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cancer by attenuating the stemness of cancer cells
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Abstract: Disordered copper metabolism plays a critical role in the development of various
cancers. As a nanomedicine containing copper, cuprous oxide nanoparticles (CONPs) exert ideal
antitumor pharmacological effects in vitro and in vivo. Prostate cancer is a frequently diagnosed
male malignancy prone to relapse, and castration resistance is the main reason for endocrine
therapy failure. However, whether CONPs have the potential to treat castration-resistant prostate
cancer is still unknown. Here, using the castration-resistant PC-3 human prostate cancer cell
line as a model, we report that CONPs can selectively induce apoptosis and inhibit the prolif-
eration of cancer cells in vitro and in vivo without affecting normal prostate epithelial cells.
CONPs can also attenuate the stemness of cancer cells and inhibit the Wnt signaling pathway,
both of which highlight the great potential of CONPs as a new clinical castration-resistant
prostate cancer therapy.

Keywords: cuprous oxide nanoparticle, prostate cancer, CRPC, nanomedicine, Wnt signaling
pathway

Introduction

Prostate cancer is the most commonly diagnosed noncutaneous malignancy and remains
the second leading cause of cancer-related death among men. Androgen depriva-
tion therapy (ADT), the standard of care for patients with locally advanced disease,
metastatic disease, or biochemical recurrence after definitive primary therapy, has
been demonstrated to provide an initial benefit.!* Unfortunately, castration resistance
predicts a more ominous outcome with a median patient survival time of 2 years.
Castration-resistant prostate cancer (CRPC), previously known as hormone-refractory
prostate cancer, is now understood to be a progressive of disease despite medical or
surgical castration.*® Castration resistance has historically been defined as progres-
sion despite achieving a castrate serum testosterone level lower than 50 ng/mL, which
does not respond to ADT. Even though abiraterone acetate, enzalutamide, Ra-223
dichloride, and chemotherapy can be used for CRPC therapy, drug resistance often
manifests in CRPC patients, and the overall survival benefit is limited.”'° Therefore,
there is an urgent need to discover new drugs.

Arsenic trioxide!"'? and Artemisia annua L'>'* are components of a popular
traditional Chinese remedy that has been used to successfully treat acute promyelocytic
leukemia and malaria by Chinese scientists. Inspired by this activity, our group discov-
ered that azurite ore has been used as an antitumor medicine and recorded in Shen Nong'’s
Herbal — a traditional Chinese medical text —and is now known to be a type of copper
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compound. With the rapid development of nanoscience and
nanotechnology, nanomedicines have been emerging as a new
treatment option. Combining the azurite ore and nanoscience,
our research group has examined the possibility of applying
cuprous oxide nanoparticles (CONPs) to cancer therapy.'>!

As CRPC is one of the possible manifestations of ADT
during prostate cancer treatment and the overall survival
benefit of marketed drugs is limited, it is necessary to explore
the pharmacological effects of CONPs on CRPC. In addition,
our previous study shows that melanoma is highly sensitive
to CONPs!>!1¢ and that melanoma and prostate cancer exhibit
similar copper metabolism disorder characteristics,!’ "
which suggests that CONPs may also affect prostate cancer,
including CRPC.

To verify this hypothesis, we sought to test the anti-CRPC
capability of CONPs in vitro and in vivo. We prepared
CONPs to explore their pharmacological effects on human
and mice prostate cancer cell lines, including androgen-
dependent cell lines, CRPC cell lines, and a normal pros-
tate epidermal cell line. We discovered that CONPs could
selectively induce apoptosis and suppress the proliferation of
prostate cancer cells. For the in vivo study, we established a
subcutaneous prostate mouse model based on the castration-
resistant PC-3 cell line. Following an intratumoral injection
of CONPs into subcutaneous prostate cancer, we found that
the growth of the tumors was significantly inhibited. Cancer
stem cells (CSCs) are one contributor to the development of
CRPC.2**' We found that CONPs can significantly inhibit the
stem-like characteristics of prostate cancer, including sphere
formation, clone formation, and the expression of stemness
transcription factors. In exploring the mechanism of CONPs,
we found that CONPs can significantly inhibit the Wnt
signaling pathway, which is important for the self-renewal
and the stemness stability of stem cells. Our results strongly
suggest that CONPs can ultimately be applied to treat CRPC
as a new type of antitumor nanomedicine for prostate cancer
therapy, especially for patients with CRPC.

Materials and methods
CONPs synthesis

CONPs were synthesized according to our previously
reported protocol.®

In vitro cytotoxicity assay

The PC-3 human prostate cancer cell line, LNCaP FGC
cells, and the normal prostate epithelial cell line RWPE-1
were obtained from American Type Culture Collection.
The human prostate cancer cell line DU145 and the mouse

prostate cancer cell line RM1 were acquired from the Cell
Bank of Typical Culture Collection (Chinese Academy of
Sciences, Shanghai, People’s Republic of China). Both these
cell lines were stored in our laboratory. PC-3 cells were
grown in F-12 medium (Gibco, Invitrogen Corp, Carlsbad,
CA, USA). LNCaP FGC cells and DU145 cells were
grown in RPMI 1640 medium. RM-1 cells were grown in
Dulbecco’s Modified Eagle’s Medium (DMEM). RWPE-1
cells were grown in the K-SFM medium. All media used
in this study were supplemented with 100 U/mL penicillin
and streptomycin. RPMI 1640, DMEM, and F-12 media
were also supplemented with 10% (vol/vol) heat-inactivated
fetal bovine serum. The cells were maintained at 37°C in a
humidified environment containing 5% CO,. To evaluate the
cytotoxicity of the CONPs, cells in the logarithmic growth
phase were seeded onto a 96-well culture plate at 1,000 cells
per well and incubated at 37°C in an incubator containing
CO, for 24 h until the cells adhered to the plate. Serial dilu-
tions of CONPs were then added. After 48 and 72 h, cell
viability was measured using the CCK-8 kit. In this assay,
10 uL of CCK-8 solution and 90 uL of fresh RPMI 1640
medium mixture was added to the cells and incubated for
4 h, after which the absorbance was measured at 405 nm
using an ELISA plate reader (Tiilitie, Vantaa, Finland). The
cytotoxicity was calculated as (%) = [1- (OD from tested
cells)/OD from control cells] *100%.

In vitro cell invasion assays

To explore the antimigratory effects of CONPs on the PC-3
cells, 1x10* cells were seeded on a Matrigel (R&D Systems,
Minneapolis, MN, USA)-coated polycarbonate membrane
insert (6.5 mm in diameter with 8.0-mm pores) in a 24-well
culture Transwell apparatus (Costar, Cambridge, MA, USA)
and cultured in F-12 media containing 0.5% fetal bovine
serum. CONPs were added to the upper chamber at a final
concentration of 0, 1.25, or 2.5 ug/mL. RPMI 1640 medium
supplemented with 10% fetal bovine serum was added to the
lower chamber. After incubating for 48 h at 37°C in an envi-
ronment containing CO,, the cells on the top surface of the
insert were removed by wiping with a cotton swab. Cells that
migrated to the bottom surface of the insert were fixed with
paraformaldehyde, stained with crystal violet, and visually
scored in five random fields using a light microscope.

Apoptosis detection by annexin V/PI
staining

PC-3 cells in the logarithmic growth phase were seeded onto
a six-well culture plate at a density of 1x10° cells per well
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and incubated at 37°C in a CO, incubator in the presence of
1.25, 2.5, or 5 pg/mL CONPs. After 48 and 72 h, apoptosis
and necrosis were analyzed with the annexin V—fluorescein
isothiocyanate apoptosis detection kit following the
manufacturer’s instructions. The samples were analyzed
using a FACSCalibur flow cytometer (Becton Dickinson,
San Jose, CA, USA).

Flow cytometry of cell cycle progression
The cells were harvested with a 0.25% trypsin solution con-
taining 1 mM of EDTA and fixed in 70% ethanol for 12 h
at 4°C. The fixed cells were then centrifuged at 3,000 rpm
for 15 min to remove the ethanol thoroughly. The cells were
then washed twice with 3 mL of phosphate-buffered saline
(PBS), resuspended in 1 mL of propidium iodide (PI) staining
solution, and incubated for 15 min at room temperature. The
staining solution consisted of 20 pg/mL PI and 0.2 mg/mL
RNase A in PBS. The samples were subsequently analyzed
using a BD FACSCanto flow cytometer (BD Biosciences,
Franklin Lakes, NJ, USA).

Self-renewing spheroid formation assay
For the self-renewing spheroid formation assay, 2000
PC-3 cells in a single cell suspension were plated per well
on a 6-well low attachment plate (Corning, Lowell, MA,
USA). Cells were cultured in serum-free DMEM/F12
medium (Gibco) supplemented with 20 ng/mL human
basic FGF (R&D), 20 ng/mL human EGF (R&D), 3 ug/mL
insulin (Sigma, St Louis, MO, USA), and 1x B27 (R&D),
and approximately 50% of the medium was replaced
every 2 days.

Colony formation assay

The colony formation assay was used to determine the self-
renewal and proliferative capacity of cells, including cancer
cells and stem cells. Briefly, PC-3 cells were seeded in 10-cm
dishes at a low density (approximately 1,000 cells per well)
and cultured for 9 days. The plates were then washed with
PBS and stained with crystal violet. The images of each
well were scanned, and individual clone types were identi-
fied. We randomly selected ten different fields per dish at
400x magnification and counted the number of cell clusters
comprising more than 50 cells.

In vivo antitumor properties in mice with

subcutaneous prostate cancer
PC-3 cells were cultured in F-12 medium (Gibco) and sus-
pended at 5x10° cells/mL mixed with 50% Matrigel in PBS

directly before injection. For the subcutaneous tumor studies,
6- to 8-week-old male nude mice were sedated with tribro-
moethanol (Sigma). The right hind leg was shaved before a
subcutaneous injection of 100 pL of the cell suspension was
administered. The tumors were monitored, and treatment
began when the average tumor diameter reached 5—7 mm
after injection. The mice in the CONP treatment group were
intratumorally injected with CONPs at a dose of 15 mg/kg
every day, whereas the control mice were injected with the
same volume of a 5% glucose solution. CONPs were dis-
solved in a 5% glucose solution using an ultrasonic mixer
(Bilon, Shanghai, People’s Republic of China). All the
observers in the studies were blinded regarding the tumor
area and survival rates. Six mice per group were euthanized
at different time points, and the tumors were excised and
weighed. All the animal experiments were performed in
accordance with the Guide for the Care and Use of Laboratory
Animals and were approved by the Bioethics Committee of
Second Military Medical University, and all the experiments
were performed following relevant guidelines and regulations
of Second Military Medical University.

Terminal deoxynucleotidyl transferase
(TdT)-mediated dUTP nick end labeling
(TUNEL) assay

To test for apoptosis in a subcutaneous tumor of the CONP-
treated and control mice on day 16, resected tumor tissue was
fixed in 4% paraformaldehyde for 24 h and then embedded
in paraffin. Tissue blocks were sectioned into 3-um slices
and mounted on glass slides. The TUNEL assay was then
performed using an in situ cell death detection kit (Roche,
Mannheim, Germany) according to the manufacturer’s
instructions.

Immunohistochemical staining

Immunohistochemical assays were performed on formalin-
fixed, paraffin-embedded sections. Polyclonal rabbit
Ki-67 primary antibodies were used (CST, Danvers, MA,
USA). Four-micron-thick sections on glass slides were
deparaffinized in Hemo-D and rehydrated in graded alcohols
followed by an endogenous peroxidase block in 3% H,O,
and antigen retrieval in boiling 10% citrate buffer. Then,
the slides were incubated with the polyclonal antibody
against Ki-67 (1:200 dilution) overnight at 4°C, washed
three times with Tris-buffered saline containing Tween 20
(TBST, pH =7.6), and subsequently treated with a horseradish
peroxidase-labeled dextran polymer coupled to an antirabbit
antibody (CST) for 30 min at room temperature. Finally, the
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slides were developed with diaminobenzidine for 10 min and
counterstained with hematoxylin after washing three times
with TBST. The specificity of the staining was confirmed by
processing sections from the same paraffin block without the
primary antibody treatment (negative control).

Real-time RT-PCR

To verify the effects of CONPs on important transcription
factors associated with stemness maintenance, we performed
real-time RT-PCR on PC-3 cells. PC-3 cells were treated with
CONPs for 48 h at a concentration of 1.25 ug/mL, 2.5 ug/mlL,
or 5 ug/mL. Then, total RNA was extracted using TRIzol
reagent (Invitrogen, USA) and purified using an RNeasy
Mini column (Qiagen, Hilden, Germany) according to the
manufacturer’s protocols. Two micrograms of purified total
RNA was reverse-transcribed to cDNA with random primers
and MultiScribe Reverse Transcriptase (Applied Biosystems,
Foster City, CA, USA). The relative gene expression lev-
els were measured by real-time RT-PCR using the gene-
specific primers and iQ SYBR Green Supermix (Bio-Rad,
Philadelphia, PA, USA) and compared with the levels of
RPL13a RNA for each cDNA sample as an internal control.
B-Actin was used as an endogenous RNA reference gene to
normalize the expression. The primers for Oct4, Sox2, c-Myc,
KLF4, and B-Actin are as follows:

Oct4 (F) (5’- TTCCCCCTGTCTCCGTCAC -3%), OCT4
(R) (5’- AGAACTTAATCCCAAAAACCCTGG -3%); Sox2
(F) (5- GACCAGCTCGCAGACCTACAT -3’), Sox2
(R) (5’- ATGGAGCCAAGAGCCATGC -3'); c-Myc (F)
(5- CAGCGACTCTGAGGAGGAACAA -3'), c-Myc (R)
(5"- CCAGCAGAAGGTGATCCAGACT -3); KLF4 (F)
(5’- GCCGCTCCATTACCAAGGTCAG -3), KLF4 (R)
(5- ATCATCCCGTGTGTCCCGAAGT -3’); B-Actin (F)
(5’- CGCGAGAAGATGCCCAGATC-3’), B-Actin (R)
(5’- TCACCGGAGTCCATCACGA -3').

Western blotting analysis

Briefly, PC-3 cells were treated with CONPs at a concentra-
tion of 1.25 ug/mL, 2.5 pg/mL, or 5 pg/mL. After treatment
for 48 h, the cells were pelleted by centrifugation and washed
twice with ice-cold PBS. The resultant cell pellets were
resuspended in 1 mL of RIPA lysis solution containing DTT
and protease inhibitor and incubated for 15 min on ice. Then,
unbroken cells and large debris were removed by centrifuga-
tion. The lysis solution isolated from the cells was loaded on
a 10% SDS-PAGE gel, followed by Western blotting with an
anti-Oct4, anti-Sox2, anti-KLF4, anti-c-Myc, anti-WntlA,
anti-Cyclin D1, anti-LC3 A, anti-LC3B, anti-Atg5, anti-Atg7,

and anti-Atgl2 antibodies (CST). The bound antibody was
detected with peroxidase-conjugated antirabbit antibody
followed by chemiluminescence (ECL System, Waltham, MA,
USA) and exposed by autoradiography. The same blots were
reprobed for B-actin (CST) as a protein loading control.

Data and statistical analyses

The data are presented as the means = SD. Student’s #-test,
and ANOVA assay was used to analyze differences in
tumor masses, sphere formation, plate clone formation, etc.
Statistical significance was established at £<<0.05.

Results
CONPs selectively induce apoptosis and

the migration of prostate cancer

CONPs were synthesized and characterized as in our previous
studies, and the diameter of the CONPs used in these experi-
ments ranged from 40 to 110 nm. Cell viability following
CONP treatment was then evaluated using the CCKS8 kit. Our
data showed that CONPs could cause cell death in the human
prostate cancer PC-3 cell, LNCaP FGC cells, DU145 cells,
and mice prostate cancer cell line RM-1 in a dose- and time-
dependent manner. The half maximal inhibitory concentration
(IC,,) for the PC-3 cells was 6.604 ug/mL and 3.793 ug/mL
after 48 h and 72 h of CONP treatment; for the LNCaP FGC
cells, 0.913 pg/mL and 0.44 ng/mL after 48 h and 72 h treat-
ment; for the DU145 cells, 3.813 pg/mL and 4.781 pg/mL
after 48 h and 72 h treatment; and for RM1 cells, 8.82 pg/mL
and 1.045 pug/mL after 48 h and 72 h treatment, respectively.
Selective cytotoxicity to tumor cells is important, and one of
the greatest challenges facing tumor therapy is the inability
of anticancer drugs to effectively distinguish between cancer
cells and normal cells. We also examined cytotoxicity of
CONPs to the normal prostate epithelial cell line RWPE-1,
and the IC,  for RWPE-1 cells was 45.997 pg/mL and greater
than 45.997 pg/mL after 48 h and 72 h of CONP treatment,
which indicated that CONPs are selectively cytotoxic to
tumor cells (Figure 1A). At the same time, Transwell assays
were performed to test whether invasiveness of the tumor
cells was inhibited by CONPs in vitro. As shown in Figure 1B,
the invasion of PC-3 cells was significantly inhibited by
CONPs at concentrations of 1.25 pug/mL, 2.5 pg/mL, and
5 pg/mL (*P<<0.05, Student’s #-test).

PC-3 cells are derived from an androgen-negative
castration-resistant prostate cancer, which is resistant to
endocrine therapy. In addition, annexin V- and PI-based
apoptosis and necrosis discrimination assays were performed
on PC-3 cells that were exposed to CONPs for 48 h and 72 h.
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Notes: (A) Differential cytotoxicity of CONPs in castration-resistant prostate cancer cells (PC-3, DU145, RM-1), castration-sensitive prostate cancer cells (LNCaP FGC),
and normal cells (RWPE-1) as detected by the CCK8 assay. Prostate cancer cell lines are more sensitive compared with normal prostate epithelial cells. Cells were treated
with CONPs for 48 h and 72 h. (B) Effects of CONPs on the invasion of PC-3 cells. The number of migrating PC-3 cells was obviously decreased after treatment with CONPs

for 48 h in a dose-dependent manner. Magnification 100x.
Abbreviation: CONPs, cuprous oxide nanoparticles.

The results showed that CONPs could significantly induce
apoptosis in PC-3 cells in a dose- and time-dependent manner
(Figure 3A).

Cell cycle progression analysis was also performed and
showed that PC-3 cells were arrested by CONPs in a dose-
dependent manner. The proliferation of PC-3 cells was sig-
nificantly inhibited, and approximately 28.34% and 41.61%
of cells exposed to 5 pg/mL for 48 h and 72 h, respectively,
were arrested at the G2/M phase after CONPs exposure
(Figure 3B and C).

CONPs inhibit the growth of prostate

cancer in tumor-bearing mice

To establish a subcutaneous prostate cancer model, PC-3
cells in the exponential growth phase were subcutaneously
transplanted behind the inguen of nude mice. CONPs were
dissolved in a 5% glucose solution using an ultrasonic mixer.
When the tumors had grown to an approximate diameter of
5—7 mm, either the CONP solution or a 5% glucose solution
without CONPs (control) was injected into the tumors (this
time point was marked as day 0). In the CONP treatment
group, CONPs were injected at 16 mg/kg (approximately
400 pug CONPs) once per day from day 0 to day 16. We
found that, at each test time point, the tumor volume in all the
tumors in the CONP group was lower than that in the tumors

of'the glucose control group (Figure 2A and B, ***P<<0.001,
Student’s #-test). In addition, the tumor masses in the CONP
group were significantly smaller than the masses recorded for
the glucose group at the final time point (Figure 2C and D,
*#%P<0.001, Student’s t-test). The weights of the CONPs
group were stable, whereas the weight of the mice in the
control group decreased a little (Figure 2E). The ratio of
Ki-67-positive cells in the CONP group was obviously lower
than that in the control group (Figure 2F). In addition, the
number of TUNEL-positive cells was higher in the CONP
group than in the control, which suggested that CONPs can
also induce apoptosis of PC-3 cells in vivo (Figure 2F). These
results showed that the growth of prostate cancer cell was
markedly inhibited by CONPs in vivo.

CONPs may attenuate the stemness of
prostate cancer cells through the Wnt
signaling pathway

CSCs are one of the challenges for cancer therapy and
greatly contribute to drug resistance to chemotherapy
and targeted therapy. To test the effects of CONPs on the
stemness of PC-3 cells, sphere formation and plate clone
formation experiments were performed to explore the self-
renewal and proliferative capacity of PC-3 cells. The sphere
formation assay showed that CONPs significantly inhibited
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Figure 2 Antitumor effects of CONP therapy on subcutaneous prostate cancer.

Notes: (A) Representative images of mice bearing subcutaneous prostate cancer from the same study on day 14. The tumors from the CONP group were significantly
smaller than those from the control group. (B) Plot of tumor volume versus time. Day 0 was the start of the treatment. The mice bearing subcutaneous tumors were
euthanized when exhibiting signs of illness or death. The tumor masses from the deceased mice were not included after the day of death. Each group initially contained six
mice. The error bars represent £SD. The tumors from the CONPs group were significantly smaller compared with the tumors from the control mice (***P<<0.001, Student’s
paired t-test, n=6). (C) Images of excised subcutaneous tumors. The diameters of the subcutaneous tumors from the CONP group were obviously smaller than the diameters
observed in tumors from the control group. (D) Statistical analysis of the tumor weight from the CONP and control groups after treatment for 16 days (***P<<0.001,
Student’s t-test, n=6). (E) Body weight of mice in the CONPs and control groups. No significant difference in the mouse body weight of two groups was observed. (F) Ki-67
staining and TUNEL staining images. The ratio of Ki-67-positive cells in the CONP group was obviously lower than that in the control group. In addition, the number of

TUNEL-positive cells was higher in the CONP group than in the control group. Magnification 200x.
Abbreviations: CONPs, cuprous oxide nanoparticles; TUNEL, terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick end labeling.

the capacity of sphere formation in a dose-dependent man-
ner (Figure 4A and B, ***P<<0.001, ANOVA assay), and
there seemed to be no sphere formation at the concentration
of 5 ug/mL. The plate formation assay also showed similar
results, and the clone formation number was significantly
decreased by the CONPs (Figure 4C and D, ***P<<(0.001,
ANOVA assay), and was also dose-dependent. We also
found that CONPs can decrease the expression of Oct4,
Sox2, and KLF4, which are important transcription factors
for maintaining stemness (Figure SA). Furthermore, based

on the RNA sequencing of renal cancer cells treated with
CONPs, CONPs can significantly inhibit the Wnt signaling
pathway (unpublished data) (Figure 5B). In addition, the Wnt
signaling pathway plays an important role in the maintenance
of stemness and participates in the development of prostate
CSCs, so we explored the expression levels of genes in the
Wnt signaling pathway (including WntlA, FZD7, c-Myec,
and Cyclin-D1) in PC-3 cells treated with CONPs for 48 h.
The Western blot results showed that CONPs can inhibit the
gene expression in a dose-dependent manner (Figure 5C).

submit your manuscript

2574

Dove

International Journal of Nanomedicine 2017:12


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Cuprous oxide nanoparticles inhibit prostate cancer

A Control 1.25 pg/mL 2.5 ug/mL 5 pg/mL
[ Q2 a1 Q2 [ Q2 Q1 Q2
10° 5 5.185% 147% | 10° 3 0.949% s28% | 10° §0.280% s528% | 10° §0780% 25.2%
> 10 10° 4 10° 4 10° 4
£ < 3 ] ]
3 %2 10 10° 108 10° |
c ] E E
> .
< 102 102 4 102 4 102
0 1 o IV e I a3| (3
4 98.2% 0.472% 4 91.4%: 2.42% E 4.05% E
LRl § TO oy L] B B T Ll | ToY T TN Lo | POy T
A 0102 10%® 10* 10° 0102 10® 10* 10 10° 0102 10® 10* 10
Q Q2 Qi Q2 [ Q2 a1t Q2
10° 3 0.010% | 10° 30.184% sor% | 10° 3 0.502% 024% | 10° 33.22% 47.7%
10° 10° 10° ] 10°
= E ] E E
N 10° 5 10° 5 10° 10° 4
102 102 ] g 102 | . 102
0 3 Q3 0448 Q3 0 3 Q3 03 Q3
0.00% o L 1.86% 3.19% 4 38. 10.6%
108 10* 10° 0102 10 10* 10° 0102 10® 10* 10° 0102 10 10* 10°
» PI
B Control 1.25 pg/mL 2.5 yg/mL 5 ug/mL C 48 h
c 50
500 500 500 400 _ 640
= g 400 _fg' 400 E 400 g 300 E E 30
0o E 300 £ 300 £ 300 £ = 3 20
< 2 200 é 200 é 200 é 200 BN g‘ 10
100 100 100 100 Q5
' 3 VIV
0 0 0 0 - L & & &
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200 0 50 100 150 200 000& QQ\ QQ QQ\
Channels Channels Channels Channels ,\’,1(? q,(° ©
(B3-A-PI/PE-Cy5.5-A) (B3-A-PI/PE-Cy5.5-A) (B3-A-PI/PE-Cy5.5-A) (B3-A-PI/PE-Cy5.5-A) 79 h
600 600 600 g 90
= 500 5 500 %5 500 = :g 40
< 2 400 2 400 2 400 8 ®30
5300 £ a0 E 300 s 520
Z 200 Z 200 Z 200 = g- 10
100 100 100 Q. 0
0 0 0 3 VW
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200 0 50 100 150 200 ('\\\0 Q\& Q\& Q\@
Channels Channels Channels Channels < 'f?\} @Q 63\}
(B3-A-PI/PE-Cy5.5-A) (B3-A-PIIPE-Cy5.5-A) (B3-A-PIIPE-Cy5.5-A) (B3-A-PIPE-Cy5.5-A) NG

[=Dipc1 =pDipG2 SDpS]

Figure 3 Apoptosis and cell cycle assay.
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Notes: (A) Flow cytometry analysis of PC-3 cells treated with different concentrations of CONPs for 48 h and 72 h, followed by staining with annexin V-FITC and PI. The
apoptosis ratio was increased in a dose-dependent manner. (B) Cell cycle progression assay of PC-3 cells treated with different concentrations of CONPs for 48 h and 72 h.
The proliferation of PC-3 cells was strongly suppressed by CONPs in a dose-dependent manner. Cells were arrested in the G2/M phase after 48 h and 72 h of treatment and

showed a reduced proliferative capacity. (C) Statistics of the cell cycle distribution.
Abbreviation: CONPs, cuprous oxide nanoparticles.

We also found that CONPs can induce autophagy in the
PC-3 cells (Figure 5D), which may contribute to apoptosis
induction and stemness inhibition.

Discussion

Cuprous oxide nanoparticles are a type of antitumor inorganic
nanomedicine that has shown great potential for cancer therapy.
In our previous study, we explored the antimelanoma capacity
and systemic toxicity of CONPs in vitro and in vivo. We found
that CONPs can selectively induce apoptosis of melanoma
cells and have little hepatoxicity and renal toxicity.!>!¢

Asiscommonly known, melanomawithamutated BRAFV60F
gene requires copper to activate the ERK1/2-mediated signal-
ing pathway, which is important for the rapid proliferation of
melanoma.'”?>? The high requirement of copper suggested
that blocking copper may be a method that could be used for
melanoma therapy. In traditional Chinese medicine, adapting
to different requirements in different situations and “give way
to the evil gas” are important fundamental ideas for disease
treatments. With this mindset, CONPs may exert effects on
all cancers that have a high requirement for copper and could
be used instead of a copper blocking therapy.
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Figure 4 CONPs attenuated the stemness of prostate cancer cells.
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Notes: (A) Image of prostate cancer cell spheres treated with CONPs at different concentrations. (B) Statistical analysis of the number of spheres formed. The number
was significantly decreased by CONPs treatment in a dose-dependent manner (***P<<0.001, ANOVA assay). (C) Image of plate clone formation of prostate cancer treated
with CONPs at different concentrations. (D) Statistical analysis of the number of plate clones formed. The number was significantly decreased by CONPs treatment in a

dose-dependent manner (***P<<0.001, ANOVA assay).
Abbreviation: CONPs, cuprous oxide nanoparticles.

Because prostate cancer also requires copper, as does
melanoma, we speculated that prostate cancer may also
be sensitive to CONPs. In this study, we first explored the
cytotoxicity of CONPs in prostate cancer cell lines in vitro.
The results showed that all the prostate cancer cell lines were
sensitive to CONPs in a dose- and time-dependent manner
and that the normal prostate epithelial cell line RWPE1 cell
was highly tolerant to CONPs, which suggested that CONPs
are selectively cytotoxic to prostate cancer cells. CONPs
can induce apoptosis and cause cell cycle arrest at the G2/M
phase. The subcutaneous prostate cancer mice model study
indicated that CONPs showed ideal antitumor capacity,
could inhibit the proliferation, and could induce apoptosis of

prostate cancer cells based on the Ki-67 staining and TUNEL
staining results.

As is commonly known, CSCs play an important role
in the progression and development of various cancers.*
Prostate CSCs also participate in bone metastasis, castration
resistance, radiotherapy resistance, and other types of cancer
developmental progressions.?>’ Therefore, it is important
for us to identify new drugs that can target prostate CSCs or
attenuate the stemness of prostate cancer cells.

To explore the effects of CONPs on the stemness of PC-3
cells, sphere formation and clone formation assays were
performed. We found that CONPs can significantly inhibit
sphere formation and clone formation, which suggested

submit your manuscript

2576

Dove

International Journal of Nanomedicine 2017:12


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove Cuprous oxide nanoparticles inhibit prostate cancer

A B KLF4 Sox2
S 10 c 10
Control 1.25 uyg/mL 2.5 ug/mL 5 pg/mL °>’ % % d>J °
. - = 0 s 9
KLF4 < 2 o0s . S 005
ek
cocaee —- ;: R PR
()
0.0 0.0
- N A A & A A A A
SO SOBDB
Sox2 | W= Pm— - SRS JON PN F o PN
N N
Oct4 c c-Myc
c
Oct4 © O 10 ® 9 10
e e e 2 220w
. - A IR * 8o ok
E g8 05 s o nﬂ:’ 8 05 ok
X X
foactin CEEEES GEm— GNED GE— 3 o
0.0 0.0
RO C
F P L9 F L P8
C &V v D @\’ NV
\ \
<~"‘°\ oF Q‘*& &‘& SR @& c}“\v
0° \’14 Qf" G)Q 00 \‘." ‘lf" g)\}
wors [ - o -
r - - q
FLT - — - ‘
Lc3B
- — ——
C'Myc-..~ e -
Atg5

- 0 en ey

AtG7 wmee e D -
AlG12 e - -
Bactin que—" G— D S

Figure 5 CONPs inhibited stemness and the activation of the Wnt signaling pathway of prostate cancer.

Notes: (A) Western blot assay of KLF4, Sox2, and Oct4 in PC-3 cells treated with CONPs at different concentrations for 48 h. KLF4, Sox2, and Oct4 were downregulated
after treatment with CONPs, especially at the concentration of 5 pug/mL. (B) qRT-PCR assay of KLF4, Sox2, Oct4, and c-Myc in PC-3 cells treated with CONPs at different
concentrations for 48 h. The expression levels of KLF4, Sox2, Oct4, and c-Myc in PC-3 cells were downregulated after CONP treatment (*P<<0.05, **P<<0.01, ANOVA assay).
(C) Western blot assay of genes in the Whnt signaling pathway in PC-3 cells treated with CONPs at different concentrations for 48 h. WntlA, FZD7, c-Myc, and Cyclin-D|
protein levels were downregulated by CONPs after 48 h. (D) Western blot assay of autophagy signaling in PC-3 cells treated with CONPs at different concentrations for
48 h. LC3A, LC3B, and Atg5 were upregulated at all the CONP concentrations tested. Atg7 and Atgl2 were upregulated at concentrations of 1.25 pg/mL and 2.5 pg/mL but
were downregulated at the concentration of 5 pug/mL.

Abbreviation: CONPs, cuprous oxide nanoparticles.

that CONPs can interfere with the self-renewal capacity
of prostate CSCs. Western blotting found that CONPs can
downregulate the expression of KLF4, Sox2, and Oct4, which
are important for stemness maintenance.?* 3

The Wnt signaling pathway is one of the important sig-
naling pathways for maintaining stemness.’!*> Therefore,
we tried to determine whether CONPs can influence Wnt
signaling. Western blot and qRT-PCR results indicated that
CONPs can inhibit the expression of genes involved in Wnt

signaling such as WntlA, FZD7, c-Myc, and Cyclin-D1,
which can explain why CONPs can attenuate the stemness
of prostate cancer cells and cause cell cycle arrest.

In this study, we determined the antiprostate cancer
capacity of CONPs using human prostate cancer cell lines in
vitro and in vivo. CONPs can selectively induce apoptosis
in prostate cancer cells, cause cycle arrest, and inhibit the
migration and invasion of these cells in vitro. CONPs can
also inhibit the growth of prostate cancer in a subcutaneous
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mouse model. More importantly, CONPs can attenuate the
stemness of prostate cancer cells, and blocking the Wnt
signaling pathway may contribute to the therapeutic effects
of CONPs, which suggested that CONPs have great potential
as a castration-resistant prostate cancer therapy. In our further
research, we will focus on the translational research to explore
the potential clinical use of CONPs, and perform the systemic
toxicology and pharmacokinetics research. At the same time,
we will also try to explore the potential target protein or other
molecules, and put forward the mechanism of research.
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