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Abstract
The androgen receptor (AR) plays an important role in the pathogenesis and development of prostate cancer (PCa). Mostly, 
PCa progresses to androgen-independent PCa, which has activated AR signaling from androgen-dependent PCa. Thus, inhi-
bition of AR signaling may be an important therapeutic target in androgen-dependent and castration-resistant PCa. In this 
study, we determined the anticancer effect of a newly found natural compound, sakurasosaponin (S-saponin), using androgen-
dependent and castration-resistant PCa cell lines. S-saponin induces mitochondrial-mediated cell death in both androgen-
dependent (LNCaP) and castration-resistant (22Rv1 and C4-2) PCa cells, via AR expression. S-saponin treatment induces a 
decrease in AR expression in a time- and dose-dependent manner and a potent decrease in the expression of its target genes, 
including prostate-specific antigen (PSA), transmembrane protease, serin 2 (TMPRSS2), and NK3 homeobox 1 (NKX3.1). 
Furthermore, S-saponin treatment decreases B-cell lymphoma-extra large (Bcl-xL) and mitochondrial membrane potential, 
thereby increasing the release of cytochrome c into the cytosol. Moreover, Bcl-xL inhibition and subsequent mitochondria-
mediated cell death caused by S-saponin were reversed by Bcl-xL or AR overexpression. Interestingly, S-saponin-mediated 
cell death was significantly reduced by a reactive oxygen species (ROS) scavenger, N-acetylcystein. Animal xenograft 
experiments showed that S-saponin treatment significantly reduced tumor growth of AR-positive 22Rv1 xenografts but not 
AR-negative PC-3 xenografts. Taken together, for the first time, our results revealed that S-saponin induces mitochondrial-
mediated cell death in androgen-dependent and castration-resistant cells through regulation of AR mechanisms, including 
downregulation of Bcl-xL expression and induction of ROS stress by decreasing mitochondrial membrane potential.
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Introduction

Prostate cancer (PCa) is one of the most common cancers 
in men in the USA, and its mortality rate is high [1, 2]. 
PCa is dependent on androgen, and androgen activates the 
transcriptional activity of the androgen receptor (AR) by 
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binding with the AR and mediating the growth of PCa cells 
[3–5]. For patients, hormone therapy [androgen deprivation 
therapy (ADT)] inhibits ligands from binding to receptors or 
inhibits the activity of AR by androgen blockade [6]. Despite 
ADT, however, most patients progress to castration-resist-
ant PCa (CRPC) without adequate chemotherapy [7]. It is 
hypothesized that the amplification of AR and the mutation 
of AR results in the development of CRPC, which means 
that the AR is still functional and activates target genes of 
AR in CRPC [4, 8, 9]. Therefore, it has been suggested that 
the downregulation of AR expression should be considered 
as a key strategy for the treatment of all stages of PCa. Cur-
rently, three classes of agents are used for AR signaling tar-
geting. These classes are used to block the activity of the 
AR, inhibit endogenous androgen production, and decrease 
the stability of AR protein [10–13].

The anti-apoptotic protein B-cell lymphoma-extra large 
(Bcl-xL) interacts with pro-apoptotic member Bax or Bim 
to protect the cell from death by controlling mitochondrial 
membrane potential and volume and consequently blocks 
the release of cytochrome c into the cytoplasm [14, 15]. 
Bcl-xL also may prevent apoptosis through a cytochrome 
c-independent pathway [16, 17]. The Bcl-xL protein is usu-
ally regulated at the gene expression level, but posttran-
scriptional regulation is also possible [18]. Bcl-xL has been 
reported to play an important role in the progression of PCa 
and to be highly expressed in metastatic PCa and CRPC 
[19–21]. In addition, AR has been reported to interact with 
the bcl-x promoter, and abolishing the AR gene in PCa cells 
significantly inhibited Bcl-xL expression [22, 23]. Thus, 
modulating AR expression may be an important strategy 
to inhibit PCa.

In this study, we screened an in-house plant-derived sin-
gle compound library to identify compounds that induced 
apoptosis in PCa cells. We identified sakurasosaponin 
(S-saponin) as a novel AR inhibitor from the screening hits 
and defined its mechanism of action in PCa cells. S-sapo-
nin, a newly identified saponin from the leaves of Aegiceras 
corniculatum and roots of Jacquinia flammea Millsp, has 
been reported to inhibit the growth of various cancers such 
as breast cancer, lung cancer, colon cancer, and melanoma 
[24–26]. However, the effects of S-saponin on PCa have not 
yet been elucidated.

Here, we demonstrated that S-saponin significantly 
induced mitochondrial-mediated cell death in AR-express-
ing PCa cells without affecting the mitochondrial-dependent 
mechanism in AR-negative PCa cells. We also confirmed 
that the pro-survival protein Bcl-xL, an AR target gene, was 
inhibited by treatment with S-saponin, which is important 
in S-saponin-induced mitochondria-mediated cell death. 
The xenograft and orthoxenograft experiments indicated 
that S-saponin treatment largely decreased tumor volumes 
in vivo. These results suggest that S-saponin might be a 

novel therapeutic agent for AR-expressing androgen-depend-
ent and castration-resistant PCa patients.

Materials and methods

Cell culture, antibodies, and chemicals

The PCa cell lines LNCaP, 22Rv1, PC-3, and DU145 were 
obtained from American Type Culture Collection (ATCC; 
Manassas, VA, USA), while the C4-2 cells were a kind 
gift from Dr. Sang-Jin Lee (Genitourinary Cancer Branch, 
Center for Prostate Cancer, Research Institute, Hospital of 
National Cancer Center, Republic of Korea). These cells 
were cultured in RPMI-1640 supplemented with 10% fetal 
bovine serum (FBS) at 37 °C, in a humidified incubator 
containing 5%  CO2. Antibodies against poly-(adenosine 
diphosphate-ribose) polymerase (PARP), Bcl-xL, and cas-
pase-3 were purchased from Cell Signaling Technology 
(Danvers, MA, USA). Antibodies against Prx3 and hemag-
glutinin epitope (HA) were purchased from AbFrontier 
(Seoul, Korea). Antibodies against AR, TMPRSS2, NKx3.1, 
and tubulin were purchased from Santa Cruz Biotechnology 
(CA, USA). Antibodies to cytochrome C were purchased 
from BD Pharmingen (San Jose, CA, USA). Flag antibody 
and N-acetyl-l-cysteine (NAC) were purchased from Sigma 
(St. Louis, MO, USA). All the chemicals not mentioned 
above were obtained from Sigma (St. Louis, MO, USA).

Extraction and isolation of sakurasosaponin

Primula sieboldii were purchased from Somang-Nongwon 
farm, Daejeon, Korea, and identified by Professor Dae-Keun 
Kim, Woosuk University, Jeonju, Korea. The specimen is 
reserved in the Laboratory of Natural Products Chemistry, 
Kyunghee University, Suwon, Korea.

The air-dried roots of P. sieboldii (200 g) were extracted 
with 80% MeOH (3 L × 3), and the concentrated extract 
(32.4 g) was poured in  H2O (500 mL) and extracted with 
EtOAc (500 mL × 3) and n-BuOH (500 mL × 3), succes-
sively. Each layer which was concentrated in vacuo gave 
the EtOAc fraction (PSE, 4.7 g), n-BuOH fraction (PSB, 
12.8  g), and aqueous fraction (PSW, 14.9  g), respec-
tively. The PSB was subjected to a silica gel column 
(8 × 15 cm) chromatography and eluted with  CHCl3-MeOH 
(10:1 → 5:1 → 3:1, 2L of each) and  CHCl3-MeOH-H2O 
(10:3:1 → 7:3:1 → 65:35:10, 2L of each) to produce 12 frac-
tions (PSB1 to PSB12). Fraction PSB9 (8.4 g) was applied to 
octadecyl silica gel (ODS) column (4 × 15 cm) chromatogra-
phy and eluted MeOH-H2O (3:2, 3.5 L) to afford 5 fractions 
(PSB1-1 to PSB-1–PBS-5) along with sakurasosaponin at 
PSB-1–PBS-4 (7.1 g).
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In vitro cell death assays

PCa cells were treated with S-saponin at the dose or time 
indicated in the figures. Similarly, for the inhibitor experi-
ment, PCa cells were cultured in the presence or absence 
of NAC to confirm the effect of frugoside. Cell death was 
measured by fluorescence-activated cell sorting (FACS) 
analysis after staining using an annexin V-fluorescein iso-
thiocyanate/propidium iodide (annexin V-FITC/PI) staining 
kit (Roche, Nutley, NJ, USA). Cell viability was determined 
using a CCK-8 assay kit (Dojindo, Tokyo, Japan), according 
to the manufacturer’s instructions. Briefly, PCa cells were 
inoculated into a 96-well microplate, and CCK-8 solution 
(10 μL/100 μL medium) was added to each well of the plate. 
After incubation of the plate for 1–4 h in a  CO2 incubator at 
37 °C, the absorbance of each well was measured at 450 nm 
using a microplate reader (Molecular Devices, Sunnyvale, 
CA) with a reference wavelength of 650 nm. Cell cycle dis-
tribution was determined by DNA staining with PI (Sigma). 
Cells were harvested and fixed in 70% ethanol. Cell pellets 
were suspended in PI and simultaneously treated with RNase 
at 37 °C for 30 min. The percentage of cells in different 
phases of the cell cycle was measured using a FACScanto II 
flow cytometer (BD Biosciences).

Quantitative reverse transcriptase polymerase chain 
reaction

RNA was extracted from the cells using an RNeasy Mini kit 
(Qiagen). Briefly, 1.5 μg RNA was reverse transcribed with 
oligo (dT)12-18 primers using the First-Strand cDNA Syn-
thesis Kit (Fermentas, Grand Island, NY, USA). All reac-
tions were performed in triplicate, and the B2M gene was 
used as the control. Using the comparative threshold cycle 
(Ct) method or standard method, the relative quantification 
of expression of each gene was calculated after normaliza-
tion against B2M for each sample. The primers for real-
time PCR were designed as follows: AR primer: forward 
5´-CCA AGC GCT AGT GTT CTG TTC-3´ and reverse 
5´-GCA GCT TTT CTT GGG TCT CTT-3´; PSA primer: 
forward 5´-TGC CCA CTG CAT CAG GAA CA-3´ and reverse 
5´-GTC CAG CGT CCA GCA CAC AG-3´; TMPRSS2 primer: 
forward 5´-ATT TGC GGG GAT TTT GAG AC-3´ and 
reverse 5´-TCA ATG AGA AGC ACC TTG GC-3´; NKX3-1 
primer: forward 5´-AAG CTC ACG GAG ACC CAA GT-3´ 
and reverse 5´-ATA CAC GGA GAC CAG GGA GG-3´; and 
B2M primer: forward 5´-CTC GCT CCG TGG CCT TAG-3´ 
and reverse 5´-CAA ATG CGG CAT CTT CAA-3´.

Protein isolation and Western blotting

Cells were lysed in lysis buffer A [20 mM HEPES (pH 
7.5), 150 mM NaCl, 1 mM EDTA, 2 mM EGTA, 1% Triton 

X-100, 10% glycerol, and protease cocktail I/II; Sigma], and 
cellular debris was removed by centrifugation at 10,000×g 
for 10 min. Proteins were separated by sodium dodecyl sul-
fate polyacrylamide gel electrophoresis, transferred onto 
nitrocellulose membranes, blocked with 5% skim milk 
in 0.01 M TBS (pH 7.5) containing 0.5% Tween 20, and 
blotted with the appropriate primary antibodies. The anti-
gen–antibody complexes were detected by chemilumines-
cence (Abclone, Korea).

Measurement of mitochondrial activity

To detect and measure mitochondrial membrane potential, 
reactive oxygen species (ROS) generation, and  Ca2+ con-
centration, we used the specific fluorescent probes TMRE, 
Mito-Sox, and Rhod-2AM (Invitrogen), respectively. Cells 
were cultured and then incubated with 1 μM Mito-Sox for 
20 min or with 5 μM TMRE or Rhod-2AM for 30 min at 
37 °C. The levels of the fluorescent probes were measured 
using a FACScantoII flow cytometer (BD Bioscience) and 
fluorescence microscope (Carl Zeiss, Germany).

Colony‑forming assay

Anchorage-independent growth was assessed by perform-
ing colony-forming assays in soft agar assays. Cells were 
suspended in 1 ml cell growth medium containing 0.3% agar 
and plated over a layer of 0.6% agar in growth medium. 
Cells were grown at 37 °C with 5%  CO2. Fifteen days post-
inoculation, the colonies were stained with 0.01% crystal 
violet for 10 min and counted.

Subcellular fractionation

For the mitochondrial leak experiments, the cytosolic and 
mitochondrial fractions were measured using a Proteo-
Extract subcellular proteome extraction kit (Calbiochem, 
USA). Briefly, melanoma cells (1 × 106) were harvested, 
rinsed twice with ice-cold PBS, and resuspended in 200 μL 
of extraction buffer 1 containing a protease inhibitor cocktail 
(PIC). Subsequently, they were incubated with gentle agita-
tion at 4 °C for 10 min. The supernatants were separated into 
pellets and supernatants (cytosolic fraction) by centrifuga-
tion at 1000×g for 10 min. The pellets were resuspended 
in 200 μL of extraction buffer 2 containing PIC, incubated 
with gentle agitation at 4℃ for 30 min, and then separated 
into pellets and supernatants (mitochondrial fraction) by 
centrifugation at 6000×g for 10 min.

Animal model

Tumorigenicity was determined by subcutaneously inject-
ing 22Rv1 and PC-3 PCa cells into the flanks of 6-week-old 
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female nude mice (Japan). All mice were maintained in 
accordance with the institutional guidelines of the University 
of Ulsan Animal Care Committee. The tumor size was meas-
ured every 3 days using a digital caliper. The tumor volumes 
were measured using the formula V = a × b2/2, where a and b 
are the largest and the smallest superficial diameters of the 
tumor, respectively. At day 36, the tumor masses extracted 
from each group of mice were photographed.

To construct the prostate orthotopic xenograft model 
with PCa 22Rv1 cells, mice (8-week-old non-obese diabetic/
severe combined immunodeficient mice (NOD. CB17-Prk-
dcscid)) were anesthetized using inhaled isoflurane, and a 
small nick was made in the skin. The prostate was exterior-
ized and injected with 200,000 22Rv1 cells in a collagen-1/
PBS suspension. The mouse abdominal wall was closed, and 
the mouse was allowed to recover from anesthesia. The mice 
were euthanized at 5 weeks posttransplantation to assess 
tumor burden.

Statistics analysis

Data were analyzed using Student’s t test with SigmaPlot 
12.0 software (2013, Systat Software Inc., San Jose, CA, 
USA). The P values were derived to assess the statistical sig-
nificance and are indicated as follows: *P < 0.05; **P < 0.01; 
and ***P < 0.001. Data for all figures are expressed as the 
mean ± SD of three independent experiments.

Results

Identification of S‑saponin as an inhibitor of PCa 
cells

In order to find natural compounds with anti-proliferative 
activity in PCa cells, we established a cell-based apoptotic 
assay using MR(DEVD)2 dye, which turns red upon cas-
pase-3 cleavage in apoptotic cells. The hit compounds were 
further analyzed for PARP cleavage by Western blotting. 
The screening strategy scheme is depicted in Supplementary 
Fig. 1. We screened 400 natural compounds in our library, 
and 22 compounds induced apoptosis in LNCaP cells. 
Among 22 positive hits, four were triterpenoids. Supplemen-
tary Fig. 2A depicts the chemical structures of the represent-
ative triterpenoids. To compare the apoptosis activity, we 
treated these compounds (10 μg/ml) with LNCaP for 24 h. 
Among the four triterpenoid relative compounds, sakura-
sosaponin (S-saponin) displayed the most robust apoptotic 
activity (Supplementary Fig. 2B and C). Thus, we selected 
S-saponin as the most promising anti-proliferative agent to 
further examine in PCa cells.

S‑saponin induces apoptosis in AR‑positive PCa cells

To verify the inhibitory effects of S-saponin, cell prolif-
eration was analyzed in several PCa cell lines, including 
LNCaP, 22Rv1, C4-2 (LNCaP cell derivative androgen-
independent PCa), PC3, and DU145 cells. Cells were treated 
with various concentrations of S-saponin for 12–48 h, and 
their proliferation was determined by a CCK-8 cell viabil-
ity assay. Pathologically different types of PCa cells were 
assessed, including LNCaP, 22Rv1, and C4-2, which con-
tain AR, and PC3 and DU145, which are AR-null. LNCaP, 
22Rv1, and C4-2 cells were relatively sensitive to S-saponin 
treatment (Fig. 1a–c). However, the growth and cell death of 
PC3 and DU145 cells were not affected by treatment with 
S-saponin (Supplementary Fig. 3A–D). To further explore 
the effect of S-saponin on PCa cell death, LNCaP, 22Rv1, 
and C4-2 cells were treated with S-saponin, labeled with 
annexin V-FITC and examined by flow cytometry. As shown 
in Fig. 1d–f, S-saponin induced cell death in a concentra-
tion-dependent manner. To confirm whether the cell death 
induced by S-saponin was due to apoptosis, we measured 
the DNA content of LNCaP, 22Rv1, and C4-2 cells after 
S-saponin treatment. S-saponin treatment increased the sub-
G1 population in a dose-dependent manner (Fig. 1g–i). Col-
lectively, these results support that S-saponin regulates cell 
growth and cell death in AR-positive (androgen-dependent 
and castration-resistant) PCa cells.

S‑saponin induced mitochondria‑mediated PCa cell 
death

Since caspases are major apoptotic regulators, we investi-
gated caspase activation in S-saponin-treated LNCaP and 
22Rv1 cells. S-saponin induced caspase-3 and PARP cleav-
age in a time- and dose-dependent manner (Fig.  2a–d), 
confirming the cytotoxicity of S-saponin. We further con-
firmed that stout activation of caspase-3 and DNA fragmen-
tation were demonstrated in these cell lines (Fig. 2e and 
f). We next examined potential mitochondrial involvement 
in cell death mediated by S-saponin. As shown in Fig. 2g 
and h, cytochrome c release into the cytosol was markedly 
increased by concentration-dependent treatment with S-sap-
onin. Next, PCa cells were treated with S-saponin to evalu-
ate potential differences in mitochondrial function in cells. 
FACS analysis showed that S-saponin had decreased mito-
chondrial membrane potential; however, mitochondrial ROS 
and  Ca2+ levels were higher in S-saponin treatment than in 
control groups in both LNCaP and 22Rv1 cells (Fig. 3a and 
b). We confirmed the alteration of mitochondrial function 
by S-saponin using fluorescence microscopic analysis, with 
similar observations (Fig. 3c–h). Collectively, these results 
suggested that the anti-PCa effects of S-saponin are due to 
mitochondrial-mediated apoptotic cell death. 
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S‑saponin inhibits AR expression and its target 
genes

AR is a critical factor for cell survival and growth in PCa 
[10]. Thus, considering that S-saponin-mediated cell tox-
icity in AR-positive cells is related to modulation of AR 
by S-saponin, we assessed whether S-saponin affects AR 
expression. LNCaP, 22Rv1, and C4-2 cells treated with 
different doses of S-saponin for different times and cell 
lysates were prepared, followed by Western blot analysis. 
We observed dose- and time-dependent decreases in AR 
protein levels with S-saponin treatment in three cell lines: 
LNCaP, 22Rv1, and C4-2 (Fig. 4a, b). Furthermore, to deter-
mine whether a decrease in AR protein caused by S-saponin 
occurs at the posttranslational level, we examined the half-
life of the protein level of AR in the presence of cyclohex-
imide. As shown in Fig. 4c, there was no difference in AR 
stability between vehicle-treated cells and S-saponin-treated 
cells. Similarly, MG132 failed to restore the AR protein in 
LNCap cells after treatment with S-saponin (Fig. 4d). Thus, 
we next assessed the mRNA levels of AR in LNCaP and 
22Rv1 cells and found that they were altered by S-saponin 
treatment (Fig. 4e, f). Together, these data indicate that 
S-saponin-induced downregulation of AR is the result of 

decreased transcription. We next determined whether the 
inhibition of AR expression by S-saponin regulates the tran-
scriptional activity of AR. LNCaP and 22Rv1 cells were 
treated with vehicle or S-saponin for various times and 
doses, and then, we measured AR target genes including 
prostate-specific antigen (PSA), transmembrane protease, 
serin 2 (TMPRSS2), and NK3 homeobox 1 (NKX3.1). 
S-saponin treatment decreased transcription of AR target 
genes in LNCaP and 22Rv1 cells (Fig. 5a–d). We also tested 
the protein levels of AR target genes in LNCaP and 22Rv1 
cells treated with S-saponin at different doses and times, and 
as expected, S-saponin significantly inhibited the expression 
of TMPRSS2 and NKx3.1 (Fig. 5e, f).

Anti‑apoptotic protein Bcl‑xL as an AR target gene 
is involved in S‑saponin‑mediated cell death

Having shown the mitochondrial involvement in S-saponin-
induced cell death, we also tested the transcription of the 
gene Bcl-xL, which is known to be regulated by AR [22, 
23]. As shown in Fig. 6a and b, the protein and mRNA 
levels of Bcl-xL were significantly decreased in response 
to S-saponin treatment in both 22Rv1 and C4-2 cells. To 
confirm that S-saponin-induced cell death occurs through 
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Fig. 1  S-saponin induces cell death in androgen-dependent and cas-
tration-resistant prostate cancer cells. a–c LNCaP (a), 22Rv1 (b), and 
C4-2 (c) cells were treated with S-saponin according to the indicated 
dose and time. The level of cytotoxicity was measured by the CCK-8 
assay. d–i LNCaP, 22Rv1, and C4-2 cells were treated with S-saponin 

at the indicated dose for 24 h. The cell viability of S-saponin-treated 
LNCaP (d), 22Rv1 (e), and C4-2 (f) cells was determined by FACS 
analysis after annexin V-FITC/PI staining. The apoptotic cell popu-
lation (Sub G1 population) was measured by PI staining and FACS 
analysis in S-saponin-treated LNcap (g), 22Rv1 (h), and C4-2 (i) cells
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a Bcl-xL-dependent mechanism, we transiently transfected 
22Rv1 cells with Bcl-xL plasmid and then treated 22Rv1 
cells with or without S-saponin. S-saponin elicited robust 
cell death, which was significantly inhibited by BCL-xL 
transfection (Fig. 6c), suggesting that S-saponin-induced cell 
death occurs through a Bcl-xL-dependent mechanism. We 
further confirmed whether overexpression of AR plasmid 
affected the S-saponin-induced cell death in 22Rv1 cells. 
22Rv1 cells were transfected with AR-overexpressing or 
control plasmid for 24 h and then treated with S-saponin 
for 24 h. As shown in Fig. 6d, AR-transfected cells were 
more resistant to S-saponin-induced cell death than control 
plasmid-transfected 22Rv1 cells. Notably, compared with 
the control, the amount of the endogenous BCL-xL was 
markedly increased in AR-overexpressed cells and S-sap-
onin-treated AR-overexpressed cells. Moreover, S-saponin-
induced cleavage of caspase-3 and PARP was suppressed 
in Bcl-xL or AR-transfected 22Rv1 cells (Fig. 6e, f). Next, 
we determined if S-saponin-mediated decreased BCL-xL 
expression was involved with oxidative stress. To determine 
whether S-saponin-mediated decreased BCL-xL expres-
sion is involved with oxidative stress, we pretreated 22RVI 
cells with N-acetylcystein (NAC), a known ROS scaven-
ger, followed by S-saponin treatment. NAC attenuated 

S-saponin-induced cytotoxicity in 22Rv1 cells (Fig. 6g). In 
addition, co-treatment with NAC inhibited the cleavage of 
caspase-3 and PARP by S-saponin in 22Rv1 cells (Fig. 6h).

Hence, S-saponin-induced cell death presumably 
occurred via inhibition of BCL-xL expression and induc-
tion of oxidative stress.

S‑saponin‑induced AR deficiency suppresses tumor 
growth in vivo

To evaluate the in vivo effects of S-saponin, we first used an 
anchorage-independent growth assay using sphere forma-
tion. As shown in Fig. 7a, the number of spheres showed a 
significant concentration-dependent decrease after treatment 
with S-saponin. Next, we used a xenograft model produced 
by the injection of 22Rv1 and PC-3 cells. In 22Rv1 xeno-
graft-bearing mice, S-saponin injection resulted in a greatly 
reduced tumor volume compared with the vehicle (Fig. 7b). 
To further confirm this finding, we used an orthotropic 
model of 22Rv1 cells injected into the anterior prostate lobes 
of SCID mice. The results indicated that S-saponin notably 
decreased tumor volumes by 52%. Interestingly, the tumor 
growth rate change caused by S-saponin was not observed 
in PC-3 xenograft mice (Fig. 7c). Furthermore, qRT-PCR 
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and immunoblotting results showed that AR expression was 
significantly decreased in the tumors treated with S-saponin, 
compared to the untreated tumors (Fig. 7d, e). Collectively, 
these data show that S-saponin treatment reduces the tumo-
rigenic ability in vivo through inhibiting AR expression in 
PCa cells.

Discussion

PCa accounts for 26% of all cancers in men in the USA and 
is one of the most common cancers worldwide [1, 2]. Most 
PCs are hormone dependent, and androgen is important in 
the progression of PC growth. In classical AR signaling, 
androgen activates the transcriptional activity of the AR by 
binding with the AR and mediates the growth of PCa cells 
[10]. For patients, hormone therapy, which inhibits ligand 
binding to receptors and the activity of AR by androgen 
blockade, is successful at first but ultimately fails to treat the 
disease [6, 27]. The main mechanism for progression to cas-
tration-resistant (androgen-independent) PCa is due to the 
reactivation of the AR [9, 13, 28]. Thus, regulation of AR 
expression and the transcriptional activity is important in 
androgen-dependent PCa, as well as with castration-resistant 

metastatic PCa with resistance to androgen deprivation 
therapy.

Many types of natural compounds in foods, herbs, or 
plants have been reported to have anticancer effects on 
various types of cancer [29, 30]. S-saponin, a newly identi-
fied saponin known to inhibit the growth of various human 
cancer cells (breast cancer, lung cancer, colon cancer, and 
melanoma), is derived from the leaves of Rapanea melano-
phloeos and Aegiceras corniculatum, stem bark of Tapeino-
sperma clethroides, and roots of Jacquinia flammea Millsp; 
however, its exact anticancer mechanism is unknown.

In the present study, through screening a library of nat-
ural compounds, we obtained a few potent natural com-
pounds that efficaciously promote the death of PCa cells, 
and S-saponin was among them. We have determined the 
effects of S-saponin on the expression of AR and growth 
of human PCa cells. S-saponin significantly inhibited the 
expression of AR and abrogated the activation of AR in 
both androgen-dependent (LNCaP) and castration-resistant 
(22Rv1 and C4-2) PCa cells. In addition, Bcl-xL expression 
is dependent on the expression of AR, and inhibition of AR 
expression by S-saponin decreases Bcl-xL expression. More-
over, S-saponin-mediated AR inhibition induces cell death 
through the mitochondrial-mediated apoptotic pathway, and 
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such apoptotic cell death is only observed in AR-expressing 
PCa cells regardless of their androgen sensitivity. Thus, this 
finding provides a molecular mechanism for how S-saponin 
induced mitochondrial-mediated cell death in androgen-
dependent (LNCaP) and castration-resistant (22Rv1 and 
C4-2) PCa cells.

Bcl-xL is an anti-apoptotic protein that modulates mito-
chondrial permeability and subsequently regulates the 
intrinsic apoptosis pathway [31, 32]. Through downregu-
lation of Bcl-xL, the permeability of the outer membrane 
of mitochondria can promote the release of mitochondrial 
cytochrome c into the cytoplasm [33–35]. Bcl-xL, also 
known as the direct target gene of AR, has been reported to 
be essential for proliferation of AR-positive PCa cells [22, 
23]. Recently, reports have suggested that the silencing of 
BCL-xL induces apoptosis in LNCaP and reduces tumor 
growth in vivo [36–38]. A previous study had revealed that 
inhibition of BCL-Xl-signaling by using BCL2 specific 

inhibitor can sensitize CRPC to enzalutamide [39]. There-
fore, we suggest that S-saponin is a good candidate agent for 
use in androgen receptor-dependent PCa treatment.

In this study, we provide a potential contributing mecha-
nism to AR-associated PCa cell death. S-saponin-mediated 
inhibition of AR was associated with dramatic alterations in 
the expression of Bcl-xL and significant mitochondrial dys-
function. We also observed that S-saponin treatment led to 
a significant decrease in the mitochondrial membrane poten-
tial, increase in the release of cytochrome c into the cytosol, 
increase in the activity of caspase-3, and the induction of 
apoptosis. Presumably, these results support that S-saponin-
induced apoptosis is mediated by the intrinsic mitochondrial 
pathway.

In the current study, our results show that S-saponin 
inhibits expression of AR at both the mRNA and protein 
levels and decreases cell growth of AR-positive PCa cells 
through regulation of AR target molecules, including 
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by Western blotting (h) with antibodies against caspase-3, PARP, and 
tubulin proteins
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BCL-XL, PSA, TMPRSS2, and NKX3.1. In addition, 
S-saponin presented minimal toxicity in AR-negative PCa 
cells and significantly inhibited 22Rv1 PCa cell growth 
in the xenograft and orthoxenograft models. Overall, this 
study suggests that S-saponin could be a potent agent for 
the treatment of androgen sensitive, but most importantly, 
castration-resistant AR-expressing PCa. Although more 
mechanism studies are needed to determine the potential 
of S-saponin as an anticancer drug for PCa, we suggest 
that S-saponin is a useful agent for suppression of PCa 
progression in AR-positive human PCa.

Author contributions I-SS and S-WJ designed the research; K-HS and 
N-IB isolated and identified S-saponin; I-SS, YJJ, JEK, and JS per-
formed the research; I-SS, YJJ, JEK, JS, and S-WJ analyzed the data; 
and I-SS and S-WJ wrote the paper.

Funding This work was supported by the “Procurement and devel-
opment of foreign biological resources” funded by the Ministry of 
Science ICT and Future Planning of the Korean government (NRF-
2016K1A1A8A01938718) and the Basic Science Research Program 
through the National Research Foundation of Korea (NRF) funded 
by the Ministry of Education (NRF-2018R1D1A1B07047406 and 
NRF-2018R1D1A1B07044392).

Compliance with ethical standards 

Conflict of interest No potential conflicts of interest are disclosed.

References

 1. Ferlay J, Soerjomataram I, Dikshit R, Eser S, Mathers C, Rebelo 
M, Parkin DM, Forman D, Bray F (2015) Cancer incidence and 
mortality worldwide: sources, methods and major patterns in 
GLOBOCAN 2012. Int J Cancer 136(5):E359–386

 2. Taitt HE (2018) Global trends and prostate cancer: a review of 
incidence, detection, and mortality as influenced by race, ethnic-
ity, and geographic location. Am J Mens Health 12:(6):1807–1823

 3. Fujita K, Nonomura N (2018) Role of androgen receptor in pros-
tate cancer: a review. World J Mens Health 10(36):180040

 4. Massard C, Fizazi K Targeting continued androgen receptor sign-
aling in prostate cancer. Clin Cancer Res 17(12):3876–3883

 5. Tan MH, Li J, Xu HE, Melcher K, Yong EL (2015) Androgen 
receptor: structure, role in prostate cancer and drug discovery. 
Acta Pharmacol Sin 361:(1):3–23. https ://doi.org/10.1371/journ 
al.pgen.10069 46

 6. Isbarn H, Boccon-Gibod L, Carroll PR, Montorsi F, Schulman C, 
Smith MR, Sternberg CN, Studer UE (2009) Androgen depriva-
tion therapy for the treatment of prostate cancer: consider both 
benefits and risks. Eur Urol 55(1):62–75

e

AR

GAPDH

Xenograft tumor tissues
Vehicle S-saponin

b d 

50
100
150
200
250
300
350

0 
Xenograft: tumor tissues

A
R

 m
R

N
A

 (1
0-

9 ,g
)

Vehicle
S-saponin

S-saponin (µg/mL) 

10 

20 

30 

40

0 

Sp
he

ro
id

s

0 2.5 5.0 7.5 10

** ***

Vehicle S-saponin (µg/mL)
2.5 5.0

7.5 10

a

Vehicle
S-saponin

0 

200

400

600

800

1000

Tu
m

or
 v

ol
um

e 
(m

m
3 )

2 4 6 8 1810121416 202224 (days)

S-saponin injectioneuthanasia

PC3
c

6 9 12 15 18 21 2427 30 33
0 

200

400

600

800

1000

Tu
m

or
 v

ol
um

e 
(m

m
3 )

Vehicle
S-saponin

22RV1

euthanasiaS-saponin injection

36 (days)

Fig. 7  S-saponin inhibits tumorigenic ability in  vitro and in  vivo. a 
22Rv1 cells were plated for sphere formation assays in ultra-low 
attachment plates and treated with S-saponin in a dose-dependent 
manner. Spheroids generated per 10,000 cells were counted 2 weeks 
later. b, c To generate the xenograft model, 1 × 106 22Rv1 (b) and 
PC-3 (c) cells were subcutaneously injected into the flanks of 8-week-
old male BALB/c nude mice. After 2 weeks, the mice were randomly 
divided into two groups of three (the average tumor volume was 70.1 

 mm3). S-saponin was intraperitoneal administered at doses of 200 μg/
kg once every 3 days for 20 days. Tumor volume was calculated using 
the formula V = a × b2/2, where a and b are the largest and the small-
est superficial diameters of the tumor, respectively. At day 24 or 36, 
22Rv1- and PC-3-inoculated mice were killed, and the tumor masses 
were extracted. d, e Extracted tumor masses (b) were subjected 
to qPCR (d) and Western blotting (e) to determine the level of AR 
expression, representing the effect of S-saponin

https://doi.org/10.1371/journal.pgen.1006946
https://doi.org/10.1371/journal.pgen.1006946


4673Pharmacological inhibition of androgen receptor expression induces cell death in prostate…

1 3

 7. Cai Z, Chen W, Zhang J, Li H (2018) Androgen receptor: what we 
know and what we expect in castration-resistant prostate cancer. 
Int Urol Nephrol 50(10):1753–1764

 8. Dong L, Zieren RC, Xue W, de Reijke TM, Pienta KJ (2019) 
Metastatic prostate cancer remains incurable, why? Asian J Urol 
6(1):26–41

 9. Watson PA, Arora VK, Sawyers CL (2015) Emerging mechanisms 
of resistance to androgen receptor inhibitors in prostate cancer. 
Nat Rev Cancer 15(12):701–711

 10. Bluemn EG, Nelson PS (2012) The androgen/androgen receptor 
axis in prostate cancer. Curr Opin Oncol 24(3):251–257

 11. Culig Z (2014) Targeting the androgen receptor in prostate cancer. 
Expert Opin Pharmacother 15(10):1427–1437

 12. Nevedomskaya E, Baumgart SJ, Haendler B (2018) Recent 
advances in prostate cancer treatment and drug discovery. Int J 
Mol Sci 19(5):E1359

 13. Ahmed A, Ali S, Sarkar FH (2014) Advances in androgen 
receptor targeted therapy for prostate cancer. J Cell Physiol 
229(3):271–276

 14. Chao DT, Korsmeyer SJ (1998) BCL-2 family: regulators of cell 
death. Annu Rev Immunol 16:395–419

 15. Chan SL, Yu VC (2004) Proteins of the bcl-2 family in apoptosis 
signalling: from mechanistic insights to therapeutic opportunities. 
Clin Exp Pharmacol Physiol 31(3):119–128

 16. Yamaguchi H, Wang HG (2002) Bcl-XL protects BimEL-
induced Bax conformational change and cytochrome C release 
independent of interacting with Bax or BimEL. J Biol Chem 
277(44):41604–41612

 17. Sasazawa Y, Futamura Y, Tashiro E, Imoto M (2009) Vacuolar 
H+-ATPase inhibitors overcome Bcl-xL-mediated chemoresist-
ance through restoration of a caspase-independent apoptotic path-
way. Cancer Sci 100(8):1460–1467

 18. Grad JM, Zeng XR, Boise LH (2000) Regulation of Bcl-xL: a little 
bit of this and a little bit of STAT. Curr Opin Oncol 12(6):543–549

 19. Lebedeva I, Rando R, Ojwang J, Cossum P, Stein CA (2000) Bcl-
xL in prostate cancer cells: effects of overexpression and down-
regulation on chemosensitivity. Cancer Res 60(21):6052–6060

 20. Lin Y, Fukuchi J, Hiipakka RA, Kokontis JM, Xiang J (2007) Up-
regulation of Bcl-2 is required for the progression of prostate can-
cer cells from an androgen-dependent to an androgen-independent 
growth stage. Cell Res 17(6):531–536

 21. Castilla C, Congregado B, Chinchon D, Torrubia FJ, Japon MA, 
Saez C (2006) Bcl-xL is overexpressed in hormone-resistant pros-
tate cancer and promotes survival of LNCaP cells via interaction 
with proapoptotic Bak. Endocrinology 147(10):4960–4967

 22. Sun A, Tang J, Hong Y, Song J, Terranova PF, Thrasher JB, Svo-
janovsky S, Wang HG, Li B (2008) Androgen receptor-dependent 
regulation of Bcl-xL expression: Implication in prostate cancer 
progression. Prostate 68(4):453–461

 23. Liao X, Tang S, Thrasher JB, Griebling TL, Li B (2005) Small-
interfering RNA-induced androgen receptor silencing leads 
to apoptotic cell death in prostate cancer. Mol Cancer Ther 
4(4):505–515

 24. Vinh LB, Nguyet NTM, Yang SY, Kim JH, Thanh NV, Cuong 
NX, Nam NH, Minh CV, Hwang I, Kim YH (2019) Cytotoxic 
triterpene saponins from the mangrove Aegiceras corniculatum. 
Nat Prod Res 33(5):628–634

 25. Garcia-Sosa K, Sanchez-Medina A, Alvarez SL, Zacchino S, 
Veitch NC, Sima-Polanco P, Pena-Rodriguez LM (2011) Antifun-
gal activity of sakurasosaponin from the root extract of Jacquinia 
flammea. Nat Prod Res 25(12):1185–1189

 26. Sanchez-Medina A, Pena-Rodriguez LM, May-Pat F, Karagianis 
G, Waterman PG, Mallet AI, Habtemariam S (2010) Identifica-
tion of sakurasosaponin as a cytotoxic principle from Jacquinia 
flammea. Nat Prod Commun 5(3):365–368

 27. Merseburger AS, Hupe MC (2016) An update on triptorelin: cur-
rent thinking on androgen deprivation therapy for prostate cancer. 
Adv Ther 33(7):1072–1093

 28. Banerjee PP, Banerjee S, Brown TR, Zirkin BR (2018) Andro-
gen action in prostate function and disease. Am J Clin Exp Urol 
6(2):62–77

 29. Newman DJ, Cragg GM (2016) Natural products as sources of 
new drugs from 1981 to 2014. J Nat Prod 79(3):629–661

 30. Cragg GM (1830) Newman DJ (2013) Natural products: a 
continuing source of novel drug leads. Biochim Biophys Acta 
6:3670–3695

 31. Kim R (2005) Unknotting the roles of Bcl-2 and Bcl-xL in cell 
death. Biochem Biophys Res Commun 333(2):336–343

 32. Antignani A, Youle RJ (2006) How do Bax and Bak lead to per-
meabilization of the outer mitochondrial membrane? Curr Opin 
Cell Biol 18(6):685–689

 33. Kim R, Emi M, Tanabe K (2005) Caspase-dependent and -inde-
pendent cell death pathways after DNA damage (Review). Oncol 
Rep 14(3):595–599

 34. Kim R, Emi M, Tanabe K (2006) Role of mitochondria as the gar-
dens of cell death. Cancer Chemother Pharmacol 57(5):545–553

 35. Kuwana T, Newmeyer DD (2003) Bcl-2-family proteins and 
the role of mitochondria in apoptosis. Curr Opin Cell Biol 
15(6):691–699

 36. Kim E, Jung Y, Choi H, Yang J, Suh JS, Huh YM, Kim K, Haam 
S (2010) Prostate cancer cell death produced by the co-delivery 
of Bcl-xL shRNA and doxorubicin using an aptamer-conjugated 
polyplex. Biomaterials 31(16):4592–4599

 37. Yamanaka K, Rocchi P, Miyake H, Fazli L, So A, Zangemeister-
Wittke U, Gleave ME (2006) Induction of apoptosis and enhance-
ment of chemosensitivity in human prostate cancer LNCaP cells 
using bispecific antisense oligonucleotide targeting Bcl-2 and 
Bcl-xL genes. BJU Int 97(6):1300–1308

 38. Meng Y, Tang W, Dai Y, Wu X, Liu M, Ji Q, Ji M, Pienta K, 
Lawrence T, Xu L (2008) Natural BH3 mimetic (-)-gossypol 
chemosensitizes human prostate cancer via Bcl-xL inhibition 
accompanied by increase of Puma and Noxa. Mol Cancer Ther 
7(7):2192–2202

 39. Pilling AB, Hwang C (2019) Targeting prosurvival BCL2 signal-
ing through Akt blockade sensitizes castration-resistant prostate 
cancer cells to enzalutamide. Prostate 79(11):1347–1359

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Pharmacological inhibition of androgen receptor expression induces cell death in prostate cancer cells
	Abstract
	Introduction
	Materials and methods
	Cell culture, antibodies, and chemicals
	Extraction and isolation of sakurasosaponin
	In vitro cell death assays
	Quantitative reverse transcriptase polymerase chain reaction
	Protein isolation and Western blotting
	Measurement of mitochondrial activity
	Colony-forming assay
	Subcellular fractionation
	Animal model
	Statistics analysis

	Results
	Identification of S-saponin as an inhibitor of PCa cells
	S-saponin induces apoptosis in AR-positive PCa cells
	S-saponin induced mitochondria-mediated PCa cell death
	S-saponin inhibits AR expression and its target genes
	Anti-apoptotic protein Bcl-xL as an AR target gene is involved in S-saponin-mediated cell death
	S-saponin-induced AR deficiency suppresses tumor growth in vivo

	Discussion
	References




