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Background: Prostate cancer (PCa) is one of the most common malignant diseases among
male patients. Although androgen deprivation therapy remains the main treatment for PCa,
most patients would inevitably progress to castration-resistant PCa, which is the main cause of
cancer-related deaths. Thus, novel antitumor agents are urgently needed. Recent studies dem-
onstrated that aloperine (ALO) as a natural alkaloid showed antitumor effects in other cancer
types. However, the biological function and underlying mechanisms of ALO in PCa have not
been investigated.

Methods: PCa cell lines including LNCaP, PC3 and DU145 were cultured and treated with
ALO. Cell Counting Kit-8 assay, colony formation assay, apoptosis assay and cell cycle assay
were conducted to assess the biological role of ALO. In addition, a PCa subcutaneous xeno-
graft mouse model was established to evaluate the role of ALO in terms of proliferation and
apoptosis in vivo. We further measured the protein expression levels of p-Akt/Akt, p-ERK/
ERK, c-Myec, cleaved caspase 3, p21, p53, Bcl-2 and Bax using the Western blot 48 h after
ALO treatment of PCa cells.

Results: ALO effectively inhibited the cell viability of PCa by inducing cell cycle arrest via
the activation of the p53/p21 pathway and triggering apoptosis in vitro and in vivo. ALO also
inhibited phosphorylation of Akt and ERK protein kinases and activated cleaved caspase 3
while exerting antiproliferation function through inducing apoptosis and cell cycle arrest in
PCa cells.

Conclusion: Based on our findings, we conclude that ALO could suppress the tumor growth
and promote cell apoptosis and cell cycle arrest in PCa cells, which indicated that ALO could
act as a novel therapeutic agent in treatment of human PCa.

Keywords: aloperine, prostate cancer, proliferation, apoptosis, cell cycle

Introduction

Prostate cancer (PCa) is expected as the most common diagnosed cancer as well as one
of the most common causes of cancer death among men in America.' The incidence
and mortality rates of PCa in China have been continuously increasing in recent years.>
Although androgen deprivation remains to be the standard therapy for localized PCa,
patients still progress to castration-resistant PCa despite low levels of circulating
androgens which is the main cause of cancer-related deaths. The development of
second-generation antiandrogen drugs including enzalutamide and abiraterone seems to
be a promising therapeutic approach for advanced PCa; however, studies have reported
that 4R mutations or aberrantly increased androgen receptor expression levels could
confer resistance to these drugs.** Thus, comprehensive treatment strategies including
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novel therapeutic drugs are needed to improve the overall
survival rate and life quality of PCa patients.

Aloperine (ALO) was first reported as an alkaloid
isolated from Sophora alopecuroides L. which showed
strong anti-inflammatory and anti-allergic functions.>®
ALO exhibits protective effects on neonatal rat primary
cultured hippocampal neurons and ischemia reperfusion-
induced injury induced by oxygen-glucose deprivation and
reperfusion.”® Interestingly, several studies reported that
ALO also exerts antitumor effects on multiple malignant
neoplasms including colon cancer, myeloma, lung carcinoma
and osteosarcoma.’ 2 Therefore, ALO has different therapeu-
tic effects on benign inflammatory diseases and malignant
cancers. However, there are no studies till date illustrating
the biological effects of ALO on PCa cells and its underlying
mechanisms in these activities.

This present study aims to systematically investigate
the antitumor effects of ALO against PCa cells in vitro and
in vivo, and elucidate its underlying molecular mechanisms
responsible for apoptosis and cell cycle arrest in ALO-
induced cytotoxicity.

Materials and methods

Cell lines and chemicals
The androgen-dependent human PCa cell line LNCaP and
androgen independent PCa cell lines PC3 and DU 145 were pur-
chased from ATCC (Manassas, VA, USA). All these cell lines
were cultured in the RPMI-1640 medium (Thermo Fisher Scien-
tific, Waltham, MA, USA) supplemented with 10% fetal bovine
serum (Thermo Fisher Scientific), 100 U/mL penicillin and
100 pg/mL streptomycin in humidified air at 37°C with 5% CO,.
ALO with a HPLC-grade purity of 98% was purchased
from Selleck (Houston, TX, USA) and it was dissolved in
DMSO and stored at —20°C until used. All these cells were
treated with the ALO premixed cell culture medium in which
the final concentration of DMSO did not exceed 0.1%. The
molecular structure of ALO is shown in Figure 1A.

Cell Counting Kit-8 assay

LNCaP, PC3 and DU145 cells at 3,000 cells/well in 100 uL
of the complete medium were seeded in 96-well plates. After
culturing for 24 h, the medium was replaced with a fresh
complete medium containing different concentrations of
ALO (0, 100 and 200 uM). Each concentration was repeated
with five wells, and PCa cells were exposed to ALO for 24,
48, 72 and 96 h. Cell proliferation was measured every 24 h
using the Cell Counting Kit-8 (CCK-8; KeyGene Biotech,
Nanjing, People’s Republic of China) according to the

manufacturer’s instruction. The absorbance at 450 nm was
measured using a microplate reader (Thermo Fisher Scien-
tific, Waltham, MA, USA). Three independent experiments
were each carried out with a 96-well plate.

Cell colony formation assay

All the cell lines were cultured in a six-well plate with
three different concentrations of ALO (0, 100, 200 uM) for
10 days as we have previously described.!* Then cells were
fixed with methanol and stained with 0.5% crystal violet.
The number of colonies was counted when they contained
more than 50 cells.

Morphology observation

PC3,DU145 and LNCaP cells were grown in six-well plates
and cultured with different concentrations of ALO (0, 100,
200 uM) for 12 h. Subsequently, the images of morphological
changes of these cells were captured using a microscope
(Nikon, Tokyo, Japan).

Cell cycle and apoptosis assay

Cells were cultured with three gradient densities of ALO
in a six-well plate for 48 h. For the cell cycle assay, cells
were collected and fixed with 75% cold ethanol at —20°C
overnight. Subsequently, cells were stained with 50 pug/mL
of propidium iodide (PI) and 1 mg/mL RNase for 30 min at
4°C. Cell cycle distributions were analyzed using a FACS
flow cytometer (BD Biosciences, San Jose, CA, USA). As
for the apoptosis assay, cells were stained with Annexin
V-FITC/PI which was contained in an apoptosis kit (KeyGene
Biotech). Flow cytometry was then performed and results
were analyzed.

Xenograft model study

The study was approved by the Animal Care Committee of
the Medical School of Southeast University and mice were
treated according to the National Institutes of Health Guide for
the Care and Use of Laboratory Animals. A total of 10 male
BALB/C nude mice (6 weeks old) were purchased from the
Model Animal Research Center of Nanjing University. All
mice were subcutaneously injected with PC3 cells (5 x 10°
cells per mice) and randomized into ALO (30 mg/kg, p.o.,
daily) and control (PBS, p.o., daily) groups (five mice per
group). The tumor volumes were measured every 4 days
(Iength x width?/2). At the end of experiments, all mice were
sacrificed and tumors were dissected and weighed. Then,
tissues were fixed with formalin and embedded with paraffin.
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Figure | Aloperine inhibited the proliferation of prostate cancer cells in vitro. (A) The molecular structure of aloperine provided by the manufacturer. (B) Prostate cancer
cell lines were treated with the indicated dose of aloperine or vehicle for 72 h, and a CCK-8 assay was performed to calculate IC50 values of aloperine for different cell
lines. (C) CCK-8 assay for PC3 cells exposed to aloperine (100 and 200 1M) for 24, 48, 72 and 96 h (*P<<0.05, n=5). (D) CCK-8 assay for DU 145 cells exposed to aloperine
(100 and 200 uM) for 24, 48, 72 and 96 h (*P<<0.05, n=5). (E) CCK-8 assay for LNCaP cells exposed to aloperine (100 and 200 uM) for 24, 48, 72 and 96 h (*P<<0.05, n=5).
(F) Colony formation assay for PC3, DU145 and LNCaP cells exposed to aloperine (100 and 200 1M) or vehicle for 10 days. (G) Quantitative analysis of clone formation for
PC3, DU145 and LNCaP cells treated with aloperine and untreated cells (*P<<0.05 vs vehicle, “P<<0.05 vs 100 uM, n=5).

Abbreviation: CCK-8, Cell Counting Kit-8.

TUNEL assay and immunohistochemical
staining

The tumor tissues (both treatment and control group) were
stained with antibody against Ki-67 (1:100; Boster Biological
Technology, Ltd., Wuhan, People’s Republic of China) to
evaluate the proliferation rate of PCa cells in vivo. Moreover,
tumor tissue apoptotic cells were assessed by a terminal deoxy-
nucleotidyl transferase-mediated dUTP nick-end labeling

(TUNEL) assay using an In Situ Cell Death Detection Kit
(Roche, Mannheim, Germany). All images were captured using
a microscope (Nikon). The apoptotic score was calculated by
counting the number of positive nuclei in 30 random fields.

Western blot analysis
Total protein was obtained from PCa cells lysed with the
RIPA buffer (50 mM Tris-HCI, pH 8.0; 150 mM NaCl,
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SmM EDTA, 0.1% SDS, 1% NP-40) supplemented with 1%
proteinase inhibitors (Sigma-Aldrich, St Louis, MO, USA)
and 1 mM PMSF (Beyotime, Hangzhou, People’s Republic
of China). Then samples were subjected to sodium dodecyl
sulfate—polyacrylamide gel electrophoresis and transferred
into a polyvinlidene fluoride membrane (Merck Millipore,
Billerica, MA, USA). After blocking with 5% skim milk for
60 min, blots were incubated with specific primary antibod-
ies: anti-p-AKT, anti-AKT (Thermo Fisher Scientific), anti-
p-ERK, anti-ERK, anti-c-Myc (Cell Signaling Technology,
Danvers, MA, USA), anti-cleaved caspase 3, anti-Bcl-2,
anti-Bax (Abcam, Cambridge, UK), anti-p21, anti-p53 and
anti-GAPDH (Proteintech, Rosemont, IL, USA). After
washing the membranes three times with the TBST buffer
(a mixture of TBS-1% and Tween 20), blots were incubated
with corresponding secondary antibodies for 1 h and detected
with enhanced chemiluminescence (Beyotime).

Statistic analysis

All data in this study were presented as means * standard
deviations and experiments mentioned above were repeated
at least three times. IC50 values for proliferation were cal-
culated as the indicated concentration of ALO that reduced
half viable cells compared with the control group using the
CCK-8 assay. The significance of difference among the
means was calculated using Student’s #-tests for two groups
using SPSS 19.0 software. A two-sided P-value<<0.05 was
considered to be statistically significant.

Results
ALO inhibited the proliferation of PCa

cells in vitro

To assess the biological effects of ALO on PCa cells, we
first evaluated the cell viability of PCa cells after treatment
with different concentrations of ALO for 72 h. Results
indicated that ALO inhibited the cell proliferation of both
androgen-dependent and independent PCa cell lines in a
dose-dependent manner (Figure 1B). The IC50 value of ALO
was 100-300 uM for all PCa cell lines. In addition, ALO
suppressed cell viability of PCa cells in a time-dependent
manner when we treated PC3, DU145 and LNCaP with ALO
(100 or 200 uM) for 24, 48, 72 and 96 h. The inhibition effi-
ciency of ALO was significantly different from that of vehicle
(0.1% DMSO)-treated control group after 96 h (Figure IC-E,
P<0.05). Moreover, the proliferation rate of PCa cells was
significantly different between two concentrations of ALO
(100 and 200 pM)-treated groups (P<<0.05). Similarly,

ALO treatment also significantly suppressed the cell viability
of PCa based on the colony formation assay (Figure 1F).
Furthermore, the reduction of cell proliferation was more
obvious in 200 uM of the ALO-treated group than that of
100 uM of the ALO-treated group (Figure 1G, P<<0.05).

ALO-induced apoptosis and cell cycle

arrest of PCa cells in vitro

PC3, DU145 and LNCaP cells were observed using a
microscope at 200x magnification after they were exposed
to ALO (0, 100 and 200 uM) for 12 h. The results demon-
strated that the number of all the PCa cell lines was gradually
decreased. Meanwhile, the morphological changes of cells
including cell shrinkage and cell surface irregularity indicated
ALO may have an apoptotic effect on PCa cells (Figure 2A).
Then we further performed the Annexin-V/FITC apoptosis
assay to investigate whether ALO could induce PCa apop-
tosis. After being exposed to various concentrations of ALO
(100 and 200 uM) for 48 h, the percentage of Annexin-V/
FITC-positive cells was found to be significantly increased
compared with that of respective control group (Figure 2B).
Moreover, the percentage of apoptotic cells increased along
with gradient concentration in PC3, DU145 and LNCaP
cells (Figure 2C). The cell cycle assay demonstrated that
ALO evidently induced G1 phase arrest accompanied with
S phase proportion reduction in PCa cells when compared
with vehicle-treated cells. Meanwhile, no significant differ-
ence was observed in the fraction of the G2 phase in PCa
cells between ALO-treated and vehicle-treated groups except
for a small reduction in the G2 phase in PC3 cells exposed
to 200 uM of ALO (Figure 2D-G).

ALO suppressed the formation of prostate

xenograft tumors in vivo

To further investigate whether ALO possesses the tumor
suppressive ability in vivo, we performed the BALB/c nude
mice xenograft assay by subcutaneous inoculation of PC3
cells following with a dose of 30 mg/kg of ALO or PBS
per o.s. daily. Results revealed that ALO remarkedly sup-
pressed the PC3 tumor growth as manifested reduced tumor
volume and tumor weight at the end of the monitoring time
(Figure 3A—D). The difference in the tumor volume between
ALO-treated and PBS-treated groups became significant
from 12 days after PC3 cell injection. No significant differ-
ence was observed in the weights of mice between treatment
and control groups (Figure 3E). Immunohistochemical (IHC)
staining and TUNEL assays showed that reduced Ki-67
expression and increased apoptotic cells were observed in
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Figure 3 Aloperine suppressed PC3 xenograft tumor growth in vivo. (A and B) PC3 cells were injected into the right flank of 6-week-old male, nude mice. Subcutaneous
tumors were formed in nude mice after treatment with either PBS or aloperine (30 mg/kg) for 28 days. (C) Tumor volume of aloperine-treated PC3 cells at the indicated
time (*P<<0.05 vs vehicle, n=5). (D) Histograms describing the mean tumor weights of each group (*P<<0.05 vs vehicle, n=5). (E) Mice weight at the indicated time.
(F) Immunohistochemical staining of Ki-67 and TUNEL assay in the endpoint tumors. (G and H) Quantitative analysis of Ki-67-positive and TUNEL-positive cells in tumor

tissues of different groups (*P<<0.05 vs vehicle, n=5).

Abbreviation: TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling.

the tumor tissues treated with ALO compared with PBS
(Figure 3F—H, P<<0.05).

ALO suppressed AKT and ERK
phosphorylation, activated caspase 3 and
induced activation of the p53/p21| pathway
Previous studies have reported that AKT and ERK signal path-
ways are implicated in apoptosis.'*!* Moreover, the p53/p21
pathway is an important negative regulator of cell cycle
progression.'*!” And p53-dependent transcriptional repres-
sion of c-Myec is required for G1 phase arrest.'® Therefore, we
performed Western blot assay to assess the expression level
of these apoptosis- and cell cycle-related proteins (p-Akt/
Akt, p-ERK/ERK, cleaved caspase 3, p53, p21, c-Myec, Bel-2,
Bax) to further illustrate the molecular mechanisms by which
ALO suppressed the PCa cell growth (Figure 4A). Results

showed that ALO significantly suppressed the phosphoryla-
tion of Akt and ERK which led to the reduction of expression
of p-Akt and p-ERK when compared with the vehicle-treated
group. However, no significant difference was observed in
the total expression of Akt and ERK between ALO-treated
and vehicle-treated PCa cells. Moreover, ALO activated
the caspase 3 which dramatically elevated the expression of
cleaved caspase 3 in PCa cells after exposure to ALO. ALO
also suppressed the expression of anti-apoptotic protein Bcl-2
and upregulated that of pro-apoptotic protein Bax in PCa
cells. Another important mechanism is that the activation
of pS3/p21 pathway by ALO induced G1 phase cell cycle
arrest in all PCa cell lines. The expression levels of p53 and
p21 both elevated when cells were treated with ALO while
c-Myc as a target gene of p53 was transcriptionally repressed
(Figure 4B-D).
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Figure 4 Western blot analysis. (A) Lysates from control and aloperine-treated PC3, DU145 and LNCaP cells were subjected to Western blot analysis using anti-p-AKT,
AKT, p-ERK, ERK, c-Myc, cleaved caspase 3 (CAS3), Bcl-2, Bax and GAPDH. (B—D) Quantitative analysis of protein expression levels in prostate cancer cells treated with

vehicle or aloperine (¥P<<0.05 vs vehicle, P<<0.05 vs 100 UM, n=3).

Discussion

Although the prognosis of PCa patients has been improved
significantly due to the development of various therapeutic
approaches, the effective managements against castration-
resistant PCa to date remain limited. Therefore, there is an
urgent need to explore novel chemical agents that execute
strong antitumor effects against PCa. Chinese traditional
medicine has been widely used to treat various diseases
for thousands of years. ALO, a natural alkaloid constituent
isolated from the herb S. alopecuroides, has been reported to
exhibit antiproliferative activity against colon cancer SW480
and HCT116 cell lines, myeloma cell lines and human osteo-
sarcoma cell lines (MG-63 and U20S).*1%1? In this study, we
first investigated the inhibitory effects of ALO against both

androgen-dependent and independent PCa cell lines (LNCaP,
PC3 and DU145) in vitro and in vivo. Our data showed that
ALO inhibited the growth of PCa cell lines at low IC50 values
in dose- and time-dependent manners. Moreover, ALO could
effectively inhibit the clonogenic survival of PCa cell lines
by inducing apoptosis and cell cycle arrest. The in vivo study
demonstrated that ALO dramatically suppressed the PCa
tumor growth which revealed that ALO may be a novel thera-
peutic agent for PCa. Numerous studies have demonstrated
that a lot of chemical agents showed antitumor activities
via triggering apoptosis and cell cycle arrest,'*2! apoptosis
and cell cycle arrest as important cytotoxic effects for most
anticancer drugs. However, the underlying mechanisms of
ALO-induced antitumor activities in PCa remain unclear.
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A previous study has shown that ALO may induce G2/M
phase cell cycle arrest in HCT116 human colon cancer.’ In the
present study, we also investigated the cycle distribution by
using flow cytometry. Interestingly, the data showed that the
proportion of G1 phase cells increased in a dose-dependent
manner, indicating ALO inhibited PCa cell growth through
G1 phase arrest. These results indicated that ALO had a
master regulatory function in cell cycles. Progression through
the cell cycle is controlled by the cyclin-dependent kinase
(CDK) family of serine/threonine kinases and their regulatory
partners, the cyclins.”? G1 phase is driven by cyclin D-CDK4,
cyclin D-CDKG6 and cyclin E-CDK2 through the restriction
point, which commits the cell to complete the cycle.”® P21
was characterized as a crucial CDK inhibitor which could
bind CDK4, CDK6 and cyclin D-CDK4 (or CDK6) or cyclin
E-CDK2 complex.*** P53 has also been reported to control
both G1 and G2/M cell cycle checkpoints and mediate growth
arrest in human cells.?*?’ P21 however is largely controlled
by tumor suppressor p53; thus, the p53/p21 pathway played
a vital role in the regulation of cell cycle. Another study has
also proven that p53-mediated c-Myc repression is required
for the p53-dependent G1 phase cell cycle arrest.'® The
present study has shown that ALO upregulated the expres-
sion levels of p53 and p21 and suppressed the expression
of c-Myc in three PCa cell lines, which may lead to the cell
cycle arrest. Moreover, Ki-67 is a very popular proliferation
marker and is routinely used in pathology labs due to its
diagnostic and prognostic power in cancer. It is preferen-
tially expressed during the late G1, S, G2 and M phases of
the cell cycle, whereas resting, noncycling cells (GO phase)
lack Ki-67 expression.”® We performed the ITHC staining of
Ki-67 of xenograft tumor tissues treated with ALO or PBS.
The expression of Ki-67 significantly decreased in the PC3
xenograft tumor treated with ALO which proved that ALO
also inhibited PCa cell proliferation via inducing cell cycle
arrest in vivo.

In addition to cell cycle arrest, ALO also exhibited
pro-apoptotic properties both in vitro and in vivo. After
incubation with ALO, we observed the cell morphological
changes in PC3, DU45 and LNCaP cells which indicated
that ALO induced apoptosis in PCa cells. Then these results
were confirmed by the flow cytometry assay showing that
the proportion of Annexin-V/Pl-positive cells increased
along with the higher concentrations of ALO. The TUNEL
assay also indicated that the apoptosis rate was increased
in xenograft tumor tissues when mice were treated with
ALO. The PI3K/Akt and Ras/Raf/MEK/ERK pathways are
the central signal transduction mechanisms for controlling

cell proliferation, survival, metabolism and apoptosis in
response to extracellular stimuli. Hu et al® found that the
inhibition of both AKT and ERK1/2 pathways greatly sen-
sitized LNCaP, PC3 and DU145 cells to apoptosis induced
by methylseleninic acid. Our data revealed that ALO could
significantly suppress the phosphorylation of Akt and ERK
in a dose-dependent manner while no significant difference
was observed in the total expression levels of Akt and ERK
between different groups. Moreover, ALO treatment also
increased the expression of cleaved caspase 3 in PCa cells.
It is known that a shift in the Bax/Bcl-2 ratio could activate
caspase 3 and induce apoptosis.*® Then we further assessed
the expression levels of pro-apoptotic protein Bax and anti-
apoptotic protein Bel-2. The Western blot assay showed that
ALO treatment upregulated Bax and downregulated Bcl-2 in
PCa cells. All these results explained why ALO could induce
apoptosis of PCa in vitro and in vivo.

Most important is that our in vivo study demonstrated
that ALO per o.s. daily is an effective way to inhibit PCa
xenograft growth without serious side effects for the mice.
In other words, ALO may be a promising therapeutic agent
for PCa.

Conclusion

Our study demonstrated that ALO executed antitumor effects
against PCa through the induction of apoptosis and cell cycle
arrest both in vitro and in vivo. The potential molecular
mechanisms by which ALO suppressed the PCa growth may
involve the inhibition of the phosphorylation of Akt and ERK
and the activation of P53/P21 pathway and cleaved caspase 3.
We believe that ALO may be a promising candidate for the
development of antitumor drugs targeting PCa.
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