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1 | INTRODUCTION

Prostate cancer is one of the most common malignant tumors in
males and originates from glandular epithelial cells.! The main clinical
treatment for prostate cancer is androgen deprivation, which can be
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Abstract

Aim: To elucidates the mechanism that disulfiram/copper complex (DSF/Cu) treatment
activates chloride channels and induces apoptosis in prostate cancer cells.

Methods: Cellular membrane currents were measured by membrane clamp tech-
nique; western blot to detect protein expression; flow cytometry to detect apoptosis;
immunofluorescence to detect target protein co-localization, and further validated by
acombination of protein-protein interaction and mock protein molecular docking tech-
niques.

Results: DSF/Cu activated chloride channels and induced apoptosis in LNCaP (a type
of androgen-dependent prostate cancer cells) cells. The chloride currents activated by
DSF/Cu were significantly reduced after knockdown of CLC3 with siRNA. In addition,
DSF/Cu-activated chloride currents were reduced to background current levels after
perfusion with genistein, a highly specific tyrosine kinase inhibitor. Conversely, DSF/Cu
failed to activate chloride currents in LNCaP cells after 30 minutes of pre-incubation
with genistein. When genistein was removed, and DSF/Cu was added, the activated
currents were small and unstable, and gradually decreased. Immunofluorescence in
LNCaP cells also showed co-localization of the CLC3 protein with tyrosine kinase 28
(PTK2B).

Conclusion: DSF/Cu can activate chloride channels and induce apoptosis in LNCaP cells
with the involvement of tyrosine kinase. These results provide new insights into the

target therapy of prostate cancer.
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achieved by a radical prostatectomy (RP) or endocrine therapy.? A vari-
ety of endocrine therapy drugs have been developed in recent years. A
study shows that the addition of abiraterone acetate and prednisone to
androgen-deprivation therapy significantly increased overall survival

and radiographic progression-free survival in castration-sensitive
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prostate cancer.® The incidence of prostate cancer recurrence can be
significantly decreased after RP* and endocrine therapy can inhibit
the level of androgen in the body for a therapeutic effect.> However,
a significant percentage of patients experience recurrence and pro-
gressive transfer to refractory androgen independent prostate cancer
within years after RP treatment, and the efficacy of endocrine therapy
gradually declines over time. Although there is a lot of research
on prostate cancer treatment, for example, some researchers have
indicated that certain IncRNAs can suppress androgen resistance
in prostate cancer.®” Another study showed that AP4/L-plastin
axis regulated by the phosphatidylinositol 3-kinase/protein kinase
B (PISK/AKT) pathway contributed to prostate cancer metastasis
and castration resistance.8 These studies are still in the basic stages.
Therefore, there is an urgent need to find an affordable drug with
highly efficient therapeutic effects to regulate androgen production
for the treatment of prostate cancer.

Recent studies have shown that disulfiram (DSF) has antitumor
effects and exhibits a selective antitumor effect after the chela-
tion of metal ions. In breast cancer cells, DSF/Cu induces apopto-
sis by inhibiting proteasome activity both in vivo and in vitro.” Pre-
vious work has also shown that DSF/Cu induces MCF-7 breast can-
cer cells to accumulate in G2/M phase and induces apoptosis in a
concentration-dependent manner.1° DSF/Cu is selectively cytotoxic to
CNE-2Z nasopharyngeal carcinoma cells and induces apoptosis via the
CLC3 chloride channel pathway. In the context of prostate cancer, DSF
has been identified as a potential therapeutic agent by high-throughput
cellular screening of currently marketed drugs.!?

DSF/Cu may mediate apoptosis through chloride ion channels.’2 As
one of the main anion channels in human cells, chloride channels are
involved in cell migration, growth and proliferation, volume regulation,
apoptosis, and the regulation of other biological behaviors.” 1113

Recent study showed that DSF/Cu-induced apoptosis in LNCaP
cells correlates with intracellular oxidative stress and reactive oxy-
gen species production.’* However, whether chloride channels are
involved in the DSF/Cu-induced apoptosis of LNCaP cells remains to be
investigated. In this study, we used whole-cell patch-clamp techniques
along with flow cytometry and immunofluorescence to investigate the
mechanism of action of DSF/Cu on LNCaP cells, and results showed
that chloride channels played a positive role in promoting apoptosis in
LNCaP cells. These results provide a theoretical basis for the clinical

use of DSF/Cu in prostate cancer.

2 | MATERIALS AND METHODS

2.1 | Drugs and reagents
DSF, CuCly solid powder, 3-(4,5-dimethylthiazole-2)-
2,5-diphenyltetrazolium bromide (MTT) powder 4.4'-

diisothiocyanostibibene-2,2’-disulfonic acid (DIDS) powder and
5-nitro-2- (3-phenlpropylamino) benzoic acid (NPPB) powder were
purchased from Sigma-Aldrich (St Louis, MO). Annexin V-FITC/PI
apoptosis detection kits were purchased from KeyGEN BioTECH
(Jiangsu, China).
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2.2 | Cell culture

The human prostate cancer cell line LNCaP (Cellcook Biotech Co.
Ltd, Guangzhou, China) was cultured in RPMI 1640 medium (Cellcook
Biotech Co. Ltd, Guangzhou, China) with 10% FBS (Gibco, NY), 10° U/L
penicillin and 100 mg/L streptomycin (Sigma-Aldrich) under a satu-
rated humidified atmosphere of 37°C, 5% CO,. Cells were passaged at
intervals of 72 hours and detached with 0.25% trypsin-0.02% ethylene
diamine tetraacetic acid (EDTA) (Sigma-Aldrich).

2.3 | Cell proliferation tests (MTT method)

LNCaP cells were inoculated in 96-well plates and incubated with dif-
ferent concentrations of DSF/Cu for 24 hours. Then, 20 ul MTT solution
was added to each well for 4 hours. After removing the supernatant,
DMSO was added, and plates were incubated at 37°C for 10 minutes.
The plates with cells were observed using a microplate reader to detect

absorbance at 490 nm.

2.4 | Whole-cell recordings

Cells were plated on 22 mm round coverslips and incubated for at least
30 minutes. Whole-cell recording experiments were performed with an
electrode resistance of 5-10 MQ with a probe filled with pipette solu-
tion under an extracellular patch clamp-7 (EPC-7) patch-clamp ampli-
fier (HEKA, Darmstadt, Germany) at 20-24°C. Once the whole cell con-
figuration was established, cells were held at the chloride equilibrium
potential of 0 mV and then stepped repeatedly to O, + 40, and + 80 mV
with a 200 milliseconds duration for each step and 4 seconds inter-
vals between steps. Electrophysiological signals were recorded by a
computer via a laboratory interface (CED 1401, Cambridge, UK) with
a sampling rate of 3 kHz.

2.5 | Apoptosis assays

After incubation in the indicated medium for a defined time, the cells
were trypsinized using 0.25% trypsin without EDTA. The cells were
then stained with an Annexin V-FITC/PI apoptosis detection kit fol-
lowing the manufacturer’s instruction, and analyzed by a BD Cé flow

cytometer (BD Accuri, Piscataway, NJ).

2.6 | Knockdown of CLC3 with siRNA

CLC3siRNAs were synthesized and labeled with carboxyfluorescein by
GenePhama (Gene Pharma, Shanghai, China) and stored at —20°C. The
forward and reverse sequences of the CLC3 siRNA were 5’-CAA UGG
AUU UCC UGU CAU ATT-3" and 5’-UAU GACAGG AAA UCC AUU
GTA-3'. At 30-50% confluence, the cells were transfected with 100 nM
siRNA or negative control siRNA using siRNA-Mate at a 1 of 250 final
dilution (GenePhama, Shanghai, China). The cells were cultured in nor-
mal medium, and after 48 hours the cells were subjected to whole cell
recordings and western blot analysis.
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2.7 | Western blot analysis

LNCaP cells were lysed with radio immunoprecipitation assay (RIPA)
lysis buffer (Beyotime Biotechnology, Shanghai, China), and 30 mg (50
ug/ul) of protein was loaded onto SDS-PAGE gels (EpiZyme Biotech,
Shanghai, China) for each sample and subsequently transferred to
polyvinylidene fluoride (PVDF) membranes (0.45 mm, Millipore,
Bedford, MA). The membranes were blocked at room temperature for
2 hours in 5% evaporated milk dissolved in tris buffered saline-Tween
(TBST) (0.1% Tween-20, Sigma-Aldrich, St Louis, MO). Membranes
were incubated overnight at 4°C with primary antibodies, including
rabbit anti-CLC3 (1:100, 13359S, Cell Signaling, Danvers, MA) and
rabbit anti-GAPDH (1:750, D16H11, Cell Signaling, Danvers, MA). The
secondary horseradish peroxidase (HRP)-conjugated antibody was
goat anti-rabbit 1gG (H + L) (SA00001-2, Proteintech, Wuhan, China).
The bands were detected with Western Blot Luminol Reagent (Santa
Cruz, CA).

2.8 | Immunofluorescence detection

LNCaP cells were fixed with 4% paraformaldehyde containing 0.12 mol
sucrose, permeabilized with 0.5% Triton X-100, and blocked with 1%
goat serum albumin in PBS for 1 hour. Samples were then incubated at
4°C overnight with primary antibodies against CLC3 (rabbit polyclonal
ab134285, 1:80, Abcam, Cambridge, UK) and PTK2B (rabbit mono-
clonal ab32571, 1:100, Abcam, Cambridge, UK). The CLC3 antibody
was detected with Alexa Fluor 488-conjugated secondary antibodies
(goat-anti mouse, 1:8000, Beyotime Biotechnology, Shanghai, China),
and PTK2B antibodies were detected with Cy3-conjugated secondary
antibodies (goat-anti rabbit, 1:8000, Beyotime Biotechnology, Shang-
hai, China). Samples were detected with a Nikon Eclipse C1 confocal
laser-scanning microscope (Nikon Corporation, Tokyo, Japan).

2.9 | Statistical analysis

All quantitative data were presented as the mean + standard devia-
tions from at least three independent experiments. Chi-square tests (2
tests) were used to assess the relationships between non-parametric
variables, and the two-tailed Student’s t-test or one-way ANOVA was
used to evaluate the relationship between parametric variables. The
threshold for statistical significance was set at P < .05. All statistical
tests were performed with SPSS. (Version 19.0.; IBM Corp., Armonk,
NY).

3 | RESULTS

3.1 | DSF/Cu activates chloride channels in LNCaP
cells to produce chloride currents

The results of our previous studies suggested that DSF/Cu can activate
chloride currents in multiple cell lines, so we tested whether DSF/Cu

also activates chloride currents in LNCaP cells. With a + 80 mV voltage-
clamp, the current density of LNCaP cells gradually increased to (69.79
+ 25.55) pA/pF (80 mV), (—45.57 + 18.61) pA/pF (—80 mV) using an
isotonic solution containing 400 nM of DSF/Cu (Figure 1A). However,
the inward and outward currents were reduced to (6.04 + 2.79) pA/pF
(80 mV), and (—7.89 + 2.65) pA/pF (—80 mV) after perfusion with the
chloride channel inhibitor DIDS, with inward and outward currents
suppression rates of (89.32 + 3.10)% (80 mV) and (80.01 + 1.38)%
(—80 mV), respectively (Figures 1A-1E). After perfusion with the chlo-
ride channel inhibitor NPPB, the cell current density was reduced to
(22.55 + 6.40) pA/pF (80 mV), and (—18.70 + 9.92) pA/pF (—80 mV),
while the internal and external currents suppression rates were (64.85
+ 17.09)% (80 mV) and (57.42 + 18.55)% (- 80 mV), respectively
(Figures 1F-1J). According to the Nernst equation, the reversal poten-
tial is —0.91 mV, which is close to the theoretical value of the equi-
librium potential of chloride ions under this experimental condition.1®
These results suggest that the DSF/Cu-activated LNCaP cells mainly

produce chloride currents.

3.2 | DSF/Cu inhibits the growth and proliferation
of LNCaP cells and induces apoptosis suppressed by
NPPB and DIDS

Apoptosis is a highly regulated cellular process that is essential for
cell and tissue development.'® We determined that the ICsq value of
DSF/Cu for inhibition of LNCaP cell proliferation was 386.4 nM after
24 hours of culture (Figures 2A and 2B). According to the ICsq value,
the concentration of DSF/Cu was set at 400 nM in this study. To con-
firm whether chloride channels are involved in DSF/Cu-induced apop-
tosis, we treated LNCaP cells with 400 nM DSF/Cu for 24 hours. We
found that the apoptosis rate reached to (57.0 + 5.03)% which was
significantly higher than in untreated cells (Figures 2C-2D). We then
incubated the cells with chloride channel inhibitors NPPB and DIDS
for 20 minutes, following culturing of cells with 400 nM DSF/Cu for
24 hours. The results showed that the apoptosis rate of LNCaP cells
decreased to (30.85 + 5.23)% (NPPB) and (21.81 + 4.03)% (DIDS). The
apoptosis inhibition rate was (39.15 + 4.90)% for NPPB and (56.74 +
5.09)% for DIDS (Figure 2E). These findings suggest that DSF/Cu can
inhibit the growth and proliferation of LNCaP cells, and chloride chan-
nels are likely to participate in the DSF/Cu-induced apoptosis of LNCaP

cells.
3.3 | CLC3 siRNA inhibits DSF/Cu-induced chloride
currents

In CNE-2Z esophageal cancer cell lines, DSF/Cu mainly activates the
CLC3 chloride currents.!” To explore the relationship between DSF/Cu
and CLC3 chloride currents in LNCaP cells, we used CLC3 siRNA to
down-regulate CLC3 in LNCaP cells. We conducted western blots to
determine the transfection efficiency, and achieved downregulation of
CLC3 by (55.49 + 4.08) %, indicating that CLC3 siRNA treatment suc-
cessfully downregulated CLC3 expression in LNCaP cells (Figures 3A
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FIGURE 1 DSF/Cu activated chloride currents in LNCaP cells suppressed by NPPB and DIDS. A, Full-process diagram of DSF/Cu-activated

LNCaP chloride currents suppressed by DIDS. B, Instantaneous diagram of DSF/Cu-activated LNCaP chloride currents. C, Instantaneous diagram
of DSF/Cu-activated LNCaP chloride currents suppressed by DIDS. D, I-V curve of DSF/Cu-activated LNCaP chloride currents suppressed by
DIDS. E, Statistics diagram of I-V relationship between DSF/Cu-activated chloride currents and DIDS-suppressed currents (**P <.01,n = 3).F,
Full-process diagram of DSF/Cu-induced LNCaP chloride currents suppressed by NPPB. G, Instantaneous diagram of DSF/Cu-activated LNCaP
chloride currents. H, Instantaneous diagram of DSF/Cu-activated LNCaP chloride currents suppressed by NPPB. I, |-V curve of DSF/Cu-activated
LNCaP chloride currents suppressed by NPPB. J, Statistical diagram of |-V relationship between DSF/Cu-activated chloride currents and
NPPB-suppressed currents (**P < .01, n = 3) [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 2 DSF/Cu inhibits the growth and proliferation of LNCaP cells and induces apoptosis suppressed by NPPB and DIDS. A,
Growth-inhibitory curves of DSF/Cu and DSF at different concentrations. B, Statistical diagram of growth-inhibitory curves of DSF/Cu and DSF at
different concentrations (**P < .01, *P < .05, n = 3). C, Scatterplot of flow cytometry detecting the apoptosis rate of LNCaP cells induced by DSF/Cu
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(**P <.01,n = 3). E, Statistic graph of the inhibition rate of NPPB and DIDS inhibiting DSF/Cu-induced apoptosis in LNCaP cells (P> .05,n = 3)

[Colour figure can be viewed at wileyonlinelibrary.com]

and 3B). These CLC3 downregulated cells were detached into a suspen-
sion for patch-clamp assays, and their current density was recorded as
(19.38 + 8.91) pA/pF (Figure 3D) while that of the control group was
(61.01 + 7.72) pA/pF (Figure 3C). Moreover, the chloride currents of
DSF/Cu-activated LNCaP cells were inhibited by 68% after successful
siRNA transfection, indicating that the downregulation of CLC3 sup-
pressed the DSF/Cu-activated chloride currents (Figures 3E-3F). These
results verified that the chloride channels in LNCaP cells which were
activated by DSF/Cu were indeed CLC3.

3.4 | Tyrosine kinase participates in DSF/Cu
activating chloride currents in LNCaP cells

Recent studies have shown that tyrosine kinase may be involved in
the DSF/Cu-mediated activation of chloride channels in LNCaP cells,8
so we focused on tyrosine kinase to elucidate how DSF/Cu activated
the chloride currents of LNCaP cells. Treatment with 400 nM DSF/Cu
could activate chloride currents of LNCaP cells under a clamping

voltage of +80 mV, and the current density increased to (79.72 +
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17.62) pA/pF (+80 mV), and (—44.72 + 13.68) pA/pF (—80 mV).
We then added a solution containing 30 uM genistein, a highly specific
tyrosine kinase inhibitor, to study the role of tyrosine kinase in the
activation of chloride channels. Interestingly, the chloride current
density activated by DSF/Cu gradually decreased to the background
current density level of (14.38 + 5.65) pA/pF (+ 80 mV) and (—7.84 +
2.71) pA/pF (- 80 mV). After the currents had stabilized for a period
of time and after replacing the extra perfused fluid with DSF/Cu for
continued perfusion, a brief increase in cellular currents could be
observed before decaying to the level of the background currents, with
asecond increase in current density of (26.15 + 3.78) pA/pF(+ 80 mV),
which was much smaller than the current density activated by the first
perfusion of DSF/Cu (Figures 4A and 4C). This suggested that tyrosine

kinase was likely involved in chloride currents activation of LNCaP in
prostate cancer cells.

To further verify the role of tyrosine kinase in DSF/Cu-activated
chloride currents, we incubated LNCaP cells with genistein for 30 min-
utes and then perfused them with 400 nM DSF/Cu solution. The cur-
rent density of LNCaP cells was (8.31 + 4.62) pA/pF (+ 80 mV), and
there was no difference compared to the background current den-
sity of (6.08 + 3.76) pA/pF. After a period of stability, the cells were
perfused with an isotonic solution and then with DSF/Cu solution,
after which the current density increased to (23.99 + 5.77) pA/pF (+
80 mV) (Figure 4B). This was not significantly different from the cur-
rent density activated by DSF/Cu after pre-incubation with genistein
(Figure 4D).
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3.5 | Co-expression of PTK2B and CLC3 chloride
channel

Based on the results, we inferred that tyrosine kinase is closely
related to chloride channels in both function and structure in LNCaP
cells. Therefore, we performed immunofluorescence assays to study
the subcellular localization of CLC3. Blue fluorescence was used
to show the nucleus (Figure 5A). CLC3 chloride channel is widely
expressed in the cytoplasm, membranes, and nucleoli of LNCaP cells
(Figure 5B). We also found that the PTK2B protein and the CLC3 pro-
tein were highly co-localized together in the cytoplasm, membranes,
and nucleoli of LNCaP cells (Figures 5C and 5D). Further, through
protein-protein interaction analysis, we found that the CLC3 protein
is closely related to the tyrosine kinase family (Figure 5E). We then
simulated a molecular docking model of the CLC3 protein with PTK2B,
which suggested that they have potential binding sites (Figure 5F).

4 | DISCUSSION

In recent years, there has been much research on the treatment of

19,20

prostate cancer, such as endocrine therapy, immunotherapy,?!

anti-angiogenic therapy,?? etc. These emerging therapies have greatly

contributed to the survival of prostate cancer patients. In addition,
in recent years, non-coding RNAs have played a key role in a vari-
ety of tumors.2® It has been noted that urine DNA methylation test-
ing helps in the early detection of bladder cancer and monitoring of
recurrence.?* Some IncRNAs and circRNAs are significant in prostate
cancer progression as well as prognosis.?> The mechanisms of tumor
regulation are extraordinarily complex, and there are quite a few mech-
anisms waiting to be discovered.

Our previous results showed that chloride channels are involved in
various biological processes in prostate cancer cells. The expression of
CLC3 chloride channel in normal controls patients and in prostate can-
cer patients is significantly different, and the expression of CLC3 is pos-
itively correlated with the disease-free survival time of prostate can-
cer patients. In addition, immunohistochemistry results suggest that
the expression of CLC3 in primary tumors is extremely high compared
to metastatic tumors, while the histological morphology is similar to
neuroendocrine differentiation morphology (data not shown). These
results prove that the chloride channels play an important role in the
development of prostate cancer. DSF/Cu can also induce the apoptosis
of LNCaP cells, and the apoptosis of LNCaP cells induced by DSF/Cu is
inhibited after adding chloride channel blockers. DSF/Cu can activate
LNCaP cells to produce chloride currents, demonstrating that DSF/Cu

induces apoptosis in LNCaP cells through chloride channels.
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FIGURE 5 Co-expression of tyrosine kinase PTK2B and CLC3. A, Image of Hoechst 33342 staining for nuclei (blue fluorescence) in LNCaP
cells. B, Image of CLC3 protein (green fluorescence) in LNCaP cells. C, Image of PTK2B protein (red fluorescence) in LNCaP cells. D, Merged image
of three fluorescent images shows that CLC3 protein and PTK2B protein are colocalized. E, Protein-protein interaction network, showing that
CLC3 protein and tyrosine kinase family are closely related. F, CLC3 protein and PTK2B protein molecular docking model (red ribbon representing
CLC3 protein and green ribbon standing for PTK2B protein) with a match align score 35.000 and RMSD = 13.520 [Colour figure can be viewed at

wileyonlinelibrary.com]

In recent years, many existing drugs are being applied in new
ways. As a traditional drug for anti-alcoholism treatments, DSF has
been constantly exploring as an excellent anti-tumor drug through
kinds of new mechanisms.26-28 ClinicalTrials.gov reports that clini-
cal trials of DSF against non-small cell lung cancer, prostate can-
cer, and metastatic melanoma have now been completed. Moreover,
after chelating divalent metal cations such as zinc ions and copper
jons, the therapeutic effect of DSF on tumors is greatly enhanced.?®
DSF can inhibit the proliferation of prostate cancer cells, and cop-
per ions can enhance this effect,!? which implies that chloride chan-
nels may be one of the pathways for DSF/Cu-induced apoptosis of
LNCaP cells. However, there is no evidence about how these drugs acti-
vate ion channels. It has been suggested that some volume-regulated
anion channels are activated through phosphorylation of protein
kinases.2?

Genistein is a highly specific tyrosine kinase inhibitor, and genistein
inhibits tyrosine kinase and also closes CLC3 in rat vascular smooth
muscle cells.2% In current experiments, the order of genistein addi-
tion had an important effect on whether DSF/Cu could activate the
chloride currents of LNCaP cells and on the strength of the currents,
indicating that tyrosine kinase is involved in DSF/Cu-mediated acti-
vation of the chloride currents in LNCaP cells. Furthermore, DSF/Cu
may directly stimulate tyrosine kinase to promote its phosphorylation,
and only then activate the chloride currents. The weakened DSF/Cu-
activated chloride currents after pre-incubation with genistein also
confirmed this hypothesis. However, this mechanism still needs further

verification.

Tyrosine kinase is involved in the activation and opening of ion chan-
nels. Some studies have found that when the phosphorylation process
of tyrosine kinase is blocked, the opening of ion channels is also inhib-
ited, suggesting that tyrosine kinase may activate ion channels by inter-
acting with ion channels after phosphorylation.®! Another hypothe-
sis is that the activation of tyrosine kinase is related to reactive oxy-
gen species (ROS), and that intracellular redox molecular mechanisms
regulate tyrosine kinases and their intracellular signaling at the cell
membrane.3? We found that after treatment with 400 nM DSF/Cu, the
expression levels of both PTK2B and CLC3 proteins showed a tendency
to increase at first and then decrease over time, but the specific mech-
anism needs further research. Similar to inhibition of CLC3, treating
LNCaP cells with the tyrosine kinase inhibitor genistein could inhibit
the apoptosis induced by DSF/Cu. Taking these results together, we
conclude that tyrosine kinase has the potential to act as an upstream
signal for the chloride channel-induced apoptosis signaling pathway,
and the activation of tyrosine kinase leads to downstream opening of
the chloride channels, which in turn is involved in biological processes

such as cell volume regulation and apoptosis induction.

5 | CONCLUSIONS

The results of this study showed that 400 nM DSF/Cu activates chlo-
ride channels in prostate cancer LNCaP cells (mainly CLC3) and plays
an active role in inducing apoptosis, and tyrosine kinase has the poten-

tial to act as an upstream signal for the chloride channel-induced
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apoptosis signaling pathway. The results were promising to provide
new perspectives for targeted therapy of prostate cancer.
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