cells were cultured with niclosamide in six-well plates
containing glass slides. Cultured cells were washed with PBS and fixed with
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4% paraformaldehyde/PBS for 30 min at 4 °C. PCCs were permeabilized with
0.2% Triton/PBS and blocked with 2%BSA/0.2%Triton/PBS. Immunofluores-
cence staining was performed by incubating the cell sections overnight
with the following primary antibodies (Table S1): B-catenin (1:200),
E-cadherin (1:200), a-SMA (1: 200), Ptch1 (1: 200), and Smo (1: 200) at
4 °C. After being washed in PBS, the cells were incubated with DyLight 488
(green)- or 594 (red)-labeled secondary antibodies (Sigma-Aldrich) at room
temperature for 1 h. Then the nuclei were stained using DAPI (0.5 ug/ml,
CST, USA) in PBS for 10 min. The glass slide was dried and then sealed with
antifluorescence quenching. Finally, the edges were sealed with clear
acrylic nail polish and viewed under fluorescence microscopy.

Western blotting analysis

Western blotting analysis was performed as described previously [35, 36].
In brief, PANC-1 and Patu8988 cells were seeded in a six-well plate and
treated with different concentrations of niclosamide for 24 h. RIPA buffer
containing protease and phosphatase inhibitors was used to lyse the cells.
After centrifugation (12,000 r.p.m. revolutions per minute) (that is, 13.4
relative centrifugal force, r.cf) for 15 min at 4°C, the supernatants were
recovered. Whole proteins were collected from pancreatic cancer cells and
tissues, and protein concentrations were determined using a BCA protein
assay kit (Beyotime Biotechnology, Shanghai, China). Total protein was
denatured and used for western blotting. Primary antibodies were listed in
Table S1. The GADPH antibody (1:8,000) was used as the internal reference.
The protein bands were visualized using chemiluminescence detection on
autoradiographic film.
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Histopathological analysis

The tumor specimens were fixed in formalin, embedded in paraffin, cut
into 4 um sections, and stained with hematoxylin and eosin (Yuanye
Biotechnology, Shanghai, China). A DM4000 B LED microscope system
(Leica Microsystems, Germany) and a DFC 420C 5 M digital microscope
camera (Leica Microsystems) were used to examine the slides and take
pictures.

Nude mouse tumorigenicity

Male nude mice (BALB/c) weighing 18-22g and 6-8 weeks old
(Experimental Animal Center of Wenzhou Medical University, China) were
kept in a temperature-humidity light-controlled environment and fed
standard food and water. Mice were randomly divided into two groups.
PANC-1 cells (5x 10° cells) in 100 ul of PBS were injected subcutaneously
into the right root of experimental mice (n =5), and then the mice were
intragastrically administered niclosamide (25 mg/kg-d) daily for 30 days
[37, 38]. Model mice (n=5) were injected with 5 x 10° PANC-1 cells and
received daily intragastric administration of DMSO (Sigma-Aldrich) as a
solvent. Tumors were monitored daily until they became cumbersome or
necrotic. The tumor volume was measured every other day based on
the formula V= (length x width [2])/2, where the length was always the
longest dimension of the tumor. The animal study was approved by the
Institutional Animal Care and Use Committee of Wenzhou Medical
University, China. The animal experiments were performed according to
all regulatory and institutional guidelines for animal welfare (National
Institutes of Health Publications, NIH Publications No. 80-23) [39].
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Nude mouse liver metastasis tumour models

To establish the liver metastasis model, control or Panc-1 cells (2 x 10°)
were resuspended in 0.05mL of phosphate-buffered saline (PBS) and
injected into the liver via the tail vein. The mice were sacrificed after
1 month, at which time the livers were harvested.

Human tissues and evaluation

Pancreatic tumour tissue and their surrounding tissue were obtained by
surgical resection from cancer patient. Histologically normal specimens,
which were at least 3-5 cm distant from the tumour nodule, were obtained
from the corresponding patient. Tissues from patient were collected for
studying the expression of B-catenin by immunohistochemical analysis.

Database analysis

The correlations between the expression of ctnnb1 and the density of the
immune infiltrate, as well as between CTNNB1 expression and PD-L1
(CD274) mRNA expression, were evaluated using the GEPIA 2 database
(http://gepia2.cancer-pku.cn/#analysis). Data for [-catenin expression
levels in PCC patients according to clinical stage, as well as direct meta-
analysis for disease-free survival, and overall survival were obtained from
the database.

Statistical analysis
Data are presented as mean + standard error of the mean. All statistical
analyses were performed using the Statistical Package for the Social
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Sciences (version 16.0; SPSS Inc., Chicago, USA). Student’s t-test was used
to compare the mean differences between binary variables. Statistical

significance was set at P < 0.05.

REFERENCES
1. Bray F, Ferlay J, Soerjomataram |, Siegel RL, Torre LA, Jemal A. Global cancer
statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36
cancers in 185 countries. CA Cancer J Clin. 2018;68:394-424.

2. Collisson EA, Bailey P, Chang DK, Biankin AV. Molecular subtypes of pancreatic

cancer. Nat Rev Gastroenterol Hepatol. 2019;16:207-20.

3. Seufferlein T, Bachet JB, Van Cutsem E, Rougier P, Group EGW. Pancreatic ade-

nocarcinoma: ESMO-ESDO Clinical Practice Guidelines for diagnosis, treatment,
and follow-up. Ann Oncol. 2012;23:vii33-40. Suppl 7

SPRINGER NATURE

. Balaban EP, Mangu PB, Khorana AA, Shah MA, Mukherjee S, Crane CH, et al.

Locally advanced, unresectable pancreatic cancer: American Society of Clinical
Oncology Clinical Practice Guideline. J Clin Oncol. 2016;34:2654-68.

. Palta M, Godfrey D, Goodman KA, Hoffe S, Dawson LA, Dessert D, et al. Radiation

therapy for pancreatic cancer: Executive summary of an ASTRO clinical practice
guideline. Pr Radiat Oncol. 2019;9:322-32.

. Xiao BY, Wang BC, Lin GH, Li PC. Efficacy and safety of gemcitabine plus cape-

citabine in the treatment of advanced or metastatic pancreatic cancer: A sys-
tematic review and meta-analysis. Ann Palliat Med. 2020;9:1631-42.

. Aiello NM, Brabletz T, Kang Y, Nieto MA, Weinberg RA, Stanger BZ. Upholding a

role for EMT in pancreatic cancer metastasis. Nature 2017,547:E7-E8.

. Rhim AD, Mirek ET, Aiello NM, Maitra A, Bailey JM, McAllister F, et al. EMT and

dissemination precede pancreatic tumor formation. Cell 2012;148:349-61.

. Zhou P, Li B, Liu F, Zhang M, Wang Q, Liu Y, et al. The epithelial to mesenchymal

transition (EMT) and cancer stem cells: Implication for treatment resistance in
pancreatic cancer. Mol Cancer. 2017;16:52.

. Su YJ, Lai HM, Chang YW, Chen GY, Lee JL. Direct reprogramming of stem cell

properties in colon cancer cells by CD44. EMBO J. 2011;30:3186-99.

. Hu W, Wang Z, Zhang S, Lu X, Wu J, Yu K, et al. IQGAP1 promotes pancreatic

cancer progression and epithelial-mesenchymal transition (EMT) through Wnt/
beta-catenin signaling. Sci Rep. 2019;9:7539.

. Yu FB, Sheng J, Yu JM, Liu JH, Qin XX, Mou B. MiR-19a-3p regulates the Forkhead

box F2-mediated Wnt/beta-catenin signaling pathway and affects the biological
functions of colorectal cancer cells. World J Gastroenterol. 2020;26:627-44.

. Ram Makena M, Gatla H, Verlekar D, Sukhavasi S, Pandey MK, Pramanik KC. Wnt/

beta-catenin signaling: The culprit in pancreatic carcinogenesis and therapeutic
resistance. Int J Mol Sci. 2019;20:4242.

. Wang W, Yang S, Zhang X, Li J. Drug repositioning by integrating target information

through a heterogeneous network model. Bioinformatics 2014;30:2923-30.

. Arend RC, Londono-Joshi Al, Samant RS, Li Y, Conner M, Hidalgo B, et al. Inhi-

bition of Wnt/beta-catenin pathway by niclosamide: A therapeutic target for
ovarian cancer. Gynecol Oncol. 2014;134:112-20.

Cell Death and Disease (2022)13:112



20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

. Monin MB, Krause P, Stelling R, Bocuk D, Niebert S, Klemm F, et al. The anthelmintic

niclosamide inhibits colorectal cancer cell lines via modulation of the canonical and
noncanonical Wnt signaling pathway. J Surg Res. 2016;203:193-205.

. Li Z, Li Q Wang G, Huang Y, Mao X, Zhang Y, et al. Inhibition of Wnt/beta-catenin

by anthelmintic drug niclosamide effectively targets growth, survival, and
angiogenesis of retinoblastoma. Am J Transl Res. 2017;9:3776-86.

. Yin L, Gao Y, Zhang X, Wang J, Ding D, Zhang Y, et al. Niclosamide sensitizes

triple-negative breast cancer cells to ionizing radiation in association with the
inhibition of Wnt/beta-catenin signaling. Oncotarget 2016;7:42126-38.

. Zhao J, He Q, Gong Z, Chen S, Cui L. Niclosamide suppresses renal cell carcinoma

by inhibiting Wnt/beta-catenin and inducing mitochondrial dysfunctions.
Springerplus 2016;5:1436.

Bhattacharyya J, Ren XR, Mook RA, Wang J, Spasojevic |, Premont RT, et al.
Niclosamide-conjugated polypeptide nanoparticles inhibit Wnt signaling and
colon cancer growth. Nanoscale 2017;9:12709-17.

Zhou C, Yi C, Yi Y, Qin W, Yan Y, Dong X, et al. LncRNA PVT1 promotes gemci-
tabine resistance of pancreatic cancer via activating Wnt/beta-catenin and
autophagy pathway through modulating the miR-619-5p/Pygo2 and miR-619-5p/
ATG14 axes. Mol Cancer. 2020;19:118.

Griesmann H, Ripka S, Pralle M, Ellenrieder V, Baumgart S, Buchholz M, et al.
WNT5A-NFAT signaling mediates resistance to apoptosis in pancreatic cancer.
Neoplasia 2013;15:11-22.

Jia Y, Xie J. Promising molecular mechanisms responsible for gemcitabine
resistance in cancer. Genes Dis. 2015;2:299-306.

Heinemann V. Gemcitabine: progress in the treatment of pancreatic cancer.
Oncology 2001;60:8-18.

Wolfgang CL, Herman JM, Laheru DA, Klein AP, Erdek MA, Fishman EK, et al.
Recent progress in pancreatic cancer. CA Cancer J Clin. 2013;63:318-48.

Nusse R, Clevers H. Wnt/beta-catenin signaling, disease, and emerging ther-
apeutic modalities. Cell 2017;169:985-99.

Doble BW, Patel S, Wood GA, Kockeritz LK, Woodgett JR. Functional redundancy
of GSK-3alpha and GSK-3beta in Wnt/beta-catenin signaling shown by using an
allelic series of embryonic stem cell lines. Dev Cell. 2007;12:957-71.

Li L, Dang Y, Zhang J, Yan W, Zhai W, Chen H, et al. REGgamma is critical for skin
carcinogenesis by modulating the Wnt/beta-catenin pathway. Nat Commun.
2015;6:6875.

Zhou P, Li Y, Li B, Zhang M, Liu Y, Yao Y, et al. NMIIA promotes tumor growth and
metastasis by activating the Wnt/beta-catenin signaling pathway and EMT in
pancreatic cancer. Oncogene 2019;38:5500-15.

Wu J, Li H, Shi M, Zhu Y, Ma Y, Zhong Y, et al. TET1-mediated DNA hydro-
xymethylation activates inhibitors of the Wnt/beta-catenin signaling pathway to
suppress EMT in pancreatic tumor cells. J Exp Clin Cancer Res. 2019;38:348.

Yu G, Jia B, Cheng Y, Zhou L, Qian B, Liu Z, et al. MicroRNA-429 sensitizes
pancreatic cancer cells to gemcitabine through regulation of PDCD4. Am J Transl|
Res. 2017;9:5048-55.

Huang M, Zhang D, Wu JY, Xing K, Yeo E, Li C, et al. Wnt-mediated endothelial
transformation into mesenchymal stem cell-like cells induces chemoresistance in
glioblastoma. Sci Transl Med. 2020;12:eaay7522.

Sanchez-Tillo E, Fanlo L, Siles L, Montes-Moreno S, Moros A, Chiva-Blanch G, et al. The
EMT activator ZEB1 promotes tumor growth and determines differential response to
chemotherapy in mantle cell lymphoma. Cell Death Differ. 2014;21:247-57.
Wickstrom M, Dyberg C, Milosevic J, Einvik C, Calero R, Sveinbjornsson B, et al. Wnt/
beta-catenin pathway regulates MGMT gene expression in cancer and inhibition of
Whnt signalling prevents chemoresistance. Nat Commun. 2015;6:8904.

Hong W, Zhang G, Lu H, Guo Y, Zheng S, Zhu H, et al. Epithelial and interstitial
Notch1 activity contributes to the myofibroblastic phenotype and fibrosis. Cell
Commun Signal. 2019;17:145.

Zhang X, Lu H, Xie S, Wu C, Guo Y, Xiao Y, et al. Resveratrol suppresses the
myofibroblastic phenotype and fibrosis formation in kidneys via proliferation-
related signalling pathways. Br J Pharm. 2019;176:4745-59.

Kang HE, Seo Y, Yun JS, Song SH, Han D, Cho ES, et al. Metformin and niclosamide
synergistically suppress Wnt and YAP in APC-mutated colorectal cancer. Cancers.
2021;13:3437.

Kim MY, Jung AR, Shin D, Kwon H, Cho HJ, Ha US, et al. Niclosamide exerts
anticancer effects through inhibition of the FOXM1-mediated DNA damage
response in prostate cancer. Am J Cancer Res. 2021;11:2944-59.

Cell Death and Disease (2022)13:112

Y. Guo et al.

39. Kilkenny C, Browne WJ, Cuthill IC, Emerson M, Altman DG. Improving bioscience
research reporting: The ARRIVE guidelines for reporting animal research. PLoS
Biol. 2010;8:21000412.

ACKNOWLEDGEMENTS

This study was sponsored by Wenzhou Science and Technology Plan Project, China
(Grant No. Y20180100) and Key Laboratory of Diagnosis and Treatment of Severe
Hepato-Pancreatic Diseases of Zhejiang Province (Grant No. 2018E10008).

AUTHOR CONTRIBUTIONS

GYY, ZQY, and BYH conceived the study. GYY, ZHY, GHC, YZW, and YXJ carried out
the experiments. LMM and HYZ revised the statistical analyses. ZHY and XYY
drafted the manuscript. All authors contribute to and approved the final version
of the manuscript.

CONFLICT OF INTEREST

The authors declare no conflict of interest.

CONSENT FOR PUBLICATION
All authors agreed with submission of the manuscript for publication and agree to be
accountable for all aspect of the manuscript.

ETHICS APPROVAL AND CONSENT TO PARTICIPATE

The animal study was approved by the Institutional Animal Care and Use Committee
of Wenzhou Medical University, China. Animal experiments were performed
according to all regulatory and institutional guidelines for animal welfare (National
Institutes of Health Publications, NIH Publications No. 80-23). Ethical approval
(YJ2019-011-01) for this study was obtained from the Ethics Committee of the First
Affiliated Hospital of Wenzhou Medical University.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541419-022-04573-7.

Correspondence and requests for materials should be addressed to Qiyu Zhang or
Yongheng Bai.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2022, corrected publication 2022

SPRINGER NATURE

11


https://doi.org/10.1038/s41419-022-04573-7
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	The anthelmintic drug niclosamide induces GSK-&#x003B2;nobreak-nobreakmediated &#x003B2;nobreak-nobreakcatenin degradation to potentiate gemcitabine activity, reduce immune evasion ability and suppress pancreatic cancer progression
	Introduction
	Results
	Niclosamide inhibits proliferation and induces apoptosis in PCCs
	Niclosamide inhibits the EMT process of PCCs
	Niclosamide decreases Wnt/&#x003B2;nobreak-nobreakcatenin signaling
	Niclosamide inhibits tumor xenograft growth in nude mice
	Methyl vanillate and &#x003B2;nobreak-nobreakcatenin overexpression reversed the inhibitory effect of niclosamide in PCCs
	Niclosamide potentiates gemcitabine activity and reduces immune evasion ability in PCCs

	Discussion
	Materials and methods
	Drugs
	Cells and cell culture
	CCK-8 assay
	Flow cytometry analysis
	Real-time cellular analysis (RTCA)
	Transwell assay
	Colony formation assay
	Wound-healing assay
	Immunofluorescence staining
	Western blotting analysis
	Histopathological analysis
	Nude mouse tumorigenicity
	Nude mouse liver metastasis tumour models
	Human tissues and evaluation
	Database analysis
	Statistical analysis

	Acknowledgements
	Author contributions
	Conflict of interest
	Consent for publication
	Ethics approval and consent to participate
	ADDITIONAL INFORMATION




