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Abstract: Niclosamide, an established anti-helminthic drug, has anticancer activity against various cancers includ-
ing prostate cancer, but the underlying mechanisms have not yet been defined. We demonstrated the anticancer 
effects of niclosamide in castration-resistant prostate cancer (CRPC) cells, and elucidated the mechanism of action 
of niclosamide in CRPC. Niclosamide reduced cell proliferation and induced apoptosis of CRPC cells in vitro, and 
also reduced xenograft tumor growth in vivo. Niclosamide significantly increased the number of γH2AX- and 53BP1-
positive cells. In RNA-sequencing, niclosamide induced extensive changes in gene expression including cell division, 
DNA replication, and DNA repair. Bioinformatics analysis using TCGA data set revealed that FOXM1 is an important 
target of niclosamide. In microarray assays, FOXM1 knockdown significantly inhibited several genes involved in DNA 
repair, and homologous recombination, in particular. Finally, FOXM1 strongly bound to EXO1 in CRPC cells, and 
FOXM1 knockdown significantly reduced EXO1-driven luciferase activity. Taken together, our results suggest that 
niclosamide exerts anticancer activity through inhibition of the FOXM1-mediated DNA damage response in CRPC.
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Introduction

Prostate cancer (PCa) is the most prevalent 
male cancer in 103 countries, and the main 
cause of cancer-related death in 29 countries 
[1]. Androgen deprivation therapy (ADT) is the 
frontline treatment option for advanced or 
recurrent PCa [2]. Most patients initially res- 
pond well to ADT, but unfortunately almost all 
cases eventually progress to fatal castration-
resistant prostate cancer (CRPC), with a mean 
survival of 9-13 months [3]. Clinically available 
therapeutic options for CRPC have expanded 
rapidly over the past 10 years; however, some 
patients are primarily resistant to these novel 
agents, and others develop resistance to novel 
agents after treatment. In addition, CRPC is 
associated with significantly increased eco-
nomic burden, averaging $417,862.92 per 
overall survival benefit of 20.1 months, or 
$20,789.20 per additional month of survival 

[4]. Therefore, the development of effective 
anticancer drugs for CRPC with lower overall 
costs remains a key goal.

Niclosamide is an FDA-approved old oral anti-
helminthic drug that has been used worldwide 
to treat millions of patients with tapeworms [5]. 
Recent accumulating evidence indicates that 
niclosamide has broad clinical applications for 
the treatment of several diseases including 
cancers, bacterial and viral infections, and 
rheumatoid arthritis [6]. In CRPC, niclosamide 
has been considered as a promising anticancer 
agent that inhibits androgen receptor (AR) sp- 
licing variant 7 (AR-V7), which is one of the fea-
ture of fatal prognosis and the main resistance 
mechanism to abiraterone and enzalutamide 
[7]. Liu et al. reported that niclosamide has 
anticancer effects in PCa through downregula-
tion of the protein expression of AR-V7 [8] and 
inhibition of the IL-6/STAT3/AR pathway [9]. 

http://www.ajcr.us


Niclosamide for prostate cancer

2945 Am J Cancer Res 2021;11(6):2944-2959

However, additional mechanisms not involving 
the AR pathway have not yet been defined. 
Since CRPC is composed of cells that exhibit a 
range of AR expression levels [10], identifying  
a non-AR-dependent mechanism of action of 
niclosamide would be very valuable. 

In this study, we describe for the first time that 
inhibition of the forkhead box M1 (FOXM1)-
mediated DNA damage response by niclosa- 
mide inhibits proliferation and induces apopto-
sis of human CRPC in vitro and in vivo. These 
findings may have therapeutic value and result 
in significantly improved clinical outcomes for 
patients with CRPC.

Materials and methods 

Reagents and cell cultures 

Niclosamide and dimethyl sulfoxide (DMSO) 
were purchased from Sigma-Aldrich. (St. Louis, 
MO). RWPE-1 (cells derived from histologically 
normal adult human prostate), DU145 (cells 
derived from AR-negative CRPC), VCaP (cells 
derived from AR-positive CRPC), and 22Rv1 
(cells derived from AR-positive CRPC) cells we- 
re obtained from the American Type Culture 
Collection (Manassas, VA), and LNCaP (cells 
derived from hormone sensitive PCa) and PC-3 
(cells derived from AR-negative CRPC) cells 
were obtained from Korean Cell Line Bank 
(Seoul, Republic of Korea). RWPE-1 cells were 
grown in keratinocyte serum-free medium con-
taining 50 μg/mL bovine pituitary extract and 5 
ng/mL epidermal growth factor. LNCaP, PC-3, 
and 22Rv1 cell lines were cultured in RPMI 
1640 medium (Gibco; Thermo Fisher Scientific, 
Inc., Waltham, MA) supplemented with 10% 
fetal bovine serum (FBS; Gibco), 100 units/mL 
penicillin, and 0.1 mg/mL streptomycin (Gibco). 
DU145 and VCaP cell lines were cultured in 
Dulbecco’s modified Eagle’s medium (Gibco) 
supplemented with 10% FBS, 100 units/mL 
penicillin, and 0.1 mg/mL streptomycin. Cells 
were incubated at 37°C in a humidified atmo-
sphere containing 5% CO2. 

Cell viability assay

PC-3 (1×104/well) and 22Rv1 (2×104/well) cells 
were seeded in 96-well plates and after 24 hr 
of incubation, cells were incubated either with 
DMSO alone (0.1%) or with various concentra-
tions of niclosamide (0.25-10 µM) for 48 hr in  
a CO2 incubator at 37°C. Cell viability was 

assessed using EZ-CYTOX (Daeil Lab Service 
Co. Ltd, Seoul, Republic of Korea) according to 
the manufacturer’s instructions.

Soft agar colony formation assay

Cells (5×103/well) were plated in the top agar 
layer in each well of a six-well culture plate with 
0.4% top agar layer and 0.8% bottom agar layer 
(SeaPlaque Agarose, Lonza, Basel, Switzerland). 
The Medium, containing 2.5 µM of niclosamide 
or DMSO, was replaced every 3 days. After 4 
weeks of growth, the colonies were fixed and 
stained with 0.1% crystal violet (Sigma-Aldrich). 
The number of colonies was counted.

Cell invasion assay

Cell invasion assays were carried out using 
24-well transwell chambers with an 8 μm pore 
polycarbonate membrane insert (Corning Inc., 
Corning, NY). The inserts of the transwell ch- 
amber were coated with 25 µg/mL MatrigelTM 
(Corning). PC-3 cells were seeded into inserts 
at a density of 5×104 per insert in serum-free 
medium and then transferred to wells filled with 
the culture medium containing 10% FBS as a 
chemoattractant. The cells on the bottom of 
the membrane were fixed and stained using a 
0.1% crystal violet solution (Sigma-Aldrich) and 
observed using a light microscope (Carl Zeiss 
Inc., Jena, Germany). The membranes were dis-
solved in 20% acetic acid and the solubilized 
color was measured at 570 nm. 

Fluorescence-activated cell sorting (FACS)

PC-3 (2×105/well) and 22Rv1 (4×105/well) cells 
were seeded in 6-well plates and treated with 
2.5 µM of niclosamide or DMSO control. At 24 
or 48 hr post treatment, cells were harvested, 
and washed three times with phosphate-buff-
ered saline (PBS). The cells were stained with 
Annexin V and propidium iodide (PI) accord- 
ing to the instructions of the FITC Annexin V 
Apoptosis Detection Kit (BD Biosciences, San 
Jose, CA) and analyzed using a FACS Canto II 
system (BD Biosciences).

Immunocytochemistry

Cells were grown on coverslips and incubated 
with 2.5 µM of niclosamide or DMSO control. 
After the 24 hr incubation, cells were fixed with 
4% formaldehyde for 15 min, then permeabi-
lized with 0.1% Triton-100 for 10 min. Samples 
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were blocked and then incubated overnight 
with the primary anti-phospho-H2A histone 
family member X (Ser139; γH2AX; Millipore 
Sigma, Burlington, MA) and anti-p53-binding 
protein 1 (53BP1; NOVUS Biologicals, Centen- 
nial, CO). After washing with PBS, the slides 
were incubated with secondary antibody and 
DNA was stained with 4’,6-diamidino-2-phenyl-
indole (DAPI). Confocal images were obtained 
using an LSM510 Meta confocal laser scann- 
ing microscope (Carl Zeiss Inc.). 

RNA sequencing

RNA was extracted from PC-3 cells incubated 
with DMSO or 1 µM of niclosamide. Libraries 
were prepared from total RNA using the 
NEBNext Ultra Directional RNA-Seq Kit (New 
England BioLabs, Inc., Rowley, MA). The isola-
tion of mRNA was performed using the Poly(A) 
RNA Selection Kit (LEXOGEN, Inc., Vienna, 
Austria). The isolated mRNAs were used for 
cDNA synthesis according to the manufactur-
er’s instruction. Subsequently, libraries were 
checked using the Agilent 2100 bioanalyzer 
(DNA High Sensitivity Kit, Agilent Technologies, 
Amstelveen, Netherlands) to evaluate the mean 
fragment size. High-throughput sequencing 
was performed as paired-end 100 sequencing 
using NovaSeq 6000 (Illumina, Inc., San Diego, 
CA). The RNA-Seq reads were mapped to the 
reference genome using TopHat [11], and gene 
expression levels were estimated using FPKM 
(fragments per kb per million reads) values by 
Cufflinks [12]. The FPKM values were normal-
ized based on the quantile normalization meth-
od using EdgeR within R [13]. Data mining and 
graphic visualization were performed using Ex- 
DEGA (E-biogen, Inc., Seoul, Republic of Korea). 
Gene ontology (GO) analyses were performed 
using DAVID to identify the biological processes 
influenced by niclosamide.

Analysis of TCGA dataset 

We applied the TCGAbiolinks package to down-
load all RNA-Seq data and clinical data from 
Genomic Data Commons (GDC) data portal on 
June, 2020. These databases (The Cancer Ge- 
nome Atlas Prostate Adenocarcinoma; TCGA_
PRAD), which were generated using the Illu- 
mina HiSeq RNASeq platform, included the 
mRNA sequencing data of 496 prostate cancer 
and 52 adjacent non-tumorous prostate tissue 
samples and the corresponding clinical data  
for these samples. The raw expression data for 

each GDC dataset were normalized and pro-
cessed, and differentially expressed genes 
(DEGs) in normal and tumor tissue were iden- 
tified with TCGAbiolinks pipeline [14]. Survival 
analyses based on expression of individual 
queried genes were performed using cBioPor-
tal (http://www.cbioportal.org) and TCGA gene 
expression data set (TCGA, Firehose Legacy). 

Western blot analyses

Cell lysates were prepared with RIPA lysis buf-
fer (Cell Signaling Technology, Danvers, MA). 
Proteins were separated by SDS-PAGE and 
transferred onto nitrocellulose membranes. 
The membranes were blocked and subsequ- 
ently incubated overnight at 4°C with specific 
primary antibodies against FOXM1 (GeneTex, 
Inc., Irvine, CA) and β-actin (Santa Cruz Bio- 
technology, Inc., Dallas, TX). The membranes 
were washed and then incubated with a horse-
radish peroxidase-conjugated horse anti-rabbit 
or anti-mouse IgG (GenDEPOT, Barker, TX). The 
protein bands were visualized using an ECL Kit 
(DoGenBio, Seoul, Republic of Korea) and de- 
tected using X-ray film.

Small-interfering RNA (siRNA) transfection 

SiRNAs targeting FOXM1 and exonuclease 1 
(EXO1) were designed and synthesized by 
Bioneer Co., Ltd. (Daejeon, Republic of Korea). 
The sequences of the siRNAs are presented in 
Table S1. The siRNA transfections were per-
formed using Lipofectamine® 2000 transfec-
tion reagent (Invitrogen). A non-targeting siRNA 
(siNC) was purchased from Bioneer Co., Ltd. 
and used as the negative control.

Quantitative reverse transcription-PCR (qRT-
PCR)

Total RNA was extracted with TRIzol® reagent 
(Invitrogen Life Technologies; Thermo Fisher 
Scientific, Inc., Waltham, MA). Total RNA (1 µg) 
was reverse transcribed to cDNA using the 
PrimeScriptTM RT Reagent Kit (Takara Bio Inc., 
Shiga, Japan) and PCR was carried out with the 
TB Green™ Premix Ex Taq™ II (Takara Bio Inc.). 
Relative gene expression was determined by 
normalizing to β-actin using the 2-ΔΔCT method. 
Primer pairs are presented in Table S1. 

cDNA microarray and data analyses

RNA was extracted from two sample sets of 
PC-3 cells transfected with siNC or siFOXM1. 
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Then, cDNA microarrays were performed on an 
Affymetrix GeneChip Human Gene 2.0 ST Array 
(Affymetrix, Santa Clara, CA), which covers 
40,716 coding transcripts and 11,086 long 
intergenic non-coding RNA transcripts. DEGs 
between the negative control and FOXM1-
knockdown groups were identified as those 
with at least a 1.5-fold change.

Dual luciferase assay

We amplified the -2451/-1952 and -1030/-481 
regions of the human EXO1 promoter and 
-1279/-780 regions of the human BLM promot-
er from 22Rv1 genomic DNA by PCR using prim-
ers containing the restriction sites KpnI and 
HindIII, respectively. The cloning primers are 
listed in Table S1. After restriction digestion, 
the fragment was cloned in the pGL-4.10[luc2] 
vector (Promega, Madison, WI) to generate 
pGL4-EXO1 P1 (-2451/-1952), pGL4-EXO1 P2 
(-1030/-481), and pGL4-BLM P (-1279/-780). 
All constructs were verified by DNA sequencing. 
These reporter constructs were co-transfected 
with siNC or siFOXM1 using Lipofectamine® 
2000 transfection reagent (Invitrogen). Cells 
were co-transfected with pRL-TK (Promega) to 
normalize the transfection efficiency. Lucifera- 
se activity was measured after incubation for 
48 hr using the Dual-Luciferase Reporter Assay 
System (Promega). 

Chromatin immunoprecipitation (ChIP) assay 

Cells were incubated with niclosamide or DMSO 
for 12 or 24 hr and fixed in 1% formaldehyde for 
15 min to allow crosslinking and then quenched 
with glycine. Cells were then washed and col-
lected, followed by lysis in SDS buffer. The 
lysates were sonicated to shear the cross-
linked DNA. Sonicated chromatin-protein com-
plexes were incubated overnight with Dyna- 
beads Protein G (Invitrogen Life Technologies) 
pre-conjugated with anti-FOXM1 (G-5; Santa 
Cruz Biotechnology Inc.) or normal rabbit IgG 
(Novus Biologicals, Littleton, CO) antibodies. 
Immunoprecipitated DNA was reverse cross-
linked, purified and analyzed by PCR analysis. 
The PCR products were resolved on agarose  
gel visualized by Gel Doc™ XR+ System (Bio-
Rad, Hercules, CA). ChIP primers are presented 
in Table S1.

In vivo study

All experimental procedures were approved  
by the Institutional Animal Care and Use Com- 
mittee of the Catholic University of Korea 

(CUMC-2018-0050-02). Five-week-old male 
BALB/c nude mice (body weight 20-25 g) we- 
re obtained from Orient Bio (Gyenggi, South 
Korea). The mice (n=6) were injected subcuta-
neously in the flank with 4×106 22Rv1 cells in 
100 µL PBS with 100 µL Matrigel (Corning). 
When tumor volumes reached approximately 
200 mm3, each mouse was randomly assigned 
to one of the treatment groups: 150 µL of 1% 
DMSO and 1% Tween-80 in PBS (daily by oral 
gavage), 25 mg/kg of niclosamide (daily by oral 
gavage), or 50 mg/kg of niclosamide (daily by 
oral gavage). Body weight and tumor size were 
measured through the experimental period at 
3-day intervals, and tumor volume was calcu-
lated as width2 × length × 0.5. The mice were 
sacrificed after 4 weeks of treatment and 
tumors were harvested for further assays. 

Histologic analyses

For histological analyses, paraffin sections 
were stained with hematoxylin and eosin. The 
paraffin sections were immunostained with  
the following primary antibodies: rabbit Ki-67 
(Abcam, Cambridge, United Kingdom), cleaved 
caspase-3 (Cell Signaling Technology), FOXM1 
(G-5; Santa Cruz Biotechnology Inc.), and EXO1 
(MyBioSource, Inc., San Diego, CA). And HRP-
conjugated secondary antibody was used. The 
color reaction of the HRP-conjugated antibod-
ies was completed using 3,3’-diaminobenzidine 
tetrahydrochloride (DAB) (Vector laboratories 
Inc., Burlingame, CA). Counter staining was  
performed using hematoxylin. Tissue sections 
were examined under a light microscope (Carl 
Zeiss Inc.).

Statistical analyses 

The results of in vitro experiments are ex- 
pressed as mean ± SD (standard deviation), 
whereas the results of in vivo experiments are 
expressed as mean ± SE (standard error). 
Differences between values were analyzed us- 
ing Student’s t test or one-way analysis of vari-
ance (ANOVA) test in IBM SPSS version 24.0 
software (SPSS, Inc., Chicago, IL). P-values < 
0.05 were considered statistically significant.

Results

Niclosamide induces apoptosis of human 
CRPC cells

To determine the anticancer effect of niclo- 
samide of CRPC cells, PC-3 and 22Rv1 cells 
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were incubated with various concentrations of 
niclosamide and the effects were assessed 
using cell viability and colony formation assays. 
Niclosamide significantly reduced the viability 
of PC-3 and 22Rv1 cells in a concentration-
dependent manner (Figure 1A). The colony for-
mation assay showed that 2.5 µM of niclo- 
samide significantly reduced colony formation 
in both PC-3 and 22Rv1 cells (Figure 1B). To 
elucidate whether niclosamide induces apo- 
ptosis, we performed Annexin V-FITC/PI dou-
ble-staining assays. As shown in Figure 1C, a 
niclosamide induced a considerable increase 
in apoptotic cells in a time-dependent manner. 
In LNCaP cells, niclosamide reduced cell viabil-
ity in a concentration-dependent manner and 
increased apoptosis in a time-dependent man-
ner (Figure S1). 

Niclosamide suppresses FOXM1-mediated 
DNA damage response

Because recent studies showed that consider-
ation of DNA damage response pathways has 
the potential to improve diagnostic and thera-
peutic outcomes in PCa [15], we investigated 
whether niclosamide affects the DNA damage 
response. In light of these findings, we per-
formed immunocytochemistry to assess the 
expression of γH2AX and 53BP1. In cells incu-
bated with niclosamide, nuclear foci of γH2AX 
and 53BP1 increased compared to DMSO con-
trols. Quantitative analyses revealed that the 
fluorescence intensity of γH2AX- and 53BP1-
positive cells significantly increased in response 
to niclosamide (Figure 2A). 

To determine which genes were modulated by 
niclosamide, we performed RNA-sequencing. 
Niclosamide induced extensive changes in ge- 
ne expression, up-regulating 904 genes and 
down-regulating 1,101 genes (fold change > 2, 
p-value < 0.05) in Figure 2B. The down-regulat-
ed genes were assessed using GO analyses 
and twenty GO terms (biological process) were 
significantly screened including cell division, 
DNA replication, and DNA repair (Figure 2C). 
Among the top 20 pathways, we focused on the 
DNA repair pathway. A total of 44 genes were 
identified from the DNA repair pathway, and we 
evaluated the clinical importance of each gene 
using the TCGA data set. Among these 44 
genes in the DNA repair pathway, the expres-
sion of 10 genes including FOXM1 was signifi-
cantly different in tumor tissue compared to 

adjacent normal tissue (Figures 2D, S3), and  
3 genes (CDK1, P=0.027; FOXM1, P=0.011; 
EXO1, P < 0.001) were associated with poor 
overall survival in the TCGA data set (Table S2). 
Considering fold changes in DEGs, these re- 
sults allowed us to postulate that FOXM1 is an 
important target of niclosamide. Finally, we per-
formed qRT-PCR and western blot analyses, 
and found that niclosamide inhibited the ex- 
pression of FOXM1 in PCa cell lines (Figures 
2E, 2F and S2). These results suggest that 
niclosamide inhibits the DNA damage response 
in CRPC cells by reducing FOXM1 expression.

FOXM1 silencing modulates expression of 
DNA-repair-related genes

Little is known about the biological role of 
FOXM1 and relevant transcriptional targets in 
CRPC. FOXM1 expression was increased in PCa 
cells (LNCaP, DU-145, PC-3, VCaP and 22Rv1) 
compared to normal prostate epithelial cells 
(RWPE-1) (Figure S4A). To identify the biologi- 
cal role of FOXM1 in CRPC cells, we designed 
siRNA for FOXM1 to correspond to the nucleo-
tides 112-130 (siFOXM1-1), 801-819 (siFOX- 
M1-2) and 2073-2091 (siFOXM1-3) (Figure 3A). 
These three siRNAs were transfected into PC-3 
and 22Rv1 cells for 48 hr. The expression of 
both FOXM1 RNA and protein was lower in si- 
FOXM1-2-transfected cells than in cells trans-
fected with the other siRNAs (Figure 3B, 3C). 
We selected siFOXM1-2 for further experi-
ments. FOXM1 knockdown resulted in signifi-
cantly reduced viability of CRPC cells in a time-
dependent manner (Figure 3D).

In order to identify the transcriptional targets  
of FOXM1 in CRPC cells, we performed microar-
ray analyses after suppression of FOXM1 ex- 
pression using siRNA. A total of 1,592 DEGs, 
including 824 up-regulated and 768 down- 
regulated DEGs, were identified after FOXM1 
knockdown (P < 0.05, fold-change > 1.5; Figure 
3E). Gene-enrichment and functional annota-
tion analyses for DEGs were performed to ob- 
tain a functional interpretation of the gene 
expression changes using GO and KEGG pa- 
thway. The down-regulated DEGs were mainly 
involved in the DNA repair pathway, specifically 
in homologous recombination (HR; Figure 3F). 
After integrating information from the TCGA 
database and a PubMed search, five genes 
(BARD1, EXO1, BLM, BRCA2, and RAD51) we- 
re selected and validated in vitro. The qRT-PCR 



Niclosamide for prostate cancer

2949 Am J Cancer Res 2021;11(6):2944-2959

results showed that the expressions of EXO1, 
BLM, BRCA2, and RAD51 were reduced after 
FOXM1 knockdown in both PC-3 and 22Rv1 
cells (Figure 3G). These results were consistent 
with those obtained after niclosamide treat-

ment (Figure 3H). Among these four genes, we 
selected EXO1 and BLM as meaningful candi-
dates for transcription targets of FOXM1 based 
on correlation coefficients and clinical signifi-
cance determined by overall and disease-free 

Figure 1. Niclosamide inhibits cell proliferation and induces apoptosis in CRPC cells. (A) PC-3 and 22Rv1 cells 
were treated with the indicated concentrations of niclosamide for 48 hr and cell viability was measured using the 
WST assay. (B) Colony formation assays were performed in PC-3 and 22Rv1 cells incubated with or without 2.5 µM 
niclosamide. The colonies were photographed and the number of colonies was counted. (C) PC-3 and 22Rv1 cells 
were incubated with 2.5 μM niclosamide for 24 and 48 hr. Apoptosis was determined by analyzing FITC Annexin V-PI 
staining. All data are presented as the mean 48 hr. Apoptosis was determined by analyzing: **P < 0.01, ***P < 
0.001, two-tailed Student’s t test or one-way ANOVA test.
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Figure 2. Niclosamide induces DNA damage response in CRPC cells. (A) Nuclear γH2AX and 53BP1 foci were detect-
ed using immunofluorescence staining (γH2AX, green; 53BP1, red) and nuclei were counterstained with DAPI (blue). 
Scale bar, 10 µm. The fluorescence intensity of each group was analyzed using the ZEN 2012 Black Edition software. 
(B) Scatter plot of all expressed genes in PC-3 cells incubated with DMSO or niclosamide. Red dots indicated the 
up-regulated genes while blue dots indicated the down-regulated genes. The screening threshold is defined as a fold 
change > 2.0 and P < 0.05. (C) Dot plot of the significantly screened GO term of biological processes using DAVID. 
(D) Analysis of FOXM1 mRNA expression in tumor and adjacent normal tissues using the TCGA data set. (E) PC-3 
and 22Rv1 cells were incubated with 2.5 μM niclosamide for 24 or 48 hr. FOXM1 mRNA expression was quantified 
using qRT-PCR. β-actin mRNA was used as an internal control to normalize the data. (F) Cell lysates were prepared 
after the same treatment as in (E). FOXM1 protein was detected by western blot analyses and β-actin was used as 



Niclosamide for prostate cancer

2951 Am J Cancer Res 2021;11(6):2944-2959

survival data from the TCGA database (Table 
S3). In addition, expression of EXO1 and BLM 
RNA increased significantly in CRPC cell lines 
(Figure S4A). Like FOXM1, relative RNA expres-
sion of EXO1 and BLM was significantly reduced 
after niclosamide treatment in a concentration-
dependent manner (Figure S4B). 

FOXM1 directly binds to the promoter region 
of EXO1

To elucidate whether FOXM1 regulates promot-
er activity of EXO1 and BLM in CRPC cells, we 
looked for potential FOXM1 binding sites, in- 
cluding TAAACA within the EXO1 and BLM pro-
moter region. We found two potential FOXM1-
binding sequences in the EXO1 promoter region 
and one potential FOXM1-binding sequence in 
the BLM promoter region. We made a promoter 
luciferase construct containing FOXM1-binding 
sequences, which were pGL4-EXO1 P1 (-2451/-
1952), pGL4-EXO1 P2 (-1030/-481), and pGL4-
BLM P (-1279/-780) (Figure 4A). The EXO1 and 
BLM promoter luciferase constructs were co-
transfected with siFOXM1 in PC-3 cells. As 
shown in Figure 4B, EXO1 luciferase activity 
was reduced in FOXM1 knockdown cells com-
pared to the control cells, while BLM1 lucifer-
ase activity did not change. To address direct 
binding of FOXM1 to the endogenous EXO1 pro-
moter region, we performed ChIP assays with 
22Rv1 cells. The results showed that FOXM1 
binds to the predicted binding site of FOXM1 in 
the EXO1 promoter region and that binding is 
reduced after niclosamide treatment in a time-
dependent manner (Figure 4C).

To explore the biologic function of EXO1 in 
CRPC cells, several experiments were per-
formed after EXO1 knockdown with siRNAs. 
Both cell viability and colony formation assays 
demonstrated that the proliferation of CRPC 
cells was significantly reduced compared to 
that in siNC cells (Figure 4D, 4E). Furthermore, 
transwell assays demonstrated that the inva-
sive capability of CRPC cells was reduced after 
EXO1 knockdown (Figure 4F).

Niclosamide inhibits tumor growth in a CRPC 
xenograft mouse model

In order to confirm whether the anticancer 
effects of niclosamide observed in in vitro 

experiments are relevant in vivo, male BALB/c 
nude mice with 22Rv1 xenograft tumors were 
treated with vehicle, 25 mg/kg or 50 mg/kg of 
niclosamide. During the experimental period, 
niclosamide was well tolerated without any evi-
dence of toxic reactions and weight changes 
were not significantly different among the th- 
ree groups. Niclosamide significantly inhibited 
tumor growth and reduced final tumor weight in 
22Rv1 xenograft tumors in a dose-dependent 
manner (Figure 5A, 5B).

We performed immunohistochemical staining 
to assess the expression of Ki-67, cleaved cas-
pase-3, FOXM1, and EXO1 in xenograft tumors. 
In order to confirm the results of our in vitro 
experiments, we evaluated the expression of 
Ki-67 and cleaved caspase-3. In the niclosa- 
mide treatment group, expression of Ki-67 
decreased and expression of cleaved cas-
pase-3 increased compared to the control 
group. FOXM1 and EXO1 expressions in the 
niclosamide treatment group ranged from 
undetectable to low, whereas expression in the 
control group was much higher (Figure 5C). 
Finally, qRT-PCR revealed that niclosamide tre- 
atment significantly reduced the expression of 
FOXM1 and EXO1 RNA in xenograft tumors 
(Figure 5D). 

Discussion

In recent years, niclosamide has emerged as a 
potential therapeutic agent for many solid can-
cers [6]. Our findings reveal that niclosamide, 
which is already known to have pharmacologi-
cal properties, may serve as a novel therapeu-
tic agent for CRPC because it inhibits prolifera-
tion and induces apoptosis of human CRPC 
cells in vitro and in vivo. Furthermore, our find-
ings demonstrate that niclosamide exerts its 
anticancer effects through inhibition of the 
FOXM1-mediated DNA damage response. Our 
data suggest that niclosamide inhibits cell  
survival and efficient repair of DNA double-
strand breaks (DSBs) in PCa cells. Niclosamide 
induced: (1) increased γH2AX and 53BP1 foci, 
suggesting increased DNA DSBs, and (2) re- 
duced EXO1, BLM, BRCA2, and RAD51, sug-
gesting suppressed HR, due to (3) inhibition  
of FOXM1 transcription factor. Ultimately, niclo-
samide resulted in impaired DNA damage 
repair in PCa cells (Figure 6).

an internal control. Data in (A) and (E) are presented as the mean ± SD of two experiments performed in triplicate. 
**P < 0.01, ***P < 0.001, two-tailed Student’s t test or one-way ANOVA test.
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Niclosamide is an anti-helminthic drug that  
has been shown to exhibit anticancer effects 
against several solid cancers including breast 
cancer, colorectal cancer, and liver cancer via 
various mechanisms of action [6]. Our under-
standing of the mechanistic basis of niclo- 
samide treatment in PCa is limited, and has 
mainly been focused on the AR signaling path-
way. Liu et al. demonstrated that niclosamide 
significantly reduced AR-V7 protein expression 
through a proteasome-dependent pathway [8]. 
Subsequently, they reported that niclosamide 
inhibited IL6-Stat3-AR pathway to overcome 
enzalutamide resistance in CRPC [9]. These 
previous studies suggested the great poten- 
tial of niclosamide as a treatment option for 
CRPC patients who are AR-V7-positive. How- 
ever, niclosamide also exhibited anti-cancer 
effects in AR-V7-negative LNCaP cells in our 
study (Figure S1). Thus, we hoped that the elu-
cidation of a mechanism of action other than 
the AR signaling pathway would allow us to ex- 
tend the indications of niclosamide to AR-V7-
negative patients.

DNA damage response is defined as the coor- 
dinated cellular mechanisms responsible for 
preventing the accumulation of DNA damage 
and maintaining genomic stability [16]. Sub- 
stantial evidence suggests that DNA damage 

response is important in PCa initiation, devel-
opment, and progression [17, 18]. In PCa, 
genetic alterations in the DNA damage res- 
ponse pathway are relatively common, having 
been reported in 22.7% of mCRPC patients 
[19]. In this regard, PARP inhibitors represent 
an emerging therapeutic option to target DNA 
damage response pathways in several solid 
cancers including PCa [20, 21]. DNA damage 
can be repaired by various DNA damage res- 
ponse pathways, including HR, base excision 
repair (BER), and nucleotide excision repair 
(NER) [16]. Among these different pathways, 
we focused on HR because mutations of HR 
genes are known to be significant factors 
underlying cancer predisposition. We investi-
gated the effects of niclosamide on the relative 
mRNA levels involved in HR pathways. Our 
results demonstrated that niclosamide signifi-
cantly reduced the expression levels of BRCA2, 
RAD51, FOXM1, EXO1, and BLM which are 
important in HR pathways. The roles of RAD 51 
or BRCA proteins have been widely studied, but 
the roles of FOXM1 or EXO1 in PCa remain 
poorly understood.

FOXM1 promotes the development and pro-
gression of PCa [22, 23] and is upregulated in 
PCa tissues [24]. In a previous study, we found 
that elevated FOXM1 expression was associat-

Figure 3. Knockdown of FOXM1 attenuates cell proliferation in CRPC cells and regulates expression of DNA-repair-
related genes. (A) Schematic of FOXM1 mRNA including individual sites of three siRNA binding sites. (B, C) PC-3 
and 22Rv1 cells were transiently transfected with three FOXM1 siRNAs (siFOXM1-1, siFOXM1-2 and siFOXM1-3, 
respectively) or negative control siRNA (siNC). After 48 hr of transfection, FOXM1 mRNA (B) and protein (C) expres-
sion was determined by qRT-PCR and western blot analyses, respectively. (D) PC-3 and 22Rv1 cells were transfected 
with siFOXM1 or siNC. Cell viability was measured using the WST assay at the indicated time point. (E) Heat map of 
differentially expressed genes (fold change > 1.5; P < 0.05) in PC-3 cells transfected with siFOXM1 or siNC. (F) Venn 
diagram of differentially expressed genes identified using gene ontology (GO) and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) analyses. Overlap between the two circles represents 29 genes, DNA-repair-related genes. HR: 
homologous recombination; FA: Fanconi anemia; BER: base excision repair; NER: nucleotide excision repair; MMR: 
mismatch repair. (G, H) PC-3 and 22Rv1 cells were transfected with siFOXM1 for 48 hr (G) or were incubated with 
2.5 μM niclosamide for 48 hr (H). mRNA expression was quantified using qRT-PCR. β-actin mRNA was used as an 
internal control to normalize the data. Data in (B, D, G, and H) are presented as the mean sed as an internal control 
to normalize the data. RP < 0.01, ***P < 0.001, two-tailed Student’s t test or one-way ANOVA test.



Niclosamide for prostate cancer

2954 Am J Cancer Res 2021;11(6):2944-2959

ed with aggressiveness and poor prognosis in 
patients with PCa [25]. FOXM1 directly binds to 

the FOXM1 binding motif of the cell division 
cycle 6 (CDC6) promoter and PSA promoter/

Figure 4. EXO1 is a direct transcriptional target of FOXM1. (A) Schematic structure of the promoter region of EXO1 
and BLM, and the generated promoter reporter vectors. The nucleotide sequences in the right panel represent the 
predicted binding sequences. (B) PC-3 cells were co-transfected with the indicated luciferase reporter plasmids, 
and siFOXM1 or siNC. Luciferase activity was analyzed 48 hr later, and was normalized to renilla luciferase levels at 
each transfection. (C) 22Rv1 cells were treated with niclosamide (1 μM) for indicated period. The cells were fixed 
with formaldehyde and then immunoprecipitated with anti-FOXM1 antibody. Input loading controls was prepared 
prior to immunoprecipitation step. The immunoprecipitated DNA was amplified by PCR, using primers amplifying the 
FOXM1 binding site containing region, and resolved in 2% agarose gel. Normal rabbit IgG antibody was used as a 
control. (D) PC-3 cells were transfected with siEXO1 or siNC. Cell viability was measured using the WST assay at the 
indicated time. (E) Colony formation assays were performed in PC-3 cells transfected with siEXO1 or siNC. The colo-
nies were photographed and the number of colonies was counted. (F) Transwell assays were performed to evaluate 
the influence of EXO1 knockdown on the invasive abilities of the PC-3 cells. Scale bar, 200 µm. The number of cells 
was calculated after crystal violet staining. Data in (B, D-F) are presented as the mean ± SD of two experiments 
performed in triplicate. *P < 0.05, **P < 0.01, ***P < 0.001, two-tailed Student’s t test. 
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enhancer regions to regulate progression of 
PCa [26, 27]. Interestingly, binding occurs re- 
gardless of the presence of androgen. There- 
fore, we speculate that FOXM1 is an important 
novel androgen-independent target in CRPC.

tide reductase small subunit M2 (RRM2) [35]  
in PCa. RRM2 is one of the ribonucleotide 
reductases, which are essential for DNA syn-
thesis and DNA repair but are not HR-related 
genes. 

Figure 5. Niclosamide inhibited CRPC tumor growth in vivo. (A) Mice bearing 22Rv1 xenografts were treated with ve-
hicle (1% DMSO and 1% Tween-80 in PBS), 25 mg/kg or 50 mg/kg of niclosamide for 4 weeks. Tumor volumes were 
measured twice weekly and the observed mean tumor volume are presented as the mean ± SE (n=6). (B) Mean 
tumor weights were measured after dissection at 28 days after implantation and data are presented as the mean ± 
SE (n=6). (C) The tumors were excised after 4 weeks of niclosamide treatment and processed for hematoxylin and 
eosin (H&E) and immunohistochemistry (IHC) staining. Images of H&E-stained paraffin-embedded tumor sections 
were captured using a microscope. Tumor tissues were processed for IHC staining for Ki-67, cleaved caspase-3, 
FOXM1, and EXO1 antibody (brown staining). Scale bar, 100 µm. (D) FOXM1 and EXO1 mRNA expression was de-
termined using qRT-PCR. β-actin mRNA was used as an internal control to normalize the data. Data are presented 
as the mean ± SD (n=6). *P < 0.05, **P < 0.01, ***P < 0.001, two-tailed Student’s t test or one-way ANOVA test.

Figure 6. Schematic illustration of the suggested mechanism of niclosamide 
in CRPC cells.

FOXM1 is a transcriptional re- 
gulator that directly or indire- 
ctly regulates HR-related ge- 
nes. FOXM1 binds directly to 
the promoter to regulate tran-
scription of Nijmegen break-
age syndrome protein 1 (NB- 
S1), BRCA2, RAD51, BRCA1-
interacting protein 1 (BRIP1), 
and EXO1, and consequently 
promotes HR repair [28-32]. 
FOXM1 can also indirectly 
enhance HR repair by promot-
ing transcription of S-phase 
kinase-associated protein 2 
(Skp2), because Skp2 inter-
acts with NBS1 and triggers 
K63-linked ubiquitination of 
NBS1 [33, 34]. In particular, 
the relationship between FO- 
XM1 and DNA repair genes 
has been scarcely studied  
in PCa. Mazzu et al. reported 
that FOXM1 directly regulates 
transcription of ribonucleo-
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To the best of our knowledge, for the first time, 
we have demonstrated that FOXM1 and its tar-
get gene EXO1 are major factors influencing 
PCa. Even in other malignancies, little is known 
about the relationship between FOXM1 and 
EXO1. Zhou et al. reported that FOXM1 directly 
binds to the promoter region of EXO1 and facili-
tates DNA repair to protect ovarian cancer cells 
from cisplatin-mediated apoptosis [32]. Quist 
et al. demonstrated that a four-gene decision 
tree signature consisting of TP53BP2, RSU1, 
FOXM1, and EXO1 identified a subgroup of 
breast cancers sensitive to platinum-based ch- 
emotherapy [36]. These results indicate that 
inhibition of the FOXM1/EXO1 axis could be 
used as a therapeutic and diagnostic target in 
several malignancies, including PCa.

In conclusion, we found that the antihelmin- 
thic drug niclosamide inhibits proliferation and 
induces apoptosis of human CRPC cells in vitro 
and in vivo by inhibition of the FOXM1-mediated 
DNA damage response. Furthermore, we dem-
onstrated that FOXM1, the therapeutic target  
of niclosamide, directly regulates EXO1 expres-
sion to promote the DNA repair pathway. This is 
the first study to reposition niclosamide for 
treatment of CRPC by regulating DNA repair 
pathways, and the first to confirm the signifi-
cance and relationship of FOXM1 and its target 
gene EXO1 in PCa.
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Figure S1. Niclosamide inhibits cell proliferation and induces apoptosis in LNCaP cells. (A) LNCaP cells were incu-
bated with the indicated concentrations of niclosamide for 48 hr and cell viability was measured using the WST 
assay. (B) LNCaP cells were incubated with 0.5 μM niclosamide for 24 and 48 hr. Apoptosis was determined by 
analyzing FITC Annexin V-PI staining. All data are presented as the mean ± SD of two experiments performed in 
triplicate. **P < 0.01, ***P < 0.001, two-tailed Student’s t test.

Table S1. Sequence of siRNA and primer for experiments
Sequence of siRNA
Name Sequence (5’ to 3’)
siFOXM1-1 CAACAGGAGUCUAAUCAAG
siFOXM1-2 GGACCACUUUCCCUACUUU
siFOXM1-3 CUCUUCUCCCUCAGAUAUA
siEXO1 GCACGUAAUUCAAGUGAUG
Primer for RT-qPCR
Gene Forward sequence (5’ to 3’) Reverse sequence (5’ to 3’)
FOXM1 TTCAGAACCCTTAGACCTCATC GCTGAGGCTGTCATTCATTGTG
BARD1 TCTGTAGCCAACCATCTGTTATCTC ACTTCATTCCTGCTCTTAGTGTCTG
EXO1 CCTGCCCATTCAAGAAGTCATAG TAATCACTCGTTCCACTCCCAC
BLM CAGACTCCGAAGGAAGTTGTATG GAAGTCTCAGAAGTATCAAAGTCATCC
BRCA2 CTTGCCCCTTTCGTCTATTTG GTCGCCACTGGAGGTTGC
RAD51 TTGTAGACAGTGCCACCGCC AACATCGCTGCTCCATCCAC
β-actin GAGACCTTCAACACCCCAGC ATGAGGTAGTCAGTCAGGTCCC
Primer for ChIP assay
Name Forward sequence (5’ to 3’) Reverse sequence (5’ to 3’)
EXO1 P1 GCTAAATCTGGCAACCCTACC AGGCATAAAGAGATGTCCTGTGTC
EXO1 P2 AGGTAAAATGGTAGGGGCAGAT CTCGGAAGTTGGGAGTGTTTAC
Primer for promoter cloning
Name Forward sequence (5’ to 3’) Reverse sequence (5’ to 3’)
pGL3-EXO1 P1 TAACTGGCCGGTACCCTACCTCAAAAGGTTTTCAGTCTATTGA CGGATTGCCAAGCTTCCAAGGTTTCAAACTGTATTCTTGG
pGL3-EXO1 P2 TAACTGGCCGGTACCTACTACTGCAATGGGGAAAAGAACCC CGGATTGCCAAGCTTAACACGGGTAACTTGCCTACACAGCGC
pGL3-BLM P TAACTGGCCGGTACCAAGGGAATTGTCAGTCTTTTCATTTC CGGATTGCCAAGCTTAAAATCTGCCTGTTACACAGTAACTCC
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Figure S2. Niclosamide reduces the expression of FOXM1 in LNCaP cells. (A and B) LNCaP cells were incubated with 
0.5 μM niclosamide for 24 or 48 hr. FOXM1 mRNA (A) and protein (B) expression was determined using qRT-PCR 
and western blot analyses, respectively. β-actin was used as an internal control. Data are presented as the mean ± 
SD of two experiments performed in triplicate. *P < 0.05, **P < 0.01, two-tailed Student’s t test.
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Figure S3. Analysis of mRNA expression for 10 clinically important genes in tumor and adjacent normal tissues us-
ing the TCGA data set. 

Table S2. Clinical significance of the 10 candidate target genes
Gene 
Symbol

FC  
(PC3-Niclosamide/PC3-DMSO)

Log2 FC  
(Tumor/Normal, GDC portal, TCGA-PRAD)

Overall survival p value  
(TCGA, Firehose Legacy)

CDK1 0.078 1.123259 0.0276
EXO1 0.168 1.405179 <0.0001
RAD54L 0.200 1.281174 0.38
PTTG1 0.218 1.356720 0.357
RAD51 0.270 1.140352 0.179
NUDT1 0.271 -1.16502 0.791
POLQ 0.281 1.252423 0.646
FOXM1 0.322 1.627793 0.0113
CHEK1 0.381 -1.25142 0.678
EME1 0.394 1.048552 0.12
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Figure S4. FOXM1, EXO1, and BLM mRNA expression in the different cell lines. (A) qRT-PCR was used to evaluate the 
basal expression of FOXM1, EXO1, and BLM in the indicated cell lines. The control cell line was the non-tumorigenic 
human prostate epithelial cell line RWPE-1. (B) PC-3 and 22Rv1 cells were incubated with the indicated concentra-
tions of niclosamide for 48 hr. mRNA expression was quantified by qRT-PCR. β-actin mRNA was used as an internal 
control to normalize the data. 

Table S3. Correlation coefficient and overall and disease-free survival from the TCGA database
co-expression with FOXM1 Overall Survival 

(p-value)
Disease Free Survival 

(p-value)Pearson’s correlation Spearman’s correlation
RAD54B 0.63 0.46 0.126 0.0831
BLM 0.72 0.70 0.237 0.00488
RAD51 0.49 0.69 0.182 0.0579
SHFM1 0.14 0.14 0.199 0.342
BRCA2 0.54 0.43 0.086 0.200
XRCC2 0.59 0.56 0.482 0.00123
FANCM 0.26 0.24 0.0935 0.535
EXO1 0.88 0.80 0.0001701 0.0138
POLH 0.26 0.15 0.00114 0.746
EME1 0.69 0.61 0.198 0.164
BARD1 0.25 0.19 0.502 0.709


