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Introduction: Prostate cancer is the most common noncutaneous cancer and the second leading
cause of cancer-related mortality worldwide and the third in USA in 2017. Chelerythrine (CHE),
anaturalbenzo[c]phenanthridine alkaloid, formerly identified as a protein kinase C inhibitor, has
also shown anticancer effect through a number of mechanisms. Herein, effect and mechanism of
the CHE-induced apoptosis via reactive oxygen species (ROS)-mediated endoplasmic reticulum
(ER) stress in prostate cancer cells were studied for the first time.

Methods: In our present study, we investigated whether CHE induced cell viability decrease,
colony formation inhibition, and apoptosis in a dose-dependent manner in PC-3 cells. In addi-
tion, we showed that CHE increases intracellular ROS and leads to ROS-dependent ER stress
and cell apoptosis.

Results: Pre-treatment with N-acetyl cysteine, an ROS scavenger, totally reversed the CHE-
induced cancer cell apoptosis as well as ER stress activation, suggesting that the ROS generation
was responsible for the anticancer effects of CHE.

Conclusion: Taken together, our findings support one of the anticancer mechanisms by which
CHE increased ROS accumulation in prostate cancer cells, thereby leading to ER stress and
caused intrinsic apoptotic signaling. The study reveals that CHE could be a potential candidate
for application in the treatment of prostate cancer.

Keywords: chelerythrine, reactive oxygen species, endoplasmic reticulum stress, apoptosis,
prostate cancer

Introduction
Prostate cancer is the most common noncutaneous cancer and the second leading
cause of cancer-related mortality for adult men in the USA and Europe.' The risk
for prostate cancer increases exponentially after the age of 50.2 Despite advances in
clinical treatment, by antihormonal therapy, radiotherapy, and chemotherapy, prostate
cancer remains a major cause of cancer-related morbidity and mortality.>> Over 70%
of cancer metastasis from prostate cancer develops bone metastases because of the
insensitivity with the abovementioned clinical treatments. An increasing number of
patients experience tumor progression to hormone-refractory prostate cancer, resulting
in serious problems in the treatment of prostate cancer.® In fact, most cancer-related
deaths are due to drug resistance and eventual chemotherapy failure.” Hence, finding
effective agents for treating the advanced prostate cancer is of urgent need.
Chelerythrine (CHE), a natural benzo[c]phenanthridine alkaloid, is extracted
from plant species, such as Chelidonium majus, Macleaya cordata, and Sanguinaria
canadensis.® CHE has been used as inhibitors of protein kinase C’ and the Bel-2 family
proteins. It shows a diversity of biological activities, including anticancer,'® antidiabetes, '
antifungus,'? and protecting lipopolysaccharide-induced endotoxic shock.'* CHE was
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reported to induce apoptosis and the G1-phase cell cycle arrest
in human promyelocytic leukemia HL-60 cells."* CHE also
induced apoptosis through inhibiting Bcl-2 expression and acti-
vating the mitochondrial pathway in hepatocellular carcinoma
cells.”® These data suggest that CHE may influence the malignant
potential of tumor types other than hepatoma and leukemia.

Compared with normal cells, many types of cancer cells
usually acquire higher levels of reactive oxygen species (ROS)
or adaptive mechanisms to resist constant intrinsic oxidative
stress.'®!” Oxidative stress plays a crucial role in the processes
of cellular viability and function. Furthermore, targeting ROS
and oxidative stress can also be seen as a good strategy to
eliminate cancer cells.'® Indeed, this treatment concept was
already exemplified by various ROS-enhancing drugs such
as paclitaxel,’ trisenox,? and cisplatin.?! Recently, CHE
has been reported to enhance the production of ROS, which
stimulates autophagy in non-small cell lung cancer cells.?
Previous studies have shown that CHE was a potentially
useful antineoplastic agent against head and neck squamous
cell carcinoma tumors.?* Furthermore, treatment with CHE
resulted in minimal toxicity in nude mice.”® ROS are normal
by-products of various cellular processes, such as signal
transduction, mitochondrial metabolism, DNA repair, and
protein folding.?** Therefore, the oxidative stress response
plays a significant role in keeping the balance between pro-
survival and proapoptotic signaling pathways.?® Varieties
of proapoptotic signaling pathways can be stimulated in an
uncontrolled high level of ROS status, such as mitochondrial
dysfunction, endoplasmic reticulum (ER) stress, and DNA
damage.?”?® Thus, the ROS-inducing agent CHE may be
effective in killing cancer cells. However, the effect and
mechanism of CHE on prostate cancer are unknown.

In the present study, we aimed to investigate the
anticancer effects and the underlying mechanism of CHE,
especially the ROS function in prostate cancer. Our study
demonstrated that CHE showed excellent anticancer potential
effects against PC-3 cells through triggering ROS accumu-
lation, whereafter inducing ER stress-dependent apoptosis.
Blockage of the ROS production by selective inhibitor
NAC could totally reverse all the anticancer effects of CHE.
Together, these data suggest that CHE could be a potential
agent for prostate cancer therapy.

Materials and methods

Reagents

CHE was obtained from Aladdin (Shanghai, China). Antibod-
ies against B-cell lymphoma 2 (Bcl2, sc-492), Bel2-associated
protein x (Bax, sc-493), GAPDH (sc-32233), and horseradish

peroxidase (HRP)-conjugated secondary antibodies were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). Antibodies against cleaved form of poly (ADP-ribose)
polymerase (cleaved-PARP, 56258S), phosphorylated eukary-
otic initiation factor 2o (p-elF2a, 3398S), elF2a (9722S),
and activating transcription factor-4 (ATF4, 11815S) were
obtained from Cell Signaling Technology (Danvers, MA,
USA).NAC, DMSO, and MTT were purchased from Sigma-
Aldrich (St Louis, MO, USA). Fluorescein isothiocyanate
(FITC) Annexin V Apoptosis Detection Kit I and propidium
iodide (PI) were purchased from BD Pharmingen (Franklin
Lakes, NJ, USA). ROS probe 2"7’-dichlorodihydrofluorescein
diacetate (DCFH-DA) was purchased from Thermo Fisher
Scientific (Carlsbad, CA, USA).

Prostate cancer cell lines

Human prostate cancer PC-3 cells and DU145 cells were pur-
chased from the Institute of Biochemistry and Cell Biology,
Chinese Academy of Sciences (Shanghai, China). Cells
were cultured in DMEM/F12 medium (Gibco, Eggenstein,
Germany) supplemented with 10% heat-inactivated fetal
bovine serum (FBS; Gibco), 100 U mL! penicillin, and
100 pg mL™" streptomycin (Mediatech Inc., Manassas, VA,
USA) in a humidified atmosphere of 5% CO, at 37°C.

Cell viability assay

To measure the prostate cancer cells viability after CHE
treatment, cells were seeded on 96-well plates at a density
of 6x10° per well and allowed to attach overnight in Roswell
Park Memorial Institute (RPMI) 1640 containing 10% heat-
inactivated FBS. CHE was dissolved in DMSO and diluted
with 1640 medium to final concentrations 0f 0.5, 1,2.5,5, 7.5,
10, 15, and 20 uM. The prostate cancer cells were incubated
with CHE for 24 or 48 h before the MTT assay.

Cell apoptosis analysis

PC-3 cells were plated on 60-mm dishes for 12 h and then
treated with CHE (5, 7.5, or 10 uM) for 24 h in the presence
or absence of NAC (5 mM). Cells were then harvested and
washed thrice with ice-cold PBS. The washed cell samples
were incubated with 3 UL Annexin-V for 10 min in the dark,
then incubated with 2 pL PI for 5 min, and then evaluated
for apoptosis using an FACS Calibur flow cytometer (BD
Biosciences, San Jose, CA, USA).

Colony formation assay

PC-3 cells were plated at 500 cells per well in 6-well plates
and cultured complete growth media for 24 h. Cells were then
exposed to CHE. Cells were allowed to grow for 7 days and
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colonies emerging were stained with crystal violet solution.
A colony was defined as a cluster of at least 50 cells that can
often only be determined microscopically.

Western blot analysis

Total proteins from cultured cells were prepared and protein
levels were measured by using the Bradford assay (Bio-
Rad, Hercules, CA, USA). Proteins were separated using
10% sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis and transferred onto polyvinylidene difluoride
membranes. After blocking with tris-buffered saline con-
taining 0.05% Tween 20 (TBST) and freshly prepared 5%
nonfat milk for 1.5 h at room temperature, membranes were
incubated with different primary antibodies overnight at
4°C. Membranes were then washed in TBST and incubated
with HRP-conjugated secondary antibodies for 1 h at room
temperature. Immunoreactivity was visualized using an ECL
substrate (Bio-Rad, Hercules, CA, USA). Densitometric mea-
surements were performed using ImageJ (National Institute
of Health, Bethesda, MD, USA).

Measurement of ROS generation

Intracellular ROS contents were measured by flow cytom-
etry utilizing DCFH-DA. Briefly, cells were plated at 5x10°
density in 6-well plates and allowed to attach for 12 h. Cells
were then exposed to CHE for 1.5 h. NAC pretreatments were
carried out at 5 mM for 1 h. Following treatments, cells were
stained with 10 uM DCFH-DA at 37° for 30 min in the dark.
Cells were collected and dihydrodichlorofluorescein (DCF)
fluorescence was analyzed by FACS Calibur flow cytometer
(BD Biosciences).

Statistical analysis

All experiments were performed in triplicate (n=3). Data
are expressed as means + SEM. Statistical analyses were
performed using GraphPad Prism 5.0 (GraphPad, San Diego,
CA, USA). Statistical differences between two groups were
assessed by Student’s r-test. A p-value <0.05 was considered
statistically significant.

Results

CHE reduced cell viability in human
prostate cancer cells

To determine the cytotoxic effects of CHE (Figure 1A) in
prostate cancer cell lines, an MTT assay was performed to
evaluate the viability in human prostate cancer PC-3 and
DU145 cells. As shown in Figure 1B, CHE treatment for
24 or 48 h significantly decreased the viability of PC-3 and

DU145 cells in a dose-dependent manner. The IC,  value for
CHE was 5.2 uM for 24 h or 3.8 uM for 48 h in PC-3 cells,
and 6.1 uM for 24 h or 4.3 uM for 48 h in DU145 cells. We
then utilized the colony formation assay which shows whether
prostate cancer cells are able to form colonies when the cells
were treated with CHE. As shown in Figure 1C and D, CHE
prevented colony formation at 7.5 and 10 uM levels. Col-
lectively, our findings show that CHE reduces the growth of
prostate cancer cells and induces apoptotic cell death.

CHE induced cell apoptosis in human

prostate cancer cells

Next, we investigated the proapoptosis effects of CHE by
flow cytometry analysis using Annexin V-FITC+PI staining.
As shown in Figure 2A and B, flow cytometry analysis
showed that after treatment with CHE for 24 h in PC-3 cells,
the apoptosis cells were significantly increased up to about
32% in a dose-dependent way. We further examined the
expression of apoptosis-associated proteins by western blot
analysis in PC-3 cells. As shown in Figure 2C, CHE treatment
decreased the protein level of Bel-2 and increased the cleaved
PARP in a dose-dependent manner. In addition, Bax protein
did not show obvious changes after CHE treatment.

CHE increased ROS accumulation in
PC-3 cells

A previous study has shown the induction of ROS-stimulated
distinctive autophagy by CHE in non-small cell lung cancer
cells.?? Here, we first investigated the effects of CHE on ROS
production in PC-3 cells by flow cytometry analysis using
DCFH-DA fluorescent dyes. As shown in Figure 3A and B,
when treated with CHE at 10 uM for different time points in
PC-3 cells, the results showed that the intracellular H,0, lev-
els were increased in a time-dependent manner. It indicated
that CHE could induce ROS accumulation in PC-3 prostate
cancer cells. We pretreated prostate cancer cells with NAC
before exposing the cells to CHE and measured ROS levels.
NAC is commonly used as a precursor of glutathione and
can also interact directly with ROS.?* As expected, NAC pre-
treatment decreased the intracellular ROS levels (Figure 3C
and D). Thus, these data strongly demonstrated that CHE can
induce ROS accumulation in prostate cancer cells.

Blockage of ROS generation reversed
CHE-induced cell apoptosis in PC-3 cells
Next, we determined whether ROS generation was involved
in the anticancer effects of CHE in prostate cancer cells. PC-3
cells were pretreated with 10 mM NAC for 1 h and then
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Figure | CHE reduced cell viability in prostate cancer cells.

Notes: (A) The chemical structure of CHE. (B) The effects of CHE on cell viability in human prostate cancer cells. PC-3 cells or DU145 cells were treated with CHE
at different concentration ranges as indicated for 24 or 48 h, then cell viability was determined by MTT assay, and the IC,; values were indicated. (C) The effects of CHE
treatment on colony formation. PC-3 cells or DU145 cells were treated for 24 h and stained with crystal violet on day 7. (D) The colony formation ability of each group
is shown in bar chart. The statistic data were presented as mean + SE from three independent experiments. *p<<0.05, **p<<0.01, **p<<0.001; #p<<0.05, #p<<0.0| and
##p<0.001; all versus DMSO group.

Abbreviation: CHE, chelerythrine.
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Notes: Cells were treated with CHE at the indicated concentrations for 24 h in PC-3 cells. (A) Cell apoptosis determined by flow cytometry using Annexin V-FITC+PI
staining. (B) Quantification of data presented in (A). (C) Western blot analysis for apoptosis-related markers in the PC-3 cells. The statistic data for apoptosis cells were
indicated and presented as mean * SE from three independent experiments. *p<<0.01; all versus DMSO group.

Abbreviations: CHE, chelerythrine; FITC, fluorescein isothiocyanate; Pl, propidium iodide.

treated with 10 uM CHE for 24 h. As shown in Figure 4A
and B, pretreatment of cells with NAC was able to normalize
CHE-induced apoptosis in Annexin V-FITC+PI staining
experiment. The effects of ROS blockage were further
validated via western blot analysis. As shown in Figure 4C,
NAC prevented CHE-induced alterations of apoptosis-related
proteins. These findings vigorously demonstrated the vital
role of ROS generation in mediating anticancer effects of
CHE in prostate cancer cells.

CHE induced cell apoptosis through
ROS-mediated ER stress in PC-3 cells

ROS generation was reported to activate various proapop-
totic pathways, including the ER stress-induced cancer
cell apoptosis pathway.** Therefore, we tested whether
CHE-mediated ROS activates the ER stress pathway in
prostate cancer cells. When PC-3 cells were treated with
CHE for different time intervals, we noticed a transient

increase in the level of p-elF20 2—8 h after CHE treatment
(Figure 5A and B). ATF4 expression also increased in a
similar manner with p-elF2o. (Figure SA and B). Moreover,
CHE-mediated ROS was clearly inducing ER stress in
cells as pretreatment with NAC normalized the induction
of p-elF2a and ATF4 (Figure 5C and D). Taken together,
all these results indicate that CHE-induced cell apoptosis
is, at least partly, mediated by the ROS-dependent ER
stress pathway.

Discussion

In this study, we provide sufficient evidence to demonstrate
that CHE shows excellent anticancer effects in prostate
cancer cells via inducing ROS-dependent ER stress.
Recently, accumulating evidence suggests that increasing
oxidative stress might be a promising strategy to inhibit
cancer cells.?! The inductions of cancer cell apoptosis by
some anticancer agents such as cisplatin,?' farnesol,** and
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by flow cytometer. (D) Quantification of data presented in (C). The statistic data were indicated and presented as mean + SE from three independent experiments. ¥p<<0.05

compared with the DMSO group. #p<<0.05 compared with the CHE-10 group.

Abbreviations: CHE, chelerythrine; DCFH-DA, 2'7’-dichlorodihydrofluorescin diacetate; M, median fluorescence intensity; ROS, reactive oxygen species.

arsenic trioxide* have been reported to be mediated by
ROS accumulation. Interestingly, increased accumulation
of ROS by CHE was also observed in prostate cancer cells
in Figure 3A. Importantly, ROS was directly involved in
inducing apoptosis as decreasing the levels of ROS alleviated
CHE-induced negative growth function. Furthermore, our
study shows that ROS levels are correlated with the induction
of apoptosis and ER stress pathway in prostate cancer. These
salient findings are summarized in Figure SE. In summary,
our study presents a promising strategy for prostate cancer
therapy that preferentially eradicates cancer cells by target-
ing ROS generation.

ER is usually well known to regulate cellular responses
to stress.*® Numerous signals were reported to break the ER
function and consequently induce ER stress. ER plays a
significant role in cancer cell apoptosis signaling pathway
and it also becomes a novel signaling target for candidate of
cancer therapy drugs.** Recently, agents inducing ER stress-
mediated cancer cell apoptosis have become a novel signaling

for the development of cancer therapy.’>3¢ Besides, it was
reported that some agents show their proapoptotic effects
through inducing ER stress in prostate cancer cells.’”
Therefore, targeting ER stress can be a promising anti-
cancer strategy. In consistent with these findings, we first
proved that CHE treatment concomitantly induces ER stress
response in prostate cancer PC-3 cells, which increases the
ER stress-related proteins such as p-elF2o. and ATF4 in a
time-dependent manner. As expected, NAC pretreatment
fully reversed all these changes in ER induced by CHE.
Collectively, all these results indicate that ROS production
is the critical upstream regulator of CHE-induced ER stress
in prostate cancer cells.

Under physiological conditions, the maintenance of mod-
erate levels of intracellular ROS is important both in keeping
redox balance and in cell proliferation.* Recently, it has been
reported that ROS generation is partly linked to ER stress acti-
vation.* Enhanced ROS generation or oxidative stress might be
associated with subsequent ER stress and ER stress-dependent
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cancer cell apoptosis. However, a moderate increase in ROS

levels may usually trigger cell growth and proliferation.*!

Indeed, excessive ROS and free radicals may lead to severe

damage to mitochondria, ER, and DNA repair. Besides,
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Abbreviations: CHE, chelerythrine; ER, endoplasmic reticulum; ROS, reactive oxygen species.

in the level of some other proapoptotic factors in the cytosol.*
We observed that CHE treatment induced ROS accumula-
tion within 60 min at the apoptosis-inducing concentrations
(Figure 3A and B). More importantly, blockage of ROS by
NAC almost reversed the cytotoxicity and apoptosis induced
by CHE in PC-3 cells. All these data validated that CHE
induces cancer cell death via activating ROS production.

Conclusion

We demonstrated for the first time that CHE induced a dis-
tinctive apoptosis of ROS-dependent ER stress in prostate
cancer cells, and the decreased level of ROS reversed the
CHE-induced cell viability decrease, cell death, and apoptosis
in prostate cancer cells. The discovery of the activation of
ROS-mediated ER stress apoptotic pathway through CHE
may provide a new strategy for prostate cancer treatment.
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