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Background: Prostate carcinoma is the second most common cancer among men worldwide. Developing
new therapeutic approaches and diagnostic biomarkers for prostate cancer (PC) is a significant need. The
Chinese herbal medicine Panax quinquefolius saponins (PQS) have been reported to show anti-tumor
effects. We hypothesized that PQS exhibits anti-cancer activity in human PC cells and we aimed to
search for novel biomarkers allowing early diagnosis of PC.
Methods: We used the human PC cell line DU145 and the prostate epithelial cell line PNT2 to perform
cell viability assays, flow cytometric analysis of the cell cycle, and FACS-based apoptosis assays.
Microarray-based gene expression analysis was used to display specific gene expression patterns and to
search for novel biomarkers. Western blot and quantitative real-time PCR were performed to demon-
strate the expression levels of multiple cancer-related genes.
Results: Our data showed that PQS inhibited the viability of DU145 cells and induced cell cycle arrest at
the G1 phase. A significant decrease in DU145 cell invasion and migration were observed after 24 h
treatment by PQS. PQS up-regulated the expression levels of p21, p53, TMEM79, ACOXL, ETV5, and
SPINT1 while it down-regulated the expression levels of bcl2, STAT3, FANCD2, DRD2, and TMPRSS2.
Conclusion: PQS promoted cells apoptosis and inhibited the proliferation of DU145 cells, which suggests
that PQS may be effective for treating PC. TMEM79 and ACOXL were expressed significantly higher in
PNT2 than in DU145 cells and could be novel biomarker candidates for PC diagnosis.
� 2020 The Korean Society of Ginseng. Publishing services by Elsevier B.V. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Prostate cancer (PC) is currently one of the most common ma-
lignancies in males worldwide and the second leading cause of
malignancy mortality in developed western countries [1e3]. In
Europe, prostate carcinomas are the second most prevalent tumors
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in men after the age of 50 [1e4]. Prevalent diagnosis and treatment
of PC include screening trial, digital rectal examination, prostate-
specific antigen (PSA) testing, multi-parametric magnetic reso-
nance imaging, hormone treatment, and radiotherapy [4]. The low
specificity of the clinical PSA test often potentially results in over-
diagnosis and overtreatment of patients [4e6]. Most of the patients
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with PC respond to traditional androgen ablation therapy, leading
to the regression of prostate tumors [7,8]. However, with disease
progression, PC can often develop resistance to androgen ablation
therapy. Recent studies have shown that approximately 50% of PC is
able to progress from an androgen-dependent to a hormone re-
fractory disease state and will spread from the original tumor to
other parts of the body [9]. Immunotherapies andmedications with
denosumab, abiraterone, bisphosphonates, enzalutamide, and
Radium-223 have debatable efficacy for the hormone refractory
state of disease [10]. Abiraterone may cause cardiac disorders and
hypertension [4,11,12]. Enzalutamide blocks androgen receptor
transfer and thus inhibits any possible agonist-like activity [11e13].
Bisphosphonates and denosumab can cause low calcium levels in
the blood (hypocalcemia). Toxicity of Radium-223 may lead to
gastrointestinal side effects, neutropenia, and thrombocytopenia
[14]. Therefore, new alternative therapies that demonstrate efficacy
in PC treatment with less associated toxicities and side effects are
still in urgent need.

Complementary and alternative medicine has been investigated
widely during the past few decades [15e17]. Phytotherapies have
been shown to have beneficiary effects as well as they are of low
cost; they have mild adverse effects for PC patients [18]. A pilot
study indicates that a combination of phytotherapeutic interven-
tion of turmeric, resveratrol, green tea, and broccoli sprouts can
significantly alleviate complication symptoms caused by PC and
increase patient's quality of life [18e20]. A number of isolated
herbal components have been discovered to have inhibitory effects
on PC cell growth and to have therapeutic potential for treating PC
[21e24]. For example, lycopenes in tomatoes and isoflavones in
soybeans might help prevent PC [17,25,26]. Green tea catechins
have been reported to reduce the incidence of PC risk and are
effective for preventing PC [27]. Chinese herbal medicines have
been shown to have various biological effects, including anti-
inflammation, anti-oxidation, anti-myocardial infarction, and
anti-tumor activities [28e32]. In this study, we used the Chinese
medicinal herb Panax quinquefolius, one of the main species of the
ginseng genus, which plays an important part in improving the
immune system and the treatment and prevention of various dis-
eases in China [33,34]. Clinical evidence of the beneficiary effects
P. quinquefolius in cancer has been reported in various recent
studies [18,21,35e41].

P. quinquefolius contains common bioactive ingredients
including saponins (ginsenosides), flavonoids, polysaccharides,
volatile oils, polyenes, fatty acids, and polyacetylenic alcohols,
among which ginsenosides are thought to be the most beneficial to
human health [42e45]. P. quinquefolius saponins (PQS) have various
physiological and pharmacological characteristics including anti-
tumorigenic activities [31e34,43]. The chemical composition in-
cludes ginsenosides Rc, Rd, Re, Rb1, Rg1, Rh1, Rb2, Rf2, Rb3, Rg3,
quinquenoside R1, quinquefolans A, B, C, pseudo-ginsenoside F11,
essential oils, and rutin [46e49]. Studies indicated that ginsenoside
Rg3 has anti-vascularization effects and inhibits colorectal cancer
cell growth and metastasis in vivo [50,51]. Besides, Rg3 also sup-
presses the proliferation of non-small cell lung cancer cells [52] and
pancreatic cancer cells [53] in vitro. Ginsenosides Rb3 and Rd
reduce the colorectal cancer tumor size and number in mice [54]. In
ovarian cancer cells, the epithelialemesenchymal transition was
inhibited by Ginsenoside Rb1 [55,56].

We used isolated PQS, which consist of the eight major ginse-
nosides Re, Rg1, Rc, Rb1, Rb2, Rb3, Rd, and Rg3 for this study. We
aimed to evaluate the anti-cancer activities of PQS and to under-
stand the important role of PQS in regulating cellular mechanisms
such as proliferation, cell cycle, differentiation, cytotoxic efficacy,
and cell apoptosis using the PC cell line DU145 in comparison with
the prostate epithelial cell line PNT2. Cell invasion assays and
wound healing assays were carried out to measure the activities of
cell migration. The effects of PQS treatment on mRNA-related gene
expression were examined in DU145 and PNT2 cells. We used the
whole human genome microarray technique to obtain data of PQS
treatment-related genes and pathways and to analyze the expres-
sion levels of multiple cancer-related genes and gene-related
pathways.

Our aim was to investigate a useful alternative medicine, which
has anti-cancer properties and low adverse side effects, and to
search for new biomarkers allowing for early diagnosis and therapy
of PC.

2. Materials and methods

2.1. Sample preparation

The purified PQS extracts were supplied by Jian Yisheng Phar-
maceutical Company (Jilin, China). The PQS powder was dissolved
in the RPMI-1640 culture medium (10% FBS, 1% Pen/Strep, 1%
glutamine, and 1% Hepes, GIBCO, Dublin, Ireland) for cell culture
experiments. For UHPLC-QTOF-MS/MS analysis, 0.3 g of PQS ex-
tracts was ultrasonicated with 10 mL of 70% formic acid for 30 min
at RT. The extract was centrifuged for 20 min at 10,000 rpm. The
supernatant was collected and filtered using a 0.22 mmPTFE syringe
filter for the UHPLC-QTOF-MS/MS analysis.

2.2. Quality control of PQS using ultra-high performance liquid
chromatography (UHPLC) and mass spectrometry

Using a Waters ACQUITY UPLC system (Waters Co., Milford,
MA, USA) equipped with an auto-sampler, a PDA detector, and a
binary solvent delivery system, we performed the UHPLC for the
quality control of PQS extracts. The chromatographic separation
was processed by a Waters ACQUITY HSS T3 column
(2.1 mm � 100 mm, 1.8 mm). The mobile phases consisted of A
(0.1% formic acid in water) and B (acetonitrile containing 0.1%
formic acid) phases. Optimized elution conditions were as fol-
lows: 5e15% B for 0e1 min, 15e30% B for 1e5 min, 30e38% B for
5e15 min, 38e60% B for 15e15.5 min, 60% B for 15.5e23 min,
60e95% B for 23e23.5 min, 95% B for 23.5e25 min, 95e5% B for
25e25.5 min, and isocratic at 5% B for 25.5e27 min. The flow rate
was 0.5 mL/min. The injection volumes of ginsenoside standard
solutions and PQS extracts were 1 mL. Mass spectrometry coupled
with the electrospray ionization interface was applied on a Wa-
ters Synapt G2-S Q-TOF system (Waters MS Technologies, Man-
chester, UK). The desolvation gas was fixed to 900 L/h at 450�C
and the temperature of source was at 100�C. The voltage of
capillary and cone were set at 2,500 V and 30 V. The Q-TOF
acquisition rate was 0.2 s. The energy for collision-induced
dissociation for the precursor ion was 6 V and those for frag-
mentation information were 30e60 V. The accurate mass and
elemental composition for the fragment ions and the precursor
ions were analyzed by the MassLynx V4.1 software (Waters Co.,
Milford, MA, USA).

2.3. Cell lines and cell culture

The human prostate carcinoma cell line DU145 and the human
prostate epithelial cell line PNT2 were used for this study. The cells
were incubated in RPMI-1640 medium in a 25 cm2 Nunc Nunclon
tissue culture flask (Thermo Scientific, Waltham, MA, USA) at 37�C
with 5% CO2. The DU145 cells were treated with PQS extracts in
different concentrations (0, 1.5, 5, 15, 50, and 150 mg/mL). Control
cells PNT2were treated with RPMI-1640medium. Themediumwas
changed every 2 days. After washing with PBS, cells were collected
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by centrifugation at 900 rpm for 8 min at RT. The cells were
calculated using a TC20 automated cell counter (BIO-RAD, CA, USA)
and divided into a tissue culture flask for the following
experiments.

2.4. Cell proliferation and cell viability assay

DU145 and PNT2 cells were seeded in the 96-well plates
(Thermo Fisher Scientific, MA, USA). After incubation for 24 h at
37�C, the DU145 cells were treatedwith different concentrations (0,
5, 15, 50, 100, and 150 mg/mL) of PQS at different time points for 24,
48, and 72 h. PNT2 cells as control group were treated with RPMI
medium. Cell proliferation of both cell lines was measured after
treatment using the CellTiter-Blue Cell Viability Assay and the
ApoTox-Glo Triplex Assay reagents (Promega Co., WI, USA). The
absorbance and fluorescence were measured using a Tecan
microplate reader (Epoch, Bio-Tek Instruments, Winooski, VT, USA)
at 560 nmEx/590 nmEm. The data were calculated as a ratio of
treated versus untreated cells (vehicle set at 100%).

A FITC Annexin V Apoptosis Detection Kit with PI (Biolegend,
California, USA) was used to detect the apoptosis of DU145 cells
after PQS treatment for 24 h and 48 h. DU145 cells (106 cells/mL)
were treated with PBS (negative control), 100% ethanol (positive
control), and 150 mg/mL of PQS for 24 h and 48 h in a 6-well
plate. Subsequently, cells were collected, washed twice with PBS
buffer, and centrifuged. Cells were suspended in 200 mL of
binding buffer. After adding 10 mL of Annexin V-FITC and 5 mL of
PI (Propidium Iodide Solution), and incubating for 15 min at room
temperature without exposure to light, 400 ml of binding buffer
was added. The stained cells were analyzed using a flow cytom-
eter to detect apoptosis under the excitation wavelength of 488
nm. The experiment was repeated three times to obtain mean
values.

2.5. Caspase-3/7 activity assay

DU145 cells were treated with PQS (0, 15, 50, 100, and 150 mg/
mL) for 48 h for determining caspase-3/7 activity using the
ApoTox-Glo Triplex assay kit. The caspase-3/7 activity was
measured using the ApoTox-Glo Triplex Assay reagents and the
luminescence of caspase-3/7 activity was detected using a Tecan
microplate reader. The data were calculated as a ratio of treated
versus untreated cells (vehicle set at 100%) and shown as fold-
increased activities. The assays were carried out in three inde-
pendent plates running in triplicate each time. For each assay, at
least 104 cells were counted.

2.6. Western blot analysis of cleaved caspase-3

DU145 cells were collected after treatment for 48 h with PQS (0,
50, 100, and 150 mg/mL) and lysed in cold radio immunoprecipi-
tation assay (RIPA) buffer containing 1% protease inhibitor cocktail.
After centrifugation, the supernatant was collected. Samples for
SDS-PAGE were denatured for 5 min at 95�C and loaded on 4e15%
Mini-PROTEAN TGX gels (Bio-Rad, Hercules, CA, USA). After elec-
trophoresis, proteins were transferred to a polyvinylidene
fluoride or polyvinylidene difluoride (PVDF) membrane (Bio-Rad,
Hercules, CA, USA) and blocked in tris-buffered saline, 0.1% Tween
20 (TBST) buffer with 5% nonfat milk. Blots were incubated with
1:1,000 diluted cleaved caspase-3 antibodies (Cell Signaling Tech-
nology, Massachusetts, USA) overnight at 4�C, followed by incu-
bation for 2 h with goat anti-rabbit IgG (H þ L) secondary
antibodies. The bound cleaved caspase-3 protein was detected us-
ing the BCIP/NBT Color Development Substrate (Promega Co., WI,
USA). Beta-actin was used as a control protein.
2.7. LDH cytotoxicity assay

Cytotoxicity was assessed using a LDH Cytotoxicity Assay Kit
(Thermo Scientific Pierce, Massachusetts, USA), which measures
the release of the cytoplasmic enzyme lactate dehydrogenase (LDH)
by damaged cells. DU145 cells cultured in 96-well plates were
treated with H2O (spontaneous controls), different concentrations
of PQS (0, 15, 50, 100, and 150 mg/mL), and 10� lysis buffer
(maximum LDH activity controls). After PQS treatment for 24 h and
48 h, the culture supernatant was collected and incubated with the
reaction mixture. The LDH activity was measured at 490 nm and
680 nm absorbance. Percent cytotoxicity was calculated as follows:

% Cytotoxicity ¼ ðCompound� treated LDH activity
� Spontaneous LDH activityÞ=
ðMaximum LDH activity
� Spontaneous LDH activityÞ � 100

2.8. Wound healing assay and cell invasion assay

The mobility and the invasion ability of DU145 cells were
measured by the wound healing and the cell invasion assays using
the Cyto Select 24-well wound healing assay kit and the cell inva-
sion assay kit (Cell BioLab, CA, USA), respectively. Wound closure
was monitored and the percent closure was measured (Percent
closure rate ¼ migrated cell surface area/total surface area � 100).
PQS treated cells were resuspended in culture medium and incu-
bated for 48 h at 37�C with 5% CO2. The migrated DU145 cells
through the membrane were stained and photographed. The
invaded cells were quantified at OD 560 nm. Data were interpreted
as mean � SEM in three independent groups.

2.9. Cell cycle assay

For cell cycle assays, 2 � 105 DU145 cells were seeded in the 6-
well plates. DU145 cells were treated with PQS extracts (0, 50, 100,
and 150 mg/mL) for 48 h. Trypsin was added to collect the adherent
cells, which were fixed with 80% ethanol and then stored for 2 h at
4�C. The fixed cells were resuspended in 200 mL of PI/RNase staining
buffer (Abcam, Cambridge, UK) and incubated for 30 min at 37�C in
the dark. At least 105 cells were counted andmeasured using a FACS
flow cytometer for each measurement.

2.10. Agilent whole genome oligo microarrays

The whole human genome oligo microarray represents all
known genes and transcripts in the human genome. Sequences
were compiled from a broad source survey and optimized by
alignment to the assembled human genome. RNA samples were
extracted from the harvested DU145 and PNT cells using the TriZol
reagent (Invitrogen, Carlsbad, USA). Total RNA clean-up and RNA
quality control were performed using the RNeasyMinElute Cleanup
Kit (Qiagen, Hilden, Germany). RNA integrity was evaluated by
standard denaturing agarose gel electrophoresis.

Sample labeling and array hybridization were carried out
following the protocol of one-color microarray-based gene
expression analysis (Agilent Technology, Santa Clara, USA). Total
RNA was amplified and labeled with Cy3-UTP. The RNeasy Mini kit
(Qiagen, Valencia, CA) was used to purify the labeled cRNAs. The
Nano Drop ND-1000 was used to analyze the concentration and
specific activity of the labeled cRNAs (pmol Cy3/mg cRNA). Labeled
cRNA (1 mg) was fragmented by adding 2.2 mL of 25� fragmentation
buffer and 11 mL of 10 � blocking agent. After incubating for 30 min
at 60�C, the labeled cRNA was diluted by adding 55 mL of 2 � GE
hybridization buffer. Hybridization solution (100 mL) was used for
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assembling to the gene expressionmicroarray slide. The slides were
washed and scanned using a DNA microarray scanner after incu-
bating for 17 h at 65�C in a hybridization oven. The gene expression
levels were identified by setting up the fold-change filters, which
were increased or decreased more than two-fold in PQS-treated
cells compared to untreated cells. The quantitative real-time PCR
(qRT-PCR) analysis was followed to confirm the accuracy of the
microarray analyses.
2.11. Validation of mRNA expression using qRT-PCR and western
blot analysis

DU145 cells were treated with the different concentrations of
PQS (0, 50, 100, and 150 mg/mL) for 48 h. After isolating the total
RNA of DU145 cells, the concentration was quantified using a Bio-
Photometer plus photometer (Eppendorf, Germany). The first
strand of cDNA was synthesized using a Super Script IV Reverse
Transcriptase kit (Invitrogen, Carlsbad, USA). The fold-change of
cancer-related genes (p21, p53, bcl2, STAT3, TMEM79, ACOXL, DRD2
TMPRSS2, SPINT1, ETV5, and FANCD2) after PQS treatment was
evaluated using qRT-PCR, respectively.

The reaction mixture for qRT-PCR contained 10 pmol/mL of SYBR
Green PCR Master Mix (Applied Biosystems, USA) and each primer.
Thermal cycling conditions were as follows: for 10 min at 95�C,
followed by 40 cycles for 15 s at 95�C, for 1 min at 60�C, and for 15 s
at 95�C. A melting curve analysis of the products was performed
after amplification by high-resolution data collection during an
incremental temperature increase from 60�C to 95�C. The qRT-PCR
analysis was performed on an Applied Biosystems StepOnePlus
System and data were analyzed quantitatively using the StepOne
software version 2.1 (Applied Biosystems, USA). Experiments were
repeated three times. Relative expression levels of the genes were
assessed using the 2�DDct method. The methods of western blot are
described in Section 2.6. Blots were incubated with selected anti-
bodies p21, p53, bcl2, TMEM79, ACOXL, DRD2, FANCD2, and
TMPRSS2 (Abcam, Cambridge, UK). Beta-actinwas used as a loading
control.
2.12. Statistical analysis

Data are expressed as mean � SEM/SD of three independent
experiments, and one-way ANOVA analysis was conducted using
the Graphpad Prism 6 software. Statistically significant results
Fig. 1. Quality control of six batches of purified PQS by UHPLC-QTOF-MS/MS. The fingerprin
Rg3. The characteristic peaks were consistent among all six batches repeated within one m
amongmeans were set at *p< 0.01, **p< 0.001, ***p< 0.0001, and
****p < 0.00001.

3. Results

3.1. Quality control of PQS by UHPLC-QTOF-MS/MS

To qualify and quantify ginsenosides in PQS, six different
batches of PQS extracts were analyzed with UHPLC-QTOF-MS/MS
column chromatography following chromatographic conditions
based on previous studies [48]. Eight ginsenosides of PQS were
identified by their retention times, accurate mass data of molecular
ions, and content of the reference compounds. The characteristic
peaks in six batches were consistent (Fig. 1). The retention times of
the eight main peaks were 5.28 min (Ginsenoside Re), 5.31min
(Ginsenoside Rg1), 10.81 min (Ginsenoside Rc), 9.69 min (Ginse-
noside Rb1), 11.68 min (Ginsenoside Rb2), 12.00 min (Ginsenoside
Rb3), 13.60 min (Ginsenoside Rd), and 16.16min (Ginsenoside Rg3),
respectively.

The sum of these saponins in PQS including Ginsenosides Re
(330.28 mg/g), Rg1 (105.91 mg/g), Rc (181.12 mg/g), Rb1 (92.64 mg/g),
Rb2 (284.01 mg/g), Rb3 (382.12 mg/g), Rd (217.58 mg/g), and Rg3
(118.03 mg/g) accounts for approximately 1,711.69 mg/g, which is
calculated using the following formula:

True value ¼ Value calculated from the calibration curve=
Average recovery

Our results showed that UHPLC-QTOF-MS/MS is a sensitive,
rapid, and precise method for simultaneous resolution of the gin-
senosides in PQS and a useful technique for the quality control of
PQS as well as other Chinese herbal medicines.

3.2. PQS inhibited DU145 cell viability and induced cell apoptosis

To evaluate the cell growth inhibition, DU145 cells were treated
with indicated concentrations (0, 15, 50,100, and 150 mg/mL) of PQS
for 24, 48, and 72 h. The results showed that PQS reduced DU145
cell viability in a time- and concentration-dependent manner
compared with untreated DU145 cells. A significant reduction of
47.1% viable DU145 cells was observed at 48 h compared to the
control group (Fig. 2A). Furthermore, DU145 and PNT2 cells were
treated with 0, 50, 100, and 150 mg/mL of PQS for 48 h. PQS treat-
ment caused a 33.2% decrease of DU145 cell viability compared to a
ts of ginsenosides in the methanol fraction include Re, Rg1, Rc, Rb1, Rb2, Rb3, Rd, and
onth.



Fig. 2. PQS inhibited the viability of DU145 cells in a dose-dependent manner. Human PC DU145 cells and prostate epithelial PNT2 cells were treated without (0 mg/mL, vehicle
control) or with increasing concentrations of PQS (5, 15, 50, 100, and 150 mg/mL) for 48 h. Cells were photographed using a microscope (A) and cell viability (% of control, B) was
measured using a Cell Titer-Blue Cell Viability assay kit. Error bars represent standard deviations (SD) from n � 3 independent experiments in triplicate. * and **** represent
p < 0.05 and p < 0.0001, as obtained by one-way ANOVA.
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14.5% decrease of PNT2 cell viability at a concentration of 150 mg/mL
(Fig. 2B).

Apoptosis of DU145 cells after PQS treatment for 24 h and 48 h
was detected using a FITC Annexin V Apoptosis Detection Kit with
PI. Cells treated with PQS exhibited significant apoptosis at both
time points (24 h and 48 h). The FACS results showed a significant
increase of apoptotic cells after PQS treatment in a time-dependent
manner (Fig. 3). After exposure to PBS (negative control) for 24 h,
3% of DU145 cells exhibited an early stage apoptosis and 11.7% a late
stage apoptosis, while 85.1% of cells were viable. After 48 h of PBS
treatment, 5.1% of DU145 cells exhibited an early stage apoptosis
and 10.8% a late stage apoptosis, while 84.1% of cells were viable.
After ethanol treatment (positive control), 9.1% of cells exhibited an
early stage apoptosis and 76.8% a late stage apoptosis while 10.9% of
cells were viable. PQS-treated cells showed an apparently increased
apoptosis ranging from 13.9% early stage apoptosis to a 64.7% late
stage apoptosis after 24 h treatment, and from 21.3% early stage
apoptosis to a 74.8% late stage apoptosis after 48 h treatment. Total
apoptosis of PQS-treated cells increased from 78.6% at the time
point of 24 h to 96.1% total apoptosis at 48 h. The viable cell per-
centage was significantly reduced from 11.9% after 24 h treatment
to 2.7% at 48 h (Fig. 3).
3.3. PQS induced caspase-3/7 activity and cytotoxicity

To further evaluate anti-proliferation effects of PQS on DU145
cells, the ApoTox-Glo Triplex assay, which includes the viability and
caspase assays, and the LDH cytotoxicity assay, was performed in
parallel under the same conditions. In the caspase assay, apoptosis
was detected using Caspase-Glo to measure caspase-3/7 activity.
Caspase activity is shown as fold increase of treated cells versus
untreated cells (vehicle). The results showed that PQS increased
significantly caspase activity by 90.54% at 150 mg/mL (Fig. 4A).

Western blot analysis showed that PQS treatment with different
concentrations (50, 100, and 150 mg/mL) raised the expression
levels of cleaved caspase-3 significantly in a dose-dependent
manner (Fig. 4B), which was in consistence with caspase-3/7 ac-
tivity data obtained by ApoTox-Glo caspase assays (Fig. 4A,
**p < 0.01).

The cytotoxic effect of different concentrations (0, 15, 50, 100,
and 150 mg/mL) of PQS on DU145 cells was determined using a LDH
Cytotoxicity Assay Kit. PQS caused a significant, time- and dose-
dependent increase in LDH release at concentrations of 15 to 150
mg/mL after treatment for 24 h and 48 h. A concentration of 150 mg/
mL of PQS led to a cytotoxicity value of 29.01% after 24 h and to



Fig. 3. PQS induced the apoptosis of DU145 cells. DU145 cells were treated with PBS as a negative control, 100% ethanol as a positive control, and PQS (150 mg/mL) for 24 and 48 h
and measured by FACS using a FITC Annexin V Apoptosis Detection Kit with PI. Cells treated with PQS exhibited a significantly increased apoptosis in a time-dependent manner.
Total apoptosis of cells increased from 78.6% at the time point of 24 h to 96.1% total apoptosis after 48 h of PQS treatment. The viable cell percentage was significantly reduced from
11.9% after 24 h to 2.7% after 48 h of treatment.
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60.21% after 48 h in comparison with the control group (Fig. 4C,
*p < 0.01 and ****p < 0.0001).

3.4. PQS treatment reduced the migration and invasion of DU145
cells

To gauge the anti-migratory activity of PQS, wound healing as-
says were carried out with DU145 and PNT2 cells after a 24 h
treatment with PQS (150 mg/mL). Wound fields with a defined gap
of 0.9 mm were inserted. Wound closures were photographed at
0 and 48 h after wounding and the percent closures weremeasured
(Percent Closure ¼ Migrated Cell Surface Area/Total Surface
Area � 100). Fig. 5A and B show that the migration of PQS-treated
DU145 cells was significantly inhibited compared to untreated cells.
The percent wound closure was 24.8% in DU145 cells whereas it
was 72.8% in PNT2 cells after treatment.

Invasion assays were performed using a CytoSelect Invasion
Assay kit. Cells were treated with indicated concentrations of PQS
for 24 h. Only 43.28% of DU145 cells were able to invade through
the polycarbonate membrane compared to the untreated cells. The
results showed that both concentrations of PQS (50 and 150 mg/mL)
inhibited DU145 cell invasion (Fig. 6).

3.5. PQS induced the DU145 cell cycle arrest at the G1 phase

A main characteristic of cancer cells is the deregulation of cell
cycle controls. To further define whether the anti-proliferative ef-
fect of PQS is due to inhibition of cell cycle progression, we per-
formed a flow cytometric analysis of the cell cycle in DU145 cells.
DU145 cells were treated with indicated concentrations of PQS (0,
50, 100, and 150 mg/mL) for 48 h, stained with the PI/RNase staining
buffer, and analyzed by FACS. PQS increased the number of DU145
cells from 46.58% to 58.73% in the G1 phase, decreased the number
of DU145 cells from 31.39% to 26.32% in the G2 phase, and from
22.04% to 14.95% in the S phase in a dose-dependent manner
(Fig. 7). These findings demonstrate that cell cycle arrest in DU145
cells is induced by PQS via alteration of protein levels that influence
cell cycle progression in the G1 phase. Examination of the cellular
levels of cell cycle regulatory proteins that promote the G1 transi-
tion furthermore confirmed the PQS-induced cell cycle arrest of



Fig. 4. PQS treatment induced caspase-3/7 activity (A), expression levels of cleaved
caspase-3 (B) and cytotoxicity (C). DU145 cells were treated with PQS (0, 15, 50, 100,
and 150 mg/mL) for 48 h for the ApoTox-Glo Triplex assay and western blots, and for 24
h and 48 h for LDH cytotoxicity assay. Caspase-3/7 activity was determined by lumi-
nescence measurement and is shown as fold increase of treated cells versus untreated
cells (vehicle) (A). Western blot analysis of cleaved caspase-3 (B) showed that PQS
treatment raised the levels of the cleaved caspase-3 in a dose-dependent manner,
which is in agreement with the data of caspase-3/7 activity assay. Cytotoxicity was
determined using a LDH release assay by fluorescence measurement at 485Ex/520Em
(C). PQS caused a significant, time- and dose-dependent increase of LDH release at
concentrations of 15 to 150 mg/mL in comparison with the control group. Error bars
represent standard deviations (SD) from n � 3 independent experiments in triplicate.
*, **, and **** represent p < 0.05, p < 0.01, and p < 0.0001, as obtained by one-way
ANOVA (A).

Fig. 5. PQS treatment inhibited the migration of DU145 cells as shown by a wound
healing assay. DU145 and PNT2 cells were treated with the indicated concentration of
PQS and were tested using the CytoSelect Wound Healing Assay kit. Wound closures
were photographed at 0 h and 24 h after wounding (A). The wound closure of DU145
cells was significantly smaller than that of PNT2 cells at concentrations of 50 and 150
mg/mL (B). Error bars represent standard deviations (SD) from n � 3 independent
experiments in triplicate. **** represents p < 0.0001 as obtained by one-way ANOVA.
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DU145 cells. The overall arrest induced by PQS may account for its
inhibitory effect on DU145 cell growth.
Fig. 6. PQS treatment reduced the invasion of DU145 cells. Cells were treated with
different concentrations of PQS (50 and 150 mg/mL) for 24 h. Invasion assays were
performed using the CytoSelect Invasion Assay kit. Both concentrations of PQS
inhibited DU145 cell invasion compared to untreated cells. Only 43.28% of DU145 cells
were able to invade through the polycarbonate membrane after treatment with 150
mg/mL PQS. Error bars represent standard deviations (SD) from n � 3 independent
experiments in triplicate. ** and **** represent p < 0.01 and p < 0.0001 as obtained by
two-way ANOVA.
3.6. PQS treatment regulated the expression level of multiple
cancer-related genes

We used the oligonucleotide microarray technique to analyze
miRNA expression profiles in DU145 and PNT2 cells after PQS



Fig. 7. PQS treatment induced the cell cycle arrest at the G1 phase in DU145 cells. DU145 cells were treated with the indicated concentrations of PQS for 48 h. Propidium iodide was
used for FACS analysis of DNA content in fixed cells. PQS increased the number of cells in the G1 phase from 46.58% to 58.73% and decreased the number of cells in the G2 phase
from 31.39% to 26.32% and in the S phase from 22.04% to 14.95% in a dose-dependent manner.
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treatment. Differential miRNA expression data were evaluated
using a hierarchical cluster analysis software. A total of 28,647
human genes were detected and 3,199 differentially expressed
genes were discovered in DU145 cells whereas 25,602 genes
were detected and 1,205 differentially expressed genes were
identified in PNT2 cells. Differentially expressed genes were
identified when their expression was decreased or increased
more than two fold in PQS-treated cells. The results showed
that the expression of 1,501 genes was down-regulated and
1,698 genes was up-regulated in PQS-treated DU145 cells.
Likewise, the expression of 598 genes was down-regulated and
607 genes was up-regulated in PQS-treated PNT2 cells. Among
the expressed genes which were the most related to altered
migration and cell cycle arrest after PQS treatment, p21, p53,
ETV5, SPINT1, ACOXL, and TMEM79 were up-regulated, whereas
bcl2, DRD2, TMPRSS2, FANCD2, and STAT3 were down-regulated
in our experiments (Fig. 8A and B). The miRNA expression in-
tensity is visualized using a color scale ranging between green
(low) and red (high). The top ten significantly altered pathways
are listed in Fig. 8C and D.

We performed qRT-PCR and western blot analyses to evaluate
the altered mRNAs and protein expression levels after PQS
treatment. Current studies indicate that p53, p21, STAT3, and bcl2
are the most important genes associated with cell apoptosis and
cell cycle arrest [21,22,57e62]. TMPRSS2, ETV5, SPINT1, FANCD2,
and DRD2 are involved in tumor migration and invasion [63e69].



Fig. 8. PQS treatment regulated the expression levels of multiple cancer-related genes and pathways. An oligonucleotide microarray was used to analyze the miRNA expression
profiles in DU145 and PNT2 cells after PQS treatment (A, B). Hierarchical clustering analysis was employed to evaluate differential miRNA expression between treated and untreated
groups. p21, p53, ETV5, SPINT1, ACOXL, and TMEM79 were up-regulated, whereas bcl2, DRD2, TMPRSS2, FANCD2, and STAT3 were down-regulated in the treatment groups. The
enrichment scores of ten significant up- and down-regulated pathways are shown (C, D).
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TMEM79 and ACOXL have been reported to be novel markers for
PC research as well [5,70]. We tested whether PQS would alter
the levels of these genes in DU145 cells and thereby would
convey its anti-cancer activities. The qRT-PCR results displayed
that PQS significantly down-regulated the expression levels of
bcl2, DRD2, TMPRSS2, FANCD2, and STAT3 and up-regulated the
expression levels of p21, p53, ETV5, SPINT1, ACOXL, and TMEM79
in DU145 cells versus in PNT2 cells in a dose-dependent manner
mostly (Fig. 9, *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001). Representative protein bands of western blots
supported the qRT-PCR results. Upon PQS treatment of DU145
cells, we found that the protein levels of bcl2, DRD2, FANCD2, and
TMPRSS2 were decreased, whereas those of p53, p21, TMEM79,
and ACOXL were increased (Fig. 10). PQS treatment regulated the
mRNA and protein expression levels in DU145 cells consistently.
Fig. 9. PQS treatment regulated the expression of multiple cancer-related genes at the mRNA
cells was extracted for qRT-PCR. The expression levels of p21, p53, TMEM79, ACOXL, SPINT1
STAT3, FANCD2, TMPRSS2, and DRD2 were down-regulated after PQS treatment (GeK). The
standard deviations (SD) from n � 3 independent experiments in triplicate. *, **, ***, and
ANOVA.
4. Discussion

PC is the most prevalent cancer among men worldwide [70].
Hormone treatment and radiotherapy are generally administered
to shrink the tumor, but often are accompanied by different side
effects [14,71e77]. Therefore complementary and alternative
therapies are receiving more attention and have been applied in
oncotherapy in some Asian and European countries due to their
relatively low toxicity and fewer side effects [78,79]. The Chinese
herbal medicine PQS has been applied for treatment of various
diseases including cancer [34,36,37,44,53,55,80e83]. Published
studies showed that different single ginsenosides exhibit an
inhibitory effect on the proliferation of colorectal cancer cells
[50,51,54], non-small cell lung cancer cells [52], pancreatic cancer
cells [53], ovarian cancer cells [55,56], and PC cells [18,21,83e87].
level. DU145 cells were treated with indicated concentrations of PQS for 48 h. mRNA of
, and ETV5 were up-regulated after PQS treatment (AeF). The expression levels of bcl2,
qRT-PCR was performed using a SYBR Green PCR Master Mix kit. Error bars represent
**** represent p < 0.05, p < 0.01, p < 0.001, and p < 0.0001 as obtained by one-way



Fig. 10. PQS treatment regulated the expression of multiple cancer-related genes at the
protein level. DU145 cells were collected after PQS treatment for 48 h. Cell lysates were
prepared for SDS-PAGE and western blotting. b-Actin served as the control protein. The
expression levels of p21, p53, TMEM79, and ACOXL were up-regulated and the
expression levels of bcl2, FANCD2, TMPRSS2, and DRD2 were down-regulated after
PQS treatment in a dose-dependent manner. Proteins were detected using BCIP/NBT
color development substrate.
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To isolate and purify single ginsenosides for the treatment requires
complicated separation techniques and the yield is low [48]. We
investigated the ginsenosides of PQS, which were identified as Re,
Rg1, Rc, Rb1, Rb2, Rb3, Rd, and Rg3, to evaluate their anti-PC efficacy
in this study. Our data suggest that PQS have efficacious anti-PC cell
activities in agreement with previous published results.

According to the WHO global survey, the efficacy, safety, and
quality control of traditional medicine and complementary and
alternative medicines have become inportant issues for TCM
research [88]. We used the UHPLC-QTOF-MS/MS method to eval-
uate the stability and quality of different batches of PQS during our
study [48,89]. We obtained comparable chromatograms of six
batches of PQS measured three times in one month. Our data
demonstrated that the PQS extracts were stable during the mea-
surements and have repeatable chromatographs among batches,
which were consistent with previous studies [89]. We used quality-
controlled PQS by UHPLC-QTOF-MS/MS for our subsequent cellular
and immunological experiments.

We compared the cell viability of DU145 cells with PC3 cells,
another human PC cell line, and epithelial PNT2 cells. The inhibitory
activity of PQS on DU145 cells was found to be similar to that of PC3
cells versus a much reduced effect on PNT2 cells (data not shown).
We studied the influence of PQS on cell proliferation, invasion,
migration, apoptosis, and cell cycle of both DU145 and PNT2 cells.
Our data showed that PQS exhibited a potent inhibitory effect on
DU145 cell growth, but apparently did not have a cytotoxic effect on
PNT2 cells.

Cell migration is a particular important aspect to investigate in
cancer research and it is also widely used in immunological and
wound healing studies [55,90]. Because distant metastasis is
especially common in PC patients, the inhibition of migratory and
invasive abilities of cancer cells is remarkably important
[20,65,86,91]. Transwell cell migration and invasion assays as well
as wound closure assays show detailed information of cell
migratory behaviors and thus may reveal molecular mechanisms of
cell migration [90]. Accordingly, cell motility assays were used to
determine the invasion capabilities and migration velocity of
DU145 and PNT2 cells after PQS treatment, which significantly
inhibited the migration distance and suppressed the invasive
properties of DU145 cells in a dose-dependent manner.

Biomarker assays for diagnosis, prognosis, and treatment pre-
diction in PC is a rapidly expanding field in recent years. A com-
bination of different markers will be able to guide future clinical
decisions rather than a single biomarker [92e94]. Current research
indicated that p53, p21, STAT3, and bcl2 are the most important
genes related to cancer research [21,22,57e62]. TMPRSS2, ETV5,
SPINT1, FANCD2, and DRD2 were found to be related to cell
migration and invasion in PC [63e69]. TMEM79 and ACOXL were
reported to be novel markers for PC as well [5,70]. Our results
suggested that these cancer-related genes associated with
restraining cell growth, inhibiting cell proliferation, regulating cell
cycle, inducing apoptosis, and suppressing cell migration and in-
vasion were modified by PQS, which likely contributed to its anti-
cancer effect. This suggested that PQS not only works on a certain
pathway, but also acts on multiple cancer-related pathways, thus
inducing apoptosis and inhibiting proliferation.

p53 and bcl2 are two of the earliest known cancer-related genes
[58]. The p53 gene represents a key regulator of cellular growth
control, which has been reported to have the ability to induce
either growth arrest or cell death [95]. Alterations of the p53 pro-
tein were mediated via interaction with its downstream effector
p21 [57,59,69,96]. Up-regulated expression of p21 following p53
activation in response to DNA damage can cause either cell cycle
arrest at the G1 phase or apoptosis, which may be important in the
development of PC [57]. We showed that after PQS treatment, the
expression levels of p53 and p21 were up-regulated in DU145 cells.
This suggested that PQS may affect the cell cycle, which conse-
quently leads to apoptosis in DU145 cells. The proteins of the bcl2
family are important regulators of many signals leading to caspase
activation [60,97,98]. The p53 gene inhibits bcl2 transcription and
directly impacts bcl2 activity as part of a transcription-independent
pathway to cell death [58,99,100]. Overexpression of bcl2 signifi-
cantly affected the expression or phosphorylation of STAT3 [101],
which is believed to be a potential molecular target due to the
regulation of different genes related tometastasis and angiogenesis
[22,62,102]. Our experiments indicated that PQS down-regulated
the expression levels of bcl2 and STAT3, which is eventually lead-
ing to the suppression of DU145 cell proliferation, angiogenesis,
and metastasis.

TMPRSS2, ETV5, and SPINT1 were found to be associated with a
more aggressive form of PC [64,65,92] and have been reported to
play a significant role in cell invasion, migration, and proliferation
[63,91]. DRD2 was reported to have an effect on cell invasion and
migration in human non-functioning pituitary cancer cells and
pancreatic ductal adenocarcinoma [68,69]. The FANCD2 protein
was found to be involved in the regulation of the downstreamDNA-
repair events and cell cycle in rhabdomyosarcoma cells, bystander
cells, and HeLa cells [66,103e105]. Our data indicated that the
expression levels of TMPRSS2, DRD2, and FANCD2 were down-
regulated whereas ETV5 and SPINT1 were up-regulated by PQS in
PC DU145 cells. This indicated that the anti-PC activity of PQS could
be due to the modified regulation of these genes.

Transmembrane proteins play a crucial role as transporters and
receptors [106]. Misplaced transmembrane proteins are related to
several serious diseases, making transmembrane proteins impor-
tant targets for biological drugs [107,108]. Recent research showed
that TMEM79 was highly expressed in normal prostate tissue but
only lowly expressed in PC tissue and indicated a transfer of the
proteins from the inside of the membrane into the cytoplasmwhen
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the normal epithelium transformed into tumor epithelial cells
[5,70]. The potential mechanisms and consequences of low
expression levels in PC cells are unclear as the function of TMEM79
is yet to be clarified [70]. It is of importance to continue the further
functional analysis, such as comparison of gene expression levels in
matched tissues and serum, to examine its clinical impact in dis-
ease screening.

ACOXL showed high expression in the granular cytoplasm of the
mitochondrial region in most of benign glands and low expression
in the prostate tumors, which enables specificity and high sensi-
tivity in recognizing benign prostate glands in tissue samples [70].
Another study showed an enrichment of ACOXL in PC serum indi-
cating that the transformation of normal epithelium to tumor
epithelium may lead to reduced levels of ACOXL expression in the
epithelium possibly because of ACOXL leaking into the serum [70].
The expression level of TMEM79 and ACOXL in PC tissue was lower
than in normal tissue [109]. We tested the expression of these
genes in DU145 and PNT2 cells treated with PQS. We found these
two genes were always expressed lower in DU145 cells than in
PNT2 cells. The expression level of TMEM79 and ACOXL in DU145
cells was up-regulated after PQS treatment, which was consistent
with the previous results [70,106]. O'Hurley et al. indicated in 2015
in their study that the observed high sensitivity and specificity of
TMEM79 and ACOXL at detecting benign prostate may suggest that
these markers could be beneficial to assist pathological diagnosis.
The differentiation of the expression levels of TMEM79 and ACOXL
genes in DU145 and PNT2 cells proved that both genes might have
potential as specific biomarkers in PC research.

In conclusion, we demonstrated that PQS have good stability
and quality, which might be beneficiary for an effective herbal
remedy playing a complementary or alternative role for treating PC.
Our data indicated that PQS suppressed the proliferation of DU145
cells, reduced their cell viability, and exhibited higher cytotoxicity
in comparison with PNT2 cells. G1 phase cell cycle arrest and
apoptosis were also induced by PQS. A significant decrease in
DU145 cell invasion and migration were observed after PQS treat-
ment. PQS up-regulated the expression levels of p21, p53, TMEM79,
ACOXL, ETV5, and SPINT1 whereas it down-regulated the expres-
sion levels of bcl2, STAT3, FANCD2, DRD2, and TMPRSS2. TMEM79
and ACOXL were expressed significantly higher in PNT2 cells than
in DU145 cells and thus could be novel biomarker candidates for PC
diagnosis in the future.
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