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Polyphyllin I induces cell
 cycle arrest in prostate
cancer cells via the upregulation of IL6 and P21
expression
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Abstract
Background:Polyphyllin I has been reported to possess anticancer properties in various cancer types, including prostate cancer.
However, little is known about the potential of Polyphyllin I in induction of prostate cancer cell cycle arrest and its underlying
mechanisms.

Methods: The anti-proliferation activity of Polyphyllin I was tested using cell counting kit-8 assay. The cell cycle arrest effects of
Polyphyllin I were confirmed by flow cytometry. Western blot was used to test the effect of Polyphyllin I on cell cycle-related protein
expression. Reverse transcription-polymerase chain reaction was used to test the expression of genes regulating P21 expression.

Results: Polyphyllin I induced prostate cancer cell cycle arrest in G0/G1 phase in concentration-dependent manner. Polyphyllin I
induced cell cycle arrest by upregulating the expression of P21. Further studies showed that the upregulation of p21 expression
induced by Polyphyllin I via the upregulation of IL6 expression.

Conclusion: Polyphyllin I could induce cell cycle arrest in G0/G1 phase in prostate cancer cells by upregulating the expression of
P21 and IL6.

Abbreviations: CCK-8 = cell counting kit-8, PPI = Polyphyllin I, qPCR = quantitative polymerase chain reaction.
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1. Introduction

Prostate cancer is one of the most common causes of cancer-
related mortality in men.[1,2] Despite advances in early diagnosis
and treatment, prostate cancer morbidity remains high. The
survival rates remain poor, especially among castration-resistant
prostate cancer patients,[3,4] although chemotherapy has signifi-
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cantly improved the prognosis of prostate cancer patients.
Additionally, the severe systemic toxicity of chemotherapeutic
drugs has limited the application of these drugs. Moreover,
patients have compromised quality of life (due to the high side
effects) and pay high costs for treatment, especially in developing
countries. Therefore, the development of novel therapeutic agents
to improve clinical outcomes is highly desired.
n the risk factors for prostate cancer and establishment of screening model for
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Table 1

The sequences of the primers.

Gene symbol Primer sequences

MYC Forward primer: GGCTCCTGGCAAAAGGTCA
Reverse primer: CTGCGTAGTTGTGCTGATGT

IL6 Forward primer: ACTCACCTCTTCAGAACGAATTG
Reverse primer: CCATCTTTGGAAGGTTCAGGTTG

KLF4 Forward primer: CCCACATGAAGCGACTTCCC
Reverse primer: CAGGTCCAGGAGATCGTTGAA

KLF6 Forward primer: GGCAACAGACCTGCCTAGAG
Reverse primer: CTCCCGAGCCAGAATGATTTT

E2F1 Forward primer: CATCCCAGGAGGTCACTTCTG
Reverse primer: GACAACAGCGGTTCTTGCTC

APC Forward primer: AAAATGTCCCTCCGTTCTTATGG
Reverse primer: CTGAAGTTGAGCGTAATACCAGT

BRCA1 Forward primer: ACCTTGGAACTGTGAGAACTCT;
Reverse primer: TCTTGATCTCCCACACTGCAATA

HOXA10 Forward primer: CTCGCCCATAGACCTGTGG
Reverse primer: GTTCTGCGCGAAAGAGCAC

MEOX2 Forward primer: GGCAAGAGGAAAAGCGACAG
Reverse primer: ATCTCGTATCGCCTCAGTCTG

TFAP4 Forward primer: GAGGGCTCTGTAGCCTTGC
Reverse primer: GAATCCCGCGTTGATGCTCT

ACTB Forward primer: CATGTACGTTGCTATCCAGGC
Reverse primer: CTCCTTAATGTCACGCACGAT
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Traditional Chinese medicine has a unique effect in cancer
treatment, with lower side effects and costs, and may have good
prospects in the treatment of prostate cancer.
Antipyretic detoxicate is one of the predominant treatments for

cancer in Chinese medicine.[5–8] Paris polyphylla, a traditional
antipyretic detoxicate Chinese medicinal herb, has been applied
extensively for cancer treatment for nearly 2000 years.[9] Paris
polyphylla has been reported to exhibit anticancer properties in
various cancer types.[10–12] We previously showed that a Paris
polyphylla ethanol extract exerts anticancer effects by inducing
apoptosis and cell growth arrest in prostate cancer cells.[13]

Polyphyllin I (PPI), a major component isolated from Rhizoma
Paridis saponins,hasbeenreported toexhibit anticancerproperties in
various cancer types.[14,15] PPI significantly inhibits growth,[16]

invasion and epithelial-mesenchymal transition via cellular inhibitor
of PP2A/PP2A (serine/threonine protein phosphatase 2A)/extracel-
lular regulated protein kinases signaling in prostate cancer.[17]

However, little is known about the effects of PPI on cell cycle
arrest in prostate cancer. In this study, we evaluated the ability of
PPI to induce prostate cancer cell cycle arrest and delineated the
underlying mechanisms.

2. Materials and methods

2.1. Cell culture

PC3 cells (The Cell Bank of Chinese Academy of Sciences,
Shanghai, China) were cultured in F12K (Ham‘s F 12 nutrient
medium (Kaighn’s)) medium HyClone (Logan, Utah, USA)
supplemented with 10% fetal bovine serum (Gibco; Grand
Island, NY, USA); DU145 cells (The Cell Bank of Chinese
Academy of Sciences) were cultured in Roswell Park Memorial
Institute 1640 medium (HyClone) supplemented with 10% fetal
bovine serum (Gibco). The cells were maintained in a humidified
incubator with 5% CO2 at 37°C.

2.2. Cell viability assay

Cell viability was assessed using a cell counting kit-8 (CCK-8)
assay according to the manufacturer’s protocol (Dojindo,
Shanghai, China). Cells were seeded at 2�103cells/well in 96-
well plates and incubated with gradient concentrations of PPI
(ChengduManst Biotechnology, Chengdu, China) at 37°C for 24
hours in a humidified chamber containing 5% CO2. CCK-8
solution (10mL) was added to each well, and the plates were
incubated for 1 hour at 37°C. The absorbance of the cells at 450
nm (OD450) was measured in a microplate reader (Thermo
Fisher Scientific, Waltham, MA).

2.3. Colony formation assay

Cells were seeded into 6-well plates (300cells/well) and incubated
for 10 to 14 days in the presence or absence of PPI. The plates
were stained with crystal violet, and the number of colonies with
more than 50 cells was counted.

2.4. Cell cycle analysis

The cell cycle was assessed using a GENMED Universal periodic
flow cytometry kit according to the manufacturer’s protocol
(GENMED SCIENTIFICS INC, Shanghai, China). Cells were
seeded at 1.2�105cells/well in 6-well plates and incubated with
gradient concentrations of PPI at 37°C for 24hours in a
humidified chamber containing 5% CO2.
2

2.5. Western blotting

Protein sample preparation andWestern blotting were performed
as previously described.[18] Blots were incubated with primary
antibodies against CDK2, CDK4, CDK6, CyclinD1, P21, p-RB,
p-STAT3, and P27 (Cell Signaling Technology, Danvers,
Massachusetts, USA) overnight at 4°C, followed by an incubation
with appropriate peroxidase-conjugated secondary antibodies.
b-Actin served as an internal control. The immunocomplexes
were visualized by using an enhanced chemiluminescence
detection system (Millipore, Billerica, Massachusetts, USA),
followed by exposing the blots to X-ray film.
2.6. Quantitative polymerase chain reaction analysis

Total RNA was prepared from PC3 and DU145 cells by using an
RNAiso plus kit (TaKaRa, Dalian, China). For quantitative
polymerase chain reaction (qPCR) assays, complementary DNA
was synthesized using a ReverTra Ace qPCR RT kit (Toyobo,
Osaka, Japan). qPCR was performed using a Roche QRT-PCR
System. The messenger RNA (mRNA) levels of target genes were
normalized to the mRNA level of b-actin. The sequences of the
primers used are shown in Table 1.

2.7. Statistical analysis

Student t test was used for the analysis of statistical significance
for differences between the control and treated groups. The
comparative data were expressed as the mean ± standard
deviation of at least 3 independent experiments. P< .05 was
considered statistically significant.
2.8. Ethical approval

Not necessary. This study does not involve animal and human
ethics.



Figure 1. Polyphyllin I inhibit PC cell growth and clonogenic ability in a dose-dependent manner. (A) Polyphyllin I treatment significantly inhibits prostate cancer cell
growth. PC3 and DU145 cells were incubated with various concentrations of Polyphyllin I for 24h and cell viability was determined using CCK8 assay; Polyphyllin I
inhibit the clonogenic potential of PC cells: cell morphology map (B); (C) clone formation statistics. CCK8 = cell counting kit-8.
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3. Results

3.1. PPI treatment inhibits the growth and clonogenic
potential of prostate cancer cells in a dose-dependent
manner

To study the effect of PPI on the growth of human prostate cancer
cells, PC3 and DU145 cells were treated with various concen-
3

trations of PPI (0, 0.11, 0.33, 1, 3, or 9mg/mL) for 24hours, and
cell viability was determined using a CCK-8 assay.We found that
the half-maximal inhibitory concentration (IC50) of PPI for PC3
cells was 1mg/mL and the IC50 of PPI for DU145 cells was 1.5m
g/mL (Fig. 1A). Because the clonogenic ability of tumor cells
reflects their oncogenic capacity to some extent, we further
determined whether PPI inhibits the colony formation ability of

http://www.md-journal.com


Figure 2. Polyphyllin I block cell cycle at G0/G1 phase in a dose-dependent manner. PC3 and DU145 cells were treated with 2 different concentrations of
Polyphyllin I (0.5 and 1.0mg/mL, respectively) and cell cycle was analyzed using flow cytometry. (A and B) Cell cycle distribution of PC3 and DU145 cells,
respectively.
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prostate cancer cells. PC3 and DU145 cells were incubated with
PPI at 0.15 or 0.2mg/mL, and a significant reduction in the
number of colonies derived from these cells was observed with
0.15mg/mL PPI, while their clonogenic potentials were signifi-
cantly lower when treated with 0.2mg/mL PPI (Fig. 1B and C).
These results collectively suggest a strong inhibitory effect of PPI
on prostate cancer cell growth and clonogenic ability.
4

3.2. PPI arrests the cell cycle in the G0/G1 phase in
prostate cancer cells
To examine whether PPI inhibits cell proliferation via cell cycle
arrest, we performed flow cytometry analysis to investigate the
cell cycle distribution of prostate cancer cells treated with PPI.
Cell cycle progression was analyzed, and the obtained results
revealed that G0/G1 arrest occurred in both PC3 andDU145 cells



Figure 3. Polyphyllin I Treatment induces Up-Regulation of P21 Expression both in protein and mRNA level in a dose-dependent manner. Polyphyllin I treatment
significantly increased the expression of P21 protein in PC3 cells (A) and DU145 cells (B), while other relatedmolecules did not change significantly. Phosphorylation
of RB downstream of p21 signal was inhibited by Polyphyllin I in PC3 cell (A) and DU145 cells (B). Western blot show that Polyphyllin I upregulated P21 expression in
a concentration-dependent manner in PC3 cells (C) and DU145 cells (D); RT-PCR show that Polyphyllin I upregulated mRNA expression of P21 in a concentration-
dependent manner in PC3 cells (E) and DU145 cells (F). mRNA = messenger RNA, RT-PCR = reverse transcription-polymerase chain reaction.
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in the presence of PPI. The proportion of cells in the G0/G1 phase
reached 59.37%±1.56% for PC3 cells when these cells were
incubated with 1mg/mL PPI for 24hours (Fig. 2A), whereas the
proportion of cells in the G0/G1 phase reached approximately
42.29%±0.45% for the control untreated PC3 cells (Fig. 2A).
5

Similar results were obtained with treated DU145 cells (Fig. 2B).
After treatment with PPI, the proportion of DU145 cells in the
G0/G1 phase reached 65.11%±1.22%, while the proportion
was 42.12%±1.2% for the untreated DU145 cells (Fig. 2B). In
addition, we also examined the cycle changes of prostate cancer

http://www.md-journal.com


Figure 4. Quantitative PCR was used to detect the expression of genes regulating P21 expression. Polyphyllin I treatment significantly increased the mRNA
expression of IL6 in PC3 cells (A) and DU145 cells (B), while the expression of other genes was not significantly changed. mRNA = messenger RNA, PCR =
polymerase chain reaction.
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cells treated with PP1 for 48hours and 72hours, and obtained
similar results. (Supplementary Fig. 1, http://links.lww.com/MD/
D319)

3.3. PPI treatment induces the upregulation of P21
expression at both the protein and mRNA levels
in a dose-dependent manner

The previous experiments confirmed that PPI can induce prostate
cancer cell cycle arrest in the G0/G1 phase. Next, we explored the
molecular mechanism of the cell cycle arrest induced by PPI. First,
we used a half lethal dose of PPI to treat PC3/DU145 cells and
harvested total protein at 0, 13, 6, 12, and 24hours. Western blot
analysis was performed to determine the expression of cell cycle
regulators, including P21, P27, CDK2, CDK4, CDK6, and
CyclinD1. The PPI treatment significantly increased the protein
expression of P21 in the PC3 and DU145 cells, while the
expression of the other molecules did not change significantly
6

(Fig. 3A and B). Further studies confirmed that PPI upregulated
the expression of P21 in a concentration-dependent manner
(Fig. 3C and D).
Finally, we collected RNA from prostate cancer cells treated

with gradient concentrations of PPI. The qPCR results confirmed
that PPI could promote the transcription of the P21 gene (Fig. 3E
and F). These results suggest that PPI upregulates the mRNA and
protein expression of P21, thereby inducing cell cycle arrest.
3.4. The upregulation of P21 expression may be partly due
to the upregulation of IL6 expression induced by PPI

P21 is a tumor suppressor, and the regulation of its expression
has been thoroughly studied. Prostate cancer cells were treated
with gradient concentrations of PPI for 24hours, and then RNA
was harvested. qPCR was used to detect the expression of genes
that regulate P21 expression. The results showed that the mRNA
expression of interleukin 6 (IL6) in the PC3 cells was significantly

http://links.lww.com/MD/D319
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Figure 5. Blocking IL6 can reverse partial of the role Polyphyllin I in PC cells in the expression of P21. Western blot results confirmed that blocking IL6 could reduce
the upregulation of P21 in protein level both in PC3 (A) and DU145 cells (B). RT-PCR assay confirmed that blocking IL6 could reduce the upregulation of P21 in
mRNA level both in PC3 (C) and DU145 cells (D). RT-PCR = reverse transcription-polymerase chain reaction.
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increased following the PPI treatment in a concentration-
dependent manner, while the expression of other genes was
not significantly changed (although the expression of KLF6 was
also elevated and concentration-dependent) (Fig. 4A). Similar
results were obtained with the DU145 cells (Fig. 4B).
We speculate that the high expression of P21 induced by PPI

may be regulated by IL6. To this end, we used anti-IL6 antibodies
to neutralize the IL6 protein secreted by the prostate cancer cells
treated with PPI. First, cell morphology analysis showed that the
PC3 cells treated with PPI alone for 24hours became significantly
narrower and sparser, while the cells treated with the anti-IL6
antibody, especially those treated with a high concentration of
the anti-IL6 antibody, appeared very similar to the cells in the
control group (Supplementary Fig. 2, http://links.lww.com/MD/
D319). Thus, blocking IL6 could partially reverse the effect of
PPI. Western blotting (Fig. 5A and B) and qPCR (Fig. 5C and D)
further confirmed that blocking IL6 could reduce the upregu-
lation of P21 expression induced by PPI.
The above experiments suggest that the increased expression of

P21 in the PPI-treated cells is at least partially regulated by IL6.
4. Discussion

Our previous work demonstrated that a Paris polyphylla ethanol
extract showed a profound inhibitory effect on human prostate
cancer cells in vitro and in vivo by inducing apoptosis and cell cycle
arrest with few toxic side effects in the host.[13] The main
components of the Paris polyphylla ethanol extract are PPI I, II, VI,
7

andVII.ACCK-8assaywasused todetect the effects of PPI I, II, VI,
andVII on the viability of prostate cancer cells, and the IC50 of PPI
was lower than the IC50s of the other components. The results
showed that PPI inhibited cell survival in a concentration-
dependent manner in PC3 and DU145 cells, with IC50 values
of 1.0 to 1.5mg/mL. Similar results have been reported in lung
cancer,[19] osteosarcoma,[20] and breast cancer.[15]

Cell cycle deregulation is a hallmark of cancer cells.[21]

Targeting the aberrant expression of critical proteins involved in
cell cycle progression has become a novel strategy for cancer
intervention. Fluorescence activated cell sorting analyses showed
that PPI dose-dependently induced G0/G1 arrest in both PC3 and
DU145 cells. PPI can induce apoptosis in prostate cancer cells, as
mentioned in other studies.[15] However, PPI induces apoptosis in
prostate cancer cells without good selectivity. Therefore, no
studies on apoptosis have been carried out in this paper.
To elucidate the mechanism of PPI-induced prostate cell cycle

arrest, we detected key molecules involved in G0/G1 phase
regulation, including p21, P27, CDK2, 4, and 6, using Western
blotting. The results showed that the P21 levels gradually
increased with increasing concentrations and treatment times of
PPI. Other studies have revealed that the expression of p-RB, a
molecule downstream of p21,[22] decreases gradually in response
to increasing P21 expression, suggesting that the PPI-mediated
p21 induction is functional. P21 is an important tumor
suppressor in the prostate. Promoting the expression of P21
may inhibit tumorigenesis, which is likely an important molecular
mechanism of PPI.
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Another important finding of this study is that for the first
time, PPI was shown to upregulate the expression of IL-6
coupled with the P21 expression increase. Using the litera-
ture,[23] 10 factors were identified that might be involved in the
regulation of P21 expression by PPI, and these factors were
screened. PPI significantly promotes the expression of IL6,
thereby positively regulating the expression of P21. Our study
demonstrated that an anti-IL-6 blocking antibody could
partially reverse the upregulation of P21 expression induced
by PPI and even reverse the alteration in cell morphology. The
antitumor activity of PPI, a natural product, has been
confirmed, but further studies are required to understand the
underlying mechanism, poor absorption in vivo and other
clinically related issues. Therefore, clarifying the targets of PPI
and reformulating PPI to reduce toxicity and increase efficiency
will be important in the future.
In conclusion, this study demonstrated that PPI induces cell

cycle arrest in the G0/G1 phase in prostate cancer cells in a dose-
dependent manner, and this effect was achieved by upregulating
the expression of P21 and IL6.
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