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Abstract

Purpose—It is known that over expression of IL6 in prostate cancer cells confer enzalutamide
resistance and that this may occur through constitutive Stat3 activation. Additionally, recent pre-
clinical studies suggested enzalutamide might have the potential adverse effect of inducing
metastasis of prostate cancer cells via Stat3 activation. This study is aimed to target Stat3
activation and improve enzalutamide therapy.

Experimental design—Sensitivity of prostate cancer cells to enzalutamide was tested using
cell growth assays and clonogenic assays. Wound healing and invasion assays were performed to
determine cell migration and invasion in vitro. Quantitative reverse transcription-PCR, ELISAand
Western blotting were performed to detect expression levels of PSA, c-Myc, survivin, Stat3 and
AR. ChIP assay was performed to examine recruitment of AR to the PSA promoter.

Results—In the present study, we found niclosamide, a previously identified novel inhibitor of
androgen receptor variant (AR-V7), inhibited Stat3 phosphorylation and expression of
downstream target genes. Niclosamide synergistically reversed enzalutamide resistance in prostate
cancer cells and combination treatment of niclosamide with enzalutamide significantly induced
cell apoptosis and inhibited cell growth, colony formation, cell migration and invasion. Knock
down of Stat3 abrogated enzalutamide resistance resulting in reduced recruitment of AR to the
PSA promoter in prostate cancer cells expressing IL6. Moreover, niclosamide reversed
enzalutamide resistance by down-regulating Stat3 target gene expression Stat3and abrogating
recruitment of AR to PSA promoter resulting in PSA inhibition.

Conclusions—This study demonstrated the I1L6-Stat3-AR axis in prostate cancer is one of the
crucial mechanisms of enzalutamide resistance. Niclosamide has the potential to target the I1L6-
Stat3-AR pathway to overcome enzalutamide resistance and inhibit migration and invasion in
advanced prostate cancer.

To whom correspondence should be addressed: Department of Urology University of California Davis Medical Center 4645 ond
Ave, Research I11, Suite 1300 Sacramento, CA 95817 acgao@ucdavis.edu.
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Introduction

Invasion and metastasis are the fatal stage of prostate cancer patients. Enzalutamide not only
prolongs the survival of men with metastatic castration-resistant prostate cancer (NCRPC)
who have been pre-treated with docetaxel but also in chemo-naive mCRPC patients (1, 2).
Recent studies showed pro-metastatic effects of enzalutamide in pre-clinical models,
suggesting the possibility that adverse effects of enzalutamide might present in clinical
patients (3-5). Understanding the underlying mechanisms of enzalutamide resistance is
urgent and would provide much needed information to clinical investigators applying early
intervention strategies in patients.

In our previous study, we showed that an IL6-Stat3 feed forward loop in prostate cancer
patients may be one of the crucial mechanisms involved in enzalutamide resistance (6). A
recent pre-clinical study suggested that the use of enzalutamide in clinically localized
prostate cancer may potentiate the formation of micro-metastases (3). Enzalutamide in
prostate cancer patients might lead to unwanted side effects of enhanced macrophage
infiltration / prostate cancer metastasis through modulation of CCL2-STAT3 signaling (5).
Constitutively active Stat3 is a part of the positive autocrine 1L6 loop and Stat3 activation in
human tumors is often observed at the invasive front of tumors adjacent to inflammatory
cells. This suggests that Stat3-dependent tumorigenesis is mediated by IL6 (7). Constitutive
Stat3 activation in normal prostate epithelial cells enhances EMT and cell motility and
active Stat3 expression was associated with tumor invasion and poor clinical outcome in
patients. Due to its involvement in these events, targeting Stat3 could be an ideal strategy to
inhibit prostate cancer growth and metastasis.

In the current study, we found that the IL6-Stat3-AR axis in prostate cancer patient may be
one of the pivotal mechanisms of enzalutamide resistance. Niclosamide, a previously
identified novel inhibitor of androgen receptor variant 7 (AR-V7)(8), was found to be able to
significantly inhibit Stat3 activation and downstream target gene expression. Combining
niclosamide with enzalutamide synergistically overcame enzalutamide resistance and
inhibited invasion and migration in prostate cancer cells.

Materials and Methods

Reagents and Cell Culture

C4-2B, LNCaP and DU145 cells were maintained in RPMI 1640 supplemented with 10%
fetal bovine serum (FBS), 100 units/ml penicillin and 0.1 mg/ml streptomycin. PZ-HPV7
cells were cultured in Keratinocyte-SFM medium supplemented with L-glutamine,
epidermal growth factor (EGF) and bovine pituitary extract (BPE). LNCaP-neo and LNCaP-
s17 cells were stably transfected with pcDNA3.1 vector or plasmid expressing IL6 which
was described before (9), LNCaP-Stat3C cells were stably transfected with constitutively
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active Stat3 plasmid which was described before(10). The cells were maintained at 37°C in a
humidified incubator with 5% carbon dioxide. IL6 was purchased from R&D systems.
Niclosamide was purchased from Sigma-Aldrich, St. Louis, MO (N3510) and dissolved in
DMSO.

Plasmids and cell transfection

For small interfering RNA (siRNA) transfection, cells were seeded at a density of 1x10°
cells per well in 12-well plates and transfected with siRNA (Cell signaling #6582) targeting
the Stat3 sequence; a control sequence targeting the luciferase (Luc) gene, siControl (5’-
CTTACGCTGAGTACTTCGA-3’), using lipofectamine2000 (Invitrogen) at a 100 nM
concentration. Cells were transiently transfected by expressing plasmids using Attractene
(QIAGEN).

Luciferase Assay

LNCaP, LNCaP-s17, LNCaP-Stat3C or DU145 cells (1x10° cells per well of 12-well plate)
were transfected with 0.5 pg of pLucTKS3 reporter plasmid containing specific responsive
elements for Stat3 or the control plasmid. The luciferase activity was determined 24 —48 hr
after transfection using a dual-luciferase reporter assay system (Promega).

Chromatin immunoprecipitation assay

LNCaP-s17 cells were treated as indicated. DNA-AR protein complexes were cross-linked
inside the cells by the addition of 1% formaldehyde. Whole-cell extracts were prepared by
sonication, and an aliquot of the cross-linked DNA-protein complexes was
immunoprecipitated by incubation with the AR-specific antibody (AR-C19; Santa Cruz
Biotechnology) overnight at 4°C with rotation. Chromatin-antibody complexes were isolated
from solution by incubation with protein A/G agarose beads for 1 hour at 4°C with rotation.
The bound DNA-protein complexes were washed and eluted from beads with elution buffer
(1% SDS and 0.1 mol/L NaHCO3), cross links were reversed, and DNA was extracted. The
resulting chromatin preparations were analyzed by PCR using primers spanning either the
proximal or the distal enhancer AREs of the PSA promoter. Primers used for ChIP assay
were: ARE: 5’-CCTAGATGAAGTCTCCATGAGCTACA, ARE 3’-
GGGAGGGAGAGCTAGCACTTG. Isotype-matched IgG was used as control (11).

Western blot analysis

Whole cell protein extracts were resolved on SDS-PAGE and proteins were transferred to
nitrocellulose membranes. After blocking for 1 hour at room temperature in 5% milk in
PBS/0.1% Tween-20, membranes were incubated overnight at 4°C with the indicated
primary antibodies. p-Stat3(Tyr705) (sc-7993-R, rabbit polyclonal antibody, 1:1000
dilution), Stat3 (sc-482, rabbit polyclonal antibody, 1:1000 dilution), AR (441, sc-7305,
Mouse monoclonal antibody, 1:1000 dilution) and c-Myc (sc-764, rabbit polyclonal
antibody, 1:1000 dilution) were purchased from Santa Cruz Biotechnology, Santa Cruz, CA;
Survivin (FL-142, rabbit polyclonal antibody, 1:1000 dilution) and Tubulin (T5168,
Monoclonal Anti-a-Tubulin antibody, 1:5000 dilution) were purchased from Sigma-Aldrich,
St. Louis, MO. Tubulin was used to monitor the amounts of samples applied. Following
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secondary antibody incubation, immunoreactive proteins were visualized with an enhanced
chemiluminescence detection system (Millipore, Billerica, MA).

Cell growth assay

LNCaP-s17 cells were seeded in 12-well plates at a density of 1x10° cells/well in RPMI
1640 media containing 10% FBS and treated with 0.25 or 0.5 UM niclosamide with or
without 20 uM enzalutamide for 48 hours and total cell number was counted.

Clonogenic Assay

LNCaP-s17 cells or LNCaP-Stat3C stable clone cells were treated with DMSO,
enzalutamide, niclosamide or combination in FBS conditions. Cells were plated at equal
density (1000 cells/dish) in 100 mm dishes for 14 days. The cells were rinsed with PBS
before staining with 0.5% crystal violet/4% formaldehyde for 30 min and the number of
colonies was counted (12, 13).

Cell death ELISA

LNCaP-s17 cells were seeded on 12-well plates (1 x 10° cells/well) in RPMI 1640 media
containing 10% FBS and treated with 0.25 or 0.5 pM niclosamide with or without 20 pM
enzalutamide for 48 hours. Mono- and oligonucleosomes in the cytoplasmic fraction were
measured by the Cell Death Detection ELISA kit (Roche, Cat. NO. 11544675001) according
to the manufacturer's instructions as described before (12, 14). Briefly, floating and attached
cells were collected and homogenized in 400 uL of incubation buffer. The wells were coated
with antihistone antibodies and incubated with the lysates, horseradish peroxidase—
conjugated anti-DNA antibodies, and the substrate, and absorbance was read at 405 nm.

Wound Healing Assay

DU145, LNCaP-s17 and LNCaP-Stat3C cells were cultured under standard condition as
described above and plated onto 60 mm? dishes. Scratch wounds were introduced into the
confluent monolayers the day after plating. The wounds were created with a 200 L pipette
tip. Cells were kept in regular culture media with various concentrations of niclosamide or
combined with enzalutamide. Wound closure was monitored over time and photographed
using Olympus 1 x 81 microscope at 40x magnification. The wound closure was quantified
by measuring the remaining unmigrated area using ImageJ software.

Invasion Assay

LNCaP-Stat3C or DU145 cells (1x10%) were suspended in serum free RPMI1640 medium
containing niclosamide or enzalutamide into the cell culture inserts for 24-well plates
containing 8 mm pores. The inserts were coated with Matrigel (2-3 mg/ml protein) and
allowed to solidify for 2 hours before cell plating. The lower chambers were filled with 300
pl growth medium containing DMSO or drug as indicated. After 48 h, cells were fixed with
5% glutaraldehyde in PBS, washed with PBS, and stained with 0.5% toluidine blue in 2%
Na,CO3 solution. Invasive cells that penetrated the membrane were counted under the
microscope, each group was counted at least 3 visual areas (random 40xhigh-power fields).
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Measurement of PSA

PSA levels were measured in the culture supernatants using ELISA (United Biotech, Inc.,
Mountain View, CA) according to the manufacturer's instructions as described before (15).

Statistical Analysis

Results

All data are presented as means + standard deviation of the mean (SD). Statistical analyses
were performed with Microsoft Excel analysis tools. Differences between individual groups
were analyzed by one-way analysis of variance (ANOVA) followed by the Scheffé
procedure for comparison of means. P < 0.05 was considered statistically significant.

Niclosamide inhibited Stat3 phosphorylation and downstream target genes expression in
prostate cancer cells

Niclosamide has been shown to inhibit Stat3 in colon and head-neck cancer cells (16, 17).
To determine if niclosamide also inhibits Stat3 activation in prostate cancer cells, LNCaP,
C4-2B or DU145 cells were treated with different doses of niclosamide overnight and then
stimulated with 10ng/ml IL6 for 30 minutes. As shown in Fig.1A, niclosamide significantly
inhibited IL6 induced Stat3 phosphorylation in these cell lines. Notably, niclosamide
inhibited both endogenous c-Myc and survivin protein expression as well as expression
induced by IL6. Our previous data showed LNCaP-s17 cells and LNCaP-Stat3C cells which
stably express IL6 and have constitutive Stat3 activation respectively (18). To examine
whether niclosamide inhibits endogenous Stat3 activation, LNCaP-s17 and LNCaP-Stat3C
cells were treated with different concentrations niclosamide overnight and Stat3
phosphorylation was examined. As shown in Fig.1B, niclosamide significantly inhibited
Stat3 phosphorylation (Tyr705) in a dose dependent manner. To examine the effect of
niclosamide on the activity of Stat3-responsive genes, we transfected LNCaP, DU145,
LNCaP-s17 and LNCaP-Stat3C cells with the pLucTKS3 luciferase reporter containing the
Stat3 responsive elements or control plasmids and treated the cells with niclosamide in the
presence or absence of IL6. As shown in Figure 1C, IL6 induced Stat3-responsive luciferase
reporter activity in LNCaP cells, which was reduced by niclosamide treatment. DU145,
LNCaP-s17 and LNCaP-Stat3C cells exhibited constitutive activation of Stat3. Niclosamide
also decreased the Stat3-responsive luciferase activity in a dose-dependent manner (Fig.
1D-1F). Collectively, these data suggest that niclosamide inhibits both IL6-induced and
constitutive Stat3 activation and Stat3 mediated gene expression.

Niclosamide inhibited cell invasion and colony formation in prostate cancer cells

Evidence suggests constitutive Stat3 activation is oncogenic and contributes to tumor
progression and metastasis (19-21). To test whether niclosamide inhibits cell migration and
invasion, wound healing assays were performed in Stat3 constitutively activated LNCaP-
Stat3C, LNCaP-s17 and DU145 cells. As shown in Fig.2A, niclosamide inhibited wound
healing in a dose dependent manner in each of these cell lines which express constitutively
active Stat3. To further investigate if LNCaP-Stat3C and DU145 cells have higher migration
ability, a Boyden chamber based invasion assay were performed on these two cell lines.
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Niclosamide significantly reduced the number of invasive cells in a dose dependent manner
in both cell lines (Fig.2B). Previously, we have shown niclosamide inhibited colony
formation ability in AR-V7 overexpressing prostate cancer cells (8). To test if niclosamide
also has the ability to inhibit colony formation in constitutively active Stat3 prostate cancer
cells, LNCaP-s17 and LNCaPStat3C cells were treated with 0.25 pM or 0.5 uM niclosamide.
As depicted in Fig.2C, 0.25 pM niclosamide slightly inhibited colony formation while 0.5
UM niclosamide significantly reduced colony number and size in both cell lines. These data
showed that niclosamide inhibits cell invasion and colony formation in prostate cancer cells.

Niclosamide synergistically enhanced enzalutamide treatment in constitutively active
Stat3 prostate cancer cells

In our previous study, we observed that niclosamide synergistically enhanced enzalutamide
treatment in CWR22Rv1 and C4-2B MDVR cells through AR variant inhibition (8). We
next examined the combinatory effects of enzalutamide and niclosamide in constitutively
active Stat3 prostate cancer cells. As shown in Fig3A, neither 20uM enzalutamide nor 0.25
UM niclosamide alone changed cell morphology of LNCaP-s17 cells. Conversely, in
combination the two drugs dramatically inhibited cell growth and modified cell morphology.
To further examine the combinatory effects of these two drugs, LNCaP-s17 cells were
treated with two different concentration of niclosamide (0.25 and 0.5uM) combined with
20uM enzalutamide in. After 48 hours, cell numbers were counted and supernatant was
collected for cell death detection. As depicted in Fig.3B-C, niclosamide combined with
enzalutamide significantly inhibited cell growth and induced cell death of LNCaP-s17 cells.
These results were also observed in a time dependent experiment; LNCaP-s17 cells were
treated with 20puM enzalutamide together with 0.25uM niclosamide for different amounts of
time. The growth of cells treated with enzalutamide or niclosamide alone continued during
the 7 days treatment while growth of cells in the co-treatment group was completely
inhibited (Fig.3D). To further test the combination treatment on cell function change, a
clonogenic assay was performed. As shown in Fig.3E, enzalutamide combined with
niclosamide significantly inhibited LNCaP-s17 colony formation. We confirmed these
results in LNCaP-Stat3C cells (Fig.3F). Taken together, the results above showed
niclosamide synergistically enhanced enzalutamide treatment in constitutive active Stat3
prostate cancer cells.

Several reports have shown that activated Stat3 is linked to prostate cancer recurrence and
metastasis (21, 22). To continue to test if the combinatory treatment of enzalutamide with
niclosamide affected cell migration and invasion, a wound healing assay was performed in
LNCaP-s17 cells and LNCaP-Stat3C cells. Alone, 20uM enzalutamide had little effect on
cell wound healing in these two cell lines. However, when combined with 0.25uM
niclosamide, wound healing was totally inhibited (Fig.4A). We also performed Boyden
chamber based invasion assays in LNCaP-Stat3C cells. Twenty micromolar enzalutamide
did not inhibit LNCaP-Stat3C invasion, 0.25uM niclosamide had a 50% reduction of
invasive cells, while the combination treatment reduced more than 90% of invasive cells
(Fig.4B). Collectively, these data suggested that by acting as a potent Stat3 inhibitor,
niclosamide synergistically enhanced enzalutamide effects by inhibiting cell migration and
invasion in constitutively active Stat3 prostate cancer cells.
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Stat3 inhibition enhanced enzalutamide treatment by targeting AR signaling

In our previous study, we revealed that the 1L6-Stat3 feed forward loop might be one of the
important pathways contributing to enzalutamide resistance (6). To further explore the
underlying mechanisms, AR and Stat3 activation were examined in different cell lines. As
shown in Fig.5A, the normal prostate epithelial cell line PZ-HPV7 does not express AR nor
activated Stat3. C4-2B, LNCaP-s17 and LNCaP-Stat3C cells expressed higher AR than
LNCaP parental cells. Additionally, LNCaP-s17 and LNCaP-Stat3C cells expressed
constitutively active Stat3. To examine genes differentially expressed in response to
constitutively active Stat3, LNCaP-s17 cells were transiently transfected with Stat3 siRNA.
Knock down of Stat3 in these cells significantly inhibited expression of c-Myc and survivin,
and also partially inhibited AR expression (Fig.5B). On the other hand, constitutive
activation of Stat3 in LNCaP cells significantly enhanced expression of these genes.

To determine whether knock down of Stat3 enhanced inhibition of Stat3 target genes
induced by enzalutamide, western blots were performed. Knock down of Stat3 significantly
enhanced the effects of enzalutamide treatment and inhibited expression of c-Myc, survivin
and AR (Fig.5C). To further confirm that the Stat3-AR axis is involved in enzalutamide
resistance, a ChlP assay was performed. As shown in Fig.5D left, enzalutamide slightly
inhibited AR recruitment to the PSA promoter in LNCaP-s17 cells and knock down of Stat3
significantly reduced recruitment of AR to the PSA binding site. Enzalutamide combined
with Stat3 siRNA totally blocked AR recruitment to the PSA promoter. To examine if the
recruitment of AR to AREs translated to AR activation, PSA ELISA was performed. As
shown in the right panel of Fig.5D, enzalutamide combined with Stat3 siRNA significantly
inhibited PSA expression in LNCaP-s17 cells. These results suggested that enzalutamide
resistance induced by constitutive Stat3 activation is due to higher recruitment of AR to the
PSA promoter. Targeting the Stat3-AR axis is a promising strategy to overcome
enzalutamide resistance.

Niclosamide inhibited the recruitment of AR to the PSA promoter by blocking
constitutively active Stat3

The studies suggest that niclosamide functions not only as an AR variant inhibitor but also
as an inhibitor of Stat3 activation. To further address the mechanisms of the combinatory
effects of niclosamide with enzalutamide, Stat3 downstream target genes were examined.
LNCaP-s17 and LNCaP-Stat3C cells were treated with different regimens, as indicated in
Fig.6A. Combination treatment significantly inhibited Stat3 phosphorylation and expression
of survivin and c-Myc compared to niclosamide or enzalutamide alone. AR expression was
also inhibited in the combination group.

To examine whether co-treatment also affected the AR recruitment, a ChlP assay was
performed; LNCaP-s17 cells were treated with DMSO, 20uM enzalutamide or 0.25uM
niclosamide alone or in combination overnight. As shown in Fig.6B, treatment with
enzalutamide alone was not able to block AR recruitment to the PSA binding site, while
niclosamide alone blocked AR recruitment to the PSA binding site. However, combination
treatment with enzalutamide further inhibited AR recruitment to the PSA promoter. To test
if the recruitment of AR also affected AR activity, PSA ELISA was performed. As depicted

Prostate. Author manuscript; available in PMC 2016 September 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

Page 8

in Fig.6C, treatment with 0.25 uM niclosamide slightly down regulated PSA secretion in
both LNCaP-s17 and LNCaP-Stat3C cells while niclosamide/enzalutamide co-treatment
significantly reduced PSA in both cell lines by an additional 50%. Collectively, these data
showed that the IL6-Stat3-AR axis (Fig.6D) is involved in enzalutamide resistance and that
niclosamide reversed enzalutamide resistance and inhibited cell invasion and migration in
prostate cancer by inhibiting Stat3.

Discussion

For prostate cancer patients, metastasis is the primary underlying cause of fatality. For men
with the metastatic prostate cancer, only one-third survive for five years after diagnosis (23).
The molecular mechanisms of metastasis in prostate cancer are still under intense
investigation. To date, several mechanisms have been identified, including cell-matrix
adhesion, matrix degradation and cytokine activation (24, 25). Recently, data has suggested
that androgen deprivation therapy (ADT) might induce prostate cancer metastasis. It has
been noted that the second generation anti-androgen enzalutamide, which significantly
increased survival benefit in mCRPC patients, may enhance metastasis in pre-clinical
models. Lin et.al (5)observed that enzalutamide promoted prostate cancer metastasis via
enhancing macrophage infiltration in both in vitro co-culture systems and in vivo mouse
models. They proposed the underlying mechanism might involve CCL2/Stat3 signaling and
suggested that a new combination therapy to suppress prostate cancer proliferation with the
ADT in addition to a new therapy to overcome the metastasis could be beneficial. Asangani
et.al (3) showed that in a VCaP xenograft mouse model, enzalutamide treatment
significantly enhanced liver and femur metastasis, and suggested that the use of
enzalutamide in clinically localized prostate cancer may potentiate the formation of micro-
metastases. ldentifying new therapies to suppress the potential metastatic side effects and to
overcome enzalutamide resistance is critical.

Our previous study reported that IL6 overexpression enhanced AR-ARE DNA binding
activity and increased AR nuclear translocation in LNCaP cells (18). IL6 may regulate
intraprostatic androgen synthesis in the absence of exogenous steroid precursors through
regulating steroidogenic enzyme gene expression and inducing neuroendocrine
differentiation (NED) through suppression of RE-1 silencing transcription factor (REST)
(26, 27). Autocrine IL6 in prostate cancer cells significantly induced enzalutamide
resistance, indicating that serum IL6 levels might be one of the pivotal factors in
enzalutamide treatment and up regulation of IL6 in the patients’ serum may be one of the
negative therapeutic markers associated with enzalutamide. We found that the I1L6-Stat3
feed forward loop was involved in enzalutamide resistance and targeting Stat3 could be a
promising strategy to overcome this resistance (6). In the present study, we determined that
constitutively active Stat3 in prostate cancer cells activated downstream expression of c-
Myc and survivin, and knock down of Stat3 in LNCaP-s17 cells significantly abrogated AR
recruitment to ARE binding sites and resensitized the cells to enzalutamide treatment. Of
note, knock down Stat3 also resultant target genes such as c-Myc and survivin inhibition
might relate to cell migration and invasion. Overexpression of Myc has been linked to
genomic instability, changes in morphology and function such as epithelialmesenchymal
transition (EMT) and metastasis which might through miRNA regulation and Bmi-1
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activation (28). Survivin has been associated with increased invasion and metastasis of
colorectal cancer (29) hepatocellular carcinoma (30) and breast cancer (31). Taken together,
these data suggested the IL6-Stat3-AR axis is a crucial mechanism involved in enzalutamide
resistance. Target the Stat3 which is the upstream transcriptional regulator of c-Myc and
survivin is a promising strategy to suppress the cell migration and invasion in prostate
cancer.

Constitutive Stat3 activation has been observed in many advanced cancers and is associated
with poor prognosis(32). Constitutively active Stat3 is accompanied by high levels of IL6
expression, indicating IL6 may be the main driver of Stat3 persistent activation and blocking
the IL6-Stat3 axis could be a potent strategy to reverse enzalutamide resistance(33).
Niclosamide is a FDA approved drug which has been used to treat tapeworm infection for
about 50 years(34). In our previous study, we identified niclosamide as a novel AR variant
inhibitor in prostate cancer cells and observed that it reversed enzalutamide resistance
dramatically (8). In the current study, we demonstrated that niclosamide is also a potent
Stat3 inhibitor in prostate cancer cells and found that it significantly reversed enzalutamide
resistance in constitutively active Stat3 prostate cancer cells. Co-treatment with
enzalutamide and niclosamide not only inhibited cell proliferation but also inhibited cell
invasion. Stat3 activation has been found to be associated with lymph node and bone
metastases of clinical human prostate cancer (21, 22). In our present study, we observed that
enzalutamide alone cannot inhibit constitutively activated Stat3-mediated prostate cancer
cell invasion. However, when combined with niclosamide, the number of invasive cells was
significantly reduced. Co-treatment not only down regulated Stat3 target genes, but also
reduced recruitment of AR to the PSA promoter. The interesting finding in this study is
combination treatment dramatically reduced AR protein level in prostate cancer cells. Our
previous study suggested niclosamide down regulated AR-V7 level by protein degradation
might through a proteasome dependent pathway(8). Enzalutamide induce AR protein
degradation by facilitating SPOP-AR interaction (35), SPOP is a bona fide E3 ligase of the
AR, it is possible that combination treatment of niclosamide and enzalutamide could also
enhance AR protein degradation by promoting the functional SPOP bind to the consensus
motif of AR hinge domain. Our previous study demonstrated overexpressed IL6 resultant
constitutive active Stat3 in prostate cancer cells may counteract enzalutamide action in
blocking the recruitment of AR to target gene promoters (6), Stat3 has been shown to
interact with AR N terminal domain (NTD) and activate AR transcription (36). Inhibition
Stat3 activation by niclosamide might block the AR recruitment driven by Stat3 and
combination treatment of niclosamide and enzalutamide down regulate AR protein level also
resultant the inhibition of AR recruitment to PSA promoter.

In summary, the IL6-Stat3-AR axis is one of the crucial mechanisms contributing to
enzalutamide resistance. Targeting Stat3 is a promising strategy to both enhance
enzalutamide treatment and reverse adverse side effects associated with enzalutamide. Our
studies demonstrate that niclosamide inhibits constitutively activated Stat3 and AR variants
and suppresses cell proliferation, migration and invasion. Notably, niclosamide has the
ability to synergistically enhance the anticancer effects of enzalutamide in advanced prostate
cancer cells. Targeting Stat3 and AR variants with niclosamide holds the promise for
treatment of advanced prostate cancer.
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Figure 1. Niclosamide inhibited Stat3 activation in prostate cancer cells
A) LNCaP, C4-2B or DU145 cells were treated with DMSO, 0.5 uM or 1 uM niclosamide

overnight, cells were then stimulated with 10 ng/mL of IL6 for 30 minutes. Whole cell
lysates were prepared and subjected to Western blot analysis using antibodies as indicated.
B) Niclosamide inhibited endogenous Stat3 activation. LNCaP-s17 and LNCaP-Stat3C cells
were treated with DMSO, 0.5 uM, or 1 uM niclosamide overnight, Whole cell lysates were
prepared and subjected to Western blot analysis using antibodies as indicated. C)
Niclosamide inhibited Stat3 activity in LNCaP cells. LNCaP cells were transient transfected
with 0.5 pg of pLucTKS3 reporter plasmid containing specific responsive elements for Stat3
or the control plasmid with or without 10 ng/mL IL6 for 24 hours. Cells were then treated
with 0.5 UM or 1 uM niclosamide overnight and Luciferase activity was measured. D-F)
DU145, LNCaP-s17 or LNCaP-Stat3C cells were transiently transfected with 0.5 pg of
pLucTKS3 reporter plasmid containing specific responsive elements for Stat3 or the control
plasmid for 24 hours, cells were then treated with 0.5 pM or 1 uM niclosamide overnight
and Luciferase activity was measured. Results are presented as means + SD of 3
experiments performed in duplicate. * P<0.05 Nic: Niclosamide.
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Figure 2. Niclosamideinhibited cell migration, invasion and colony formation of prostate cancer
cells

A) DU145, LNCaP-S17 or LNCaP-Stat3C cells were treated with 0.1uM, 0.25 uM or 0.5
UM niclosamide in media containing FBS after wound were introduced, photographs of the
cells were taken and wound closure was quantified at the time indicated. B) Representative
photographs of invasive LNCaP-Stat3C and DU145 cells. The cells were allowed to migrate
through matrigel coated membranes with 8 mm pores for 48 hours in the presence of 0.1uM,
0.25 uM or 0.5 pM niclosamide. Invasive cells were counted under microscope (right panel).
C) Colony formation was examined by clonogenic assay. LNCaP-s17 and LNCaP-Stat3C

Prostate. Author manuscript; available in PMC 2016 September 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Liuetal.

Page 14

cells were treated with 0.25 uM or 0.5 uM niclosamide and equal amounts of cells were
plated in 10cm dishes. The colonies were stained with 0.5% crystal violet after 3 weeks, and
colony number was counted. Results are presented as means + SD of 3 experiments
performed in triplicate. * P < 0.05
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Figure 3. Niclosamide synergistically rever sed enzalutamide resistancein prostate cancer cells
A) Representative pictures of cell morphology changes in LNCaP-s17 cells after treatment

with different regimens as indicated. LNCaP-s17 cells were treated with 0.25 uM or 0.5 uM
niclosamide with or without 20 UM enzalutamide in media containing FBS. Cell numbers
were counted after 48 h (B) and apoptosis was analyzed by Cell death ELISA (C). Results
are presented as means + SD of 3 experiments performed in duplicate. D) LNCaP-s17 cells
were treated with 0.25 pM niclosamide with or without 20 pM enzalutamide in media
containing FBS and cell numbers were counted after 2, 4 and 7 days. Results are presented
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as means + SD of 3 experiments performed in duplicate. E) Colony formation was examined
by clonogenic assay. LNCaP-s17 cells were treated with 0.25 uM niclosamide with or
without 20 uM enzalutamide and equal amount cells were plated in 10cm dishes. The
colonies were stained with 0.5% crystal violet after 3 weeks and colonies numbers were
counted. F) LNCaP-Stat3C cells were treated with 0.25 uM niclosamide with or without 20
UM enzalutamide and equal amount cells were plated in 10cm dishes. The colonies were
stained with 0.5% crystal violet after 3 weeks and colony number was counted. Results are
presented as means + SD of 3 experiments performed in duplicate.* P< 0.05 Enza:
Enzalutamide, Nic: Niclosamide.
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Figure 4. Co-treatment with enzalutamide and niclosamide inhibit prostate cancer cell migration
and invasion

A) LNCaP-s17 and LNCaP-Stat3C cells were treated with 0.25 pM niclosamide with or
without 20 uM enzalutamide in media containing FBS. After wounds were introduced,
photographs of the cells were taken and wound closure was quantified at the time indicated.
B) Representative photographs of invasive LNCaP-Stat3C cells. The cells were allowed to
migrate through matrigel coated membranes with 8 um pores for 48 hours in the presence of
0.25 UM niclosamide with or without 20 uM enzalutamide. Invasive LNCaP-Stat3C cells
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were counted under microscope (right panel). Results are presented as means + SD of 3
experiments performed in triplicate. * P< 0.05
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Figure 5. Stat3 activation induced enzalutamide resistance linked to the recruitment of AR to the
PSA promoter

A) LNCaP, C4-2B, LNCaP-s17, LNCaP-Stat3C or PZ-HPV7 cell protein was harvested and
immunoblotted with the antibody indicated. B) LNCaP-s17 cells were transfected with
siRNA specific to Stat3 or control siRNA and whole cell lysate was extracted and
immunoblotted with antibody indicated. Whole cell lysate from LNCaP-neo and
LNCaPsStat3C cells was extracted and immunoblotted with the antibody indicated. C)
LNCaP-s17 cells were transfected with siRNA specific to Stat3 or control siRNA and were
treated with or without 20 uM enzalutamide for 2 days and whole cell protein was extracted
and immunoblotted with the antibody indicated. D) Recruitment of AR to AREs in the PSA
promoter was analyzed by ChIP assay, LNCaP-s17 cells was transfected with sSIRNA
specific to Stat3 or control sSiRNA and were treated with or without 20 uM enzalutamide
overnight. Recruitment of AR to AREs in the PSA promoter was analyzed by ChIP assay
(left) and the supernatant was collected for PSA ELISA analysis (right). * P< 0.05 Enza:
Enzalutamide.
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Figure 6. Co-treatment with enzalutamide and niclosamide down regulate Stat3 target gene
expression and inhibit AR transcriptional activity

A) LNCaP-s17 and LNCaP-Stat3C cells were treated with 0.25 pM niclosamide with or
without 20 uM enzalutamide in media containing FBS for 48 hours. Whole cell protein was
extracted and immunoblotted with the antibody indicated. B) LNCaP-s17 cells were treated
with 0.25 pM niclosamide with or without 20 pM enzalutamide overnight. Recruitment of
AR to AREs in the PSA promoter was analyzed by ChIP assay. C) The supernatant was
collected for PSA ELISA analysis. Results are presented as means + SD of 3 experiments
performed in triplicate. D) Proposed pathway of enzalutamide resistance in constitutively
active Stat3 prostate cancer cells. * P< 0.05
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