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Introduction: Prostate cancer is one of the most common cancers threatening public health

worldwide. Although chemotherapy plays an important role in treating prostate cancer, it leads to

many adverse effects and is prone to drug resistance. Quercetin, a natural product, is used in

traditional Chinese medicine because of its strong antitumor activity and few side effects.

Methods: In this study, we combined quercetin and paclitaxel to kill prostate cancer cells

in vivo and in vitro, and we investigated the relevant mechanism of this combination treatment.

After the cancer cells were treated with quercetin or/and paclitaxel, cell growth inhibition,

apoptosis, the cell cycle, reactive oxygen species (ROS) generation, and several endoplasmic

reticulum (ER) stress signaling pathway related gene expressions were evaluated.

Results: The combined treatment with quercetin and paclitaxel significantly inhibited cell

proliferation, increased apoptosis, arrested the cell cycle at the G2/M phase, inhibited cell

migration, dramatically induced ER stress to occur, and increased ROS generation. In a PC-3

cancer-bearing murine model, this combination treatment exerted the most beneficial ther-

apeutic effects, and quercetin increased the cancer cell-killing effects of paclitaxel, with

nearly no side effects compared with the single paclitaxel treatment group.

Conclusion: Combination treatment possessed enhanced anti-cancer effects, and these

results will provide a basis for treating prostate cancer using a combination of quercetin

and paclitaxel.

Keywords: quercetin, paclitaxel, combination treatment, endoplasmic reticulum stress,

reactive oxygen species

Introduction
Prostate cancer, which has a high incidence andmortality rate worldwide, has shown an

increasing incidence in China.1,2 When the disease is diagnosed at the early stages,

there is a high likelihood of a successful cure, especially using surgical resection or

castration therapy. However, when the disease has progressed to an advanced stage, it is

often fatal and leads to high mortality in men; thus, chemotherapy plays an important

role in the advanced stages of prostate cancer.3 Despite significant primary chemosen-

sitivity, prostate cancer can relapse subsequently, at which point chemotherapy

becomes less effective because of chemo-resistance. Reversing this phenomenon

may improve the outcomes of prostate cancer.4

Antimitotics, which target cellular tubulin, are among the most useful chemother-

apeutic agents. Some tubulin-stabilizing agents that target the taxane-binding site are

already available for clinical use, including paclitaxel, docetaxel, and epothilones.5
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Paclitaxel (PTX) is a widely used chemotherapeutic agent for

treating many types of cancers, including prostate, breast,

ovarian, and lung cancers. PTX induces apoptosis by dis-

rupting the dynamic equilibrium between soluble tubulin

dimers and polymerized tubulin, inhibiting the cell transition

frommetaphase to anaphase.6 In addition, some clinical trials

have verified that PTX has increased the survival rates of

patients with prostate cancer. However, PTX exerts many

adverse effects and can induce acquired drug resistance after

treatment, thus inhibiting its clinical anticancer use.7

Some chemical synthetic agents that can reverse drug

resistance have been tested in clinical trials, but many

have failed due to their adverse effects.8,9 However,

some natural products can avoid this problem.

Quercetin (Que), a flavonoid that is a permanent compo-

nent in human diets as well as an agent in traditional

Chinese medicine, has been widely used to treat cancer

for a longtime.10,11 However, the exact antitumor

mechanism of Que is unclear. Several studies have

showed that Que increased reactive oxygen species

(ROS) production in hepatocellular cancer and prevented

lipid oxidation in the cell membrane, whereas other

studies have indicated that Que could increase apoptotic

rates in cancer cells.12,13 Meanwhile, it was reported that

Que downregulated heterogeneous nuclear ribonucleo-

protein A1 (hnRNPA1) expression and sensitized enza-

lutamide to kill prostate cancer cells; thus, Que and

enzalutamide worked synergistically in this treatment.14

In this study, we combined Que and PTX to treat

prostate cancer, and we evaluated the in vitro and in vivo

antitumor effects. In the in vitro study, we analyzed cancer

cell proliferation, apoptosis, cell cycle arrest, and ROS

production after the cancer cells were treated with both

Que and PTX. We also studied endoplasmic reticulum

(ER) stress and migration ability in cells. In the in vivo

study, we analyzed the combination treatment effects in

the PC-3 cancer-bearing mice, and we evaluated possible

anti-cancer mechanism via immunohistochemistry staining

of some relevant proteins. These studies may help to

elucidate the antitumor mechanism of combined Que and

PTX use. This combination treatment may effectively

decrease the PTX dose in prostate cancer clinical therapy.

Materials and Methods
Materials
Rabbit anti-human GRP78 polyclonal antibody, mouse anti-

human CHOP monoclonal antibody, mouse anti-human

hnRNPA1 monoclonal antibody, mouse anti-human cleaved

caspase-3monoclonal antibody, and anti-GAPDHmonoclonal

antibody were purchased from Abcam. Que and PTX were

purchased from Dalian Meilun Biotechnology Co., Ltd.

TRIzol® reagent was purchased from Invitrogen (Gibco,

Shanghai, China), and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-

nyltetrazolium bromide (MTT) was purchased from Sigma-

Aldrich (Shanghai, China).

Human prostate cancer (PC-3) cell lines were obtained

from the Cell Bank of the Chinese Academy of Sciences

(Shanghai, China) and were grown in Dulbecco’s modified

Eagle’s medium (DMEM) (Paisley, UK) containing 10%

fetal bovine serum (FBS) at 37°C in a humidified environ-

ment containing 5% CO2.

Nude male BALB/c mice (4–6 weeks old, weighing

14–21 g) were purchased from Jining Medical University

(Jining, China). All the animal procedures were performed

in accordance with the National Institute of Health guide-

lines and were approved by the Jining First People’s

Hospital of Jining Medical University (Medical ethics

committee of the Jining First People’s Hospital of Jining

Medical University).

Cell Viability Analysis
The cytotoxicity of Que and Que combined with PTX on

PC-3 cells was evaluated using an MTT assay. The PC-3

cells were seeded onto 96-well plates at a concentration of

5×103 cells/well and incubated for 24 h. The cells were

incubated for 24 h using different concentrations of Que

(7.5, 15, 30, 60, 120 μM), PTX (6.25, 12.5, 25, 50, 100

nM), and combined quercetin and paclitaxel (7.5μM +6.25

nM, 15μM +12.5 nM, 30 μM +25 nM, 60μM +50 nM, 120

μM +100 nM). Next, an MTT-water solution (100 μL, 5 mg/

mL) was added to each well and incubated for 4 h. After

incubation, the culture medium was completely replaced

with 100 μL of dimethylsulfoxide (DMSO) and incubated

for 10 min. The absorbance was measured at 490 nm using

a microplate reader from Bio-Rad Laboratories (California,

USA). We also tested the cytotoxicities of various concen-

trations of Que, PTX, and Que+PTX against the PC-3 cells

using the same method. The Chou and Talalay method was

used for the analysis of the Combination Index (CI) of the

Que and PTX combination using CompuSyn software

((Combo Syn Inc., Paramus, NJ, USA).

Intracellular ROS Content Assays
Approximately 3×103 PC-3 cells per well were seeded onto

96-well plates. After approximately 24 h, the cell density
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reached the required 70–80%. Four groups were evaluated:

control group, Que group (20 µM, the concentration of Que

was 20 µM), paclitaxel group (5 nM, the concentration of

PTX was 5 nM), and the combinational quercetin+paclitaxel

group (20 µM+5 nm, the concentration of quercetin was 20

µM and the concentration of paclitaxel was 5 nM). The

control group was treated with a volume of phosphate-

buffered saline (PBS) equal to the volume of the drug solu-

tion that was added in the other groups. Dihydroethidium

(DHE) (0.5 mL at 0.5 µM) was added to the DMEM in each

well and incubated for 20 min, then the cells were washed

twice with PBS and visualized using an inverted fluores-

cence microscope (535-nm excitation, 635-nm emission). In

order to quantify the intracellular ROS contents, the inten-

sity of fluorescence was evaluated using image pro plus

software (Media Cybernetics, Carlsbad, CA).

RNA Extraction and qRT-PCR
The PC-3 prostate cancer cells were seeded in 12-well plates

at 2×105 cells/well and cultured for 24 h (37°C, 5% CO2).

After 24 h, the culture medium was changed to Roswell Park

Memorial Institute (RPMI)-1640 (free of fetal serum). Que,

PTX and Que+PTX (20 µM+5 nm) were added to the wells.

After incubating for 48 h, the total cellular RNAwas extracted

using TRIzol. RT-PCR and qPCR were performed using

standard procedures. Table 1 shows the primers used in this

study. The data were analyzed using the ΔΔCt method, with

the Ct value of GAPDH as the standard, using the equation:

ΔCt= Ct value of targeted gene Ct value of GAPDH. The

targeted gene expression was reported as 2−ΔΔCt.

Western Blotting
The PC-3 cells were plated in 6-well plates at a concentration

of 5×105 cells/well, and incubated for 24 hrs. The cells were

lysed with radio-immunoprecipitation assay (RIPA) lysis

buffer supplemented with the protease inhibitor, phenyl-

methylsulfonyl fluoride (1 mM). A bicinchoninic acid pro-

tein assay (Thermo Fisher Scientific, Waltham, MA, USA)

was used to determine the protein concentration. The

proteins were separated by sodium dodecyl sulfate-

polyacrylamide gel electrophoresis and transferred to nitro-

cellulose membranes (Millipore, Massachusetts, USA). The

membrane was incubated with one of the primary antibodies,

GRP78 (1:1000), CHOP (1:2000), hnRNPA1 (1:1000),

cleaved caspase-3 (1:1000), or GAPDH (1:2000), and incu-

bated with HRP-conjugated secondary goat anti-rabbit or

anti-mouse antibody at 37°C for 1 h. The images were

captured using a Bio-Rad imaging system (Shanghai, China).

Cell Cycle and Apoptosis Evaluation
The PC-3 cells were plated separately into 6-well culture

plates at 5×105 cells/well and incubated for 24 h at 37°C.

The cells were further incubated for 24 h with Que, PTX, or

Que+PTX at equivalent concentrations of Que (20 µM) or

PTX (5 nM) for 24 h. Subsequently, the cells were harvested at

predetermined time points and fixed in 1mL cold 70% ethanol

for 24 h. Next, the cells were centrifuged, washed, and incu-

bated with 0.1% RNase A for 1 h at 37°C. Finally, the cells

were stained with propidium iodide (PI) for 30 min at 4°C and

analyzed using flow cytometry (Becton Dickinson, NewYork,

USA). The untreated cells were used as the negative control.

Cell apoptosis was assessed using Annexin V-PI (Byotime

Co., Ltd, Haimen, China). Briefly, the PC-3 cells were seeded

onto a 6-well plate at a concentration of 4×105 cells/well and

incubated for 24 h. The PC-3 cells were then incubated with

Que, PTX, or Que+PTX at an equivalent concentration of Que

(20 µM) or PTX (5 nM) for 24 h. Next, cells were collected

and centrifuged (1500 rpm for 5 min), resuspended in PBS,

and incubated with 195 μL of binding solution. The cells were

then incubated with 5 μL of Annexin V-FITC and 10 μL of PI

solution. After incubation for 15 min at room temperature, the

cells were analyzed using FACScan flow cytometry (Becton

Dickinson, New York, USA). The cells that were not treated

with Annexin V-PI were used as controls.

Cell Migration Analysis
Cell migration assays were performed using Transwell

chambers (6.5 mm) with 8-μm pores in 24-well plates.

Table 1 Primers Used in This Study

Name Forward (5ʹ to 3ʹ) Reverse (5ʹ to 3ʹ) Expected Size (bp)

GRP78 GGAACCATCCCGTGGCATAA CTTGGTAGGCACCACTGTGT 193

CHOP CCACCACACCTGAAAGCAGAA GGTGCCCCCAATTTCATCT 148

Shh GTGGCCGAGAAGACCCTA CAAAGCGTTCAACTTGTCCTTA 177

hnRNPA1 AACGCTCACGGACTGTGTGGTAAT GTGGCCTTGCATTCATAGCTGCAT 116

GAPDH GTCAGTGGTGGACCTGACCT TGCTGTAGCCAAATTCGTTG 245
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The PC-3 cells were treated with Que, PTX, or Que+PTX.

The treated cells were added to the upper chamber in

serum-free medium, while the medium with 10% FBS

was added to the lower chamber, which was used as

a chemoattractant. The plates were incubated for 20 min,

fixed with 0.1% glutaraldehyde for 20 min and stained

with crystal violet (0.2%). Images were acquired using

an inverted microscope equipped with an IX-51 fluores-

cence microscope from Olympus Optical Company, Ltd.

(Tokyo, Japan), and the total number of cells was counted.

Therapeutic Effects
The PC-3 prostate cancer-bearing cells were established in

nude male BALB/c mice by subcutaneously inoculating

a PC-3 cell suspension (2×106 cells/100 μL) into the

mice’s armpits. The animal experiments were conducted

once the tumor volume reached approximately 50 mm3.

The PC-3 cancer-bearing mice were then randomly

divided into four groups of six mice each. PBS, Que,

PTX, or Que+PTX were injected into the cancer-bearing

mice through the tail vein. The mice were treated every

other day for 21 days. During the prostate cancer therapy,

the animals were weighed every other day, and the surviv-

ing mice were monitored throughout the experiment. The

tumor size was measured using a Vernier caliper, and the

tumor volume (V) was calculated as V=d2*D/2, where

d and D corresponded to the shortest and longest diameters

of the tumor in mm, respectively. After the treatment

period, the mice were sacrificed; their heart, liver, spleen,

lung, and kidneys were obtained, and the organ morphol-

ogies were observed.

Immunohistochemistry
The tumors were resected from the mice, processed, and cut

into 5-µm sections using a microtome (Leica RM2165,

Leica Microsystems, Wetzlar, Germany). The sections

were mounted on glass slides and stained with the antibodies

for GRP78 (1:100), CHOP (1:100), hnRNPA1(1:100), and

cleaved caspase-3 (1:100). The slides were then incubated

with peroxidase-conjugated secondary antibody, and 3,3′-

diaminobenzidine (DAB) reagent was used as the chromo-

gen. All immunostaining was performed using the Ventana

Benchmark automated immunostainer (Ventana Medical

Systems, Tucson, AZ, USA). Histoscores were applied to

interpret the results. Briefly, staining intensity was graded as

negative (0), weak (1), moderate (2) or strong (3), the score

was multiplied by the percentage of tumor cells within each

category.15 The final histoscores ranged from 0 to 300. Two

observers, who were blinded to all outcome data, graded the

GRP78/BiP, CHOP, hnRNPA1 and cleaved caspase-3 stain-

ing. The images were acquired using an inverted microscope

equipped with an IX-51 fluorescence microscope from

Olympus Optical Company, Ltd. (Tokyo, Japan).

Statistical Analysis
The relevant data were analyzed using SPSS 13.0 statistical

software. The mean±standard deviation (x±s) was used to

represent the experimental data. A t-test was used to com-

pare the means between two independent samples; a one-

way analysis of variance (ANOVA) was used to measure

the differences between the means of multiple samples. The

groups were compared using the Student-Newman-Keuls

(SNK) method, and P<0.05 was considered to be statisti-

cally significant.

Results
Toxicity Toward PC-3 Cells
We performed an MTT assay to evaluate the effect of Que

on the sensitivity of prostate cancer cells to PTX. The

inhibitory concentration (IC50) of Que to the PC-3 cells

was 50.9 µM (Figure 1A), and the IC50 of PTX to the PC-

3 cells was 22.2 nM (Figure 1B). When the cancer cells were

treated with Que (15 µM), PTX (12.5 nM), or Que+PTX (15

µM +12.5 nM) (Figure 1C), the growth inhibitory rates were

17.01 ± 1.09%, 24 ± 2.33%, and 73 ± 3.90%, respectively,

and the combination index (CI) was 0.55, which suggested

a synergistic effect (Figure 1D). Thus, Que increased the cell

killing effects of PTX, and 12.5 nM of PTX, when combined

with Que, killed nearly half the cancer cells.

Anticancer Mechanism of Combined

Low-Dose Que and PTX
Because Que exerted anticancer effects at a low dose, we used

20 µM Que and 5 nM PTX to evaluate cancer cell apoptosis.

We used Annexin V-PI double staining to evaluate whether

apoptosis was attributed to cell death. Cells treated with Que

(Figure 2B), PTX (Figure 2C), and Que+PTX (Figure 2D)

yielded total apoptotic rates of 7.4 ± 3.09%, 11.8 ± 4.33%, and

45± 3.90%, respectively, while the apoptotic rate of the con-

trol group was 1.5 ± 0.4% (Figure 2A). Que+PTX had the

highest total apoptotic rate at 45%, which was higher than that

in the single Que and PTX groups. The early apoptosis rate

and the late apoptosis rate of the combinational treatment

group were also much more, when compared with single

treatment (Figure 2E). These outcomes indicated that Que
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sensitized PTX to induce cancer cell early and late apoptosis.

In line with these results, cleaved caspase-3 protein was also

noticeably detected in this combination treatment group

(Figure 5D), which is a marker of cellular apoptosis.

Que Induced Cell Cycle Arrest in the G2/

M Phase
PI staining was used to evaluate the cell cycle of PC-3

cells treated with Que, PTX, or Que+PTX. The cell cycle

was analyzed to evaluate whether Que inhibited cell cycle

progression. The cells were exposed to 20 μM Que and 5

nM PTX either singly or combined. The G2/M phase in

the combined group (Figure 3D) was 20.58%, while it was

8.36% in the control group (Figure 3A), 14.2% in the Que

group (Figure 3B), and 18.09% in the PTX group

(Figure 3C). The combined group possessed the most

potent ability to induce cell cycle arrest at the G2/M

phase compared with the single PTX or single Que groups.

These results indicated that Que increased PTX’s effect on

cell cycle arrest (Figure 3E). These results also explain the

combined group’s synergistic effect on PC-3 cancer cell

death.

Que Induced Reactive Oxygen Species

Production
DHE is a commonly used fluorescent probe for detecting

intracellular ROS. DHE can passively diffuse into cells,

and because it is highly reactive, it can react with cytosolic

superoxide. DHE is then converted to red fluorescent

2-hydroxyethidium, which is visible if the cell contains

ROS. We treated the PC-3 cancer cells with Que, PTX, or

Que+PTX (Figure 4A). The results showed that Que

induced much more ROS generation compared with the

control group, and that the ROS contents in the Que group

was much more than that in the PTX group. The PC3 cells

treated with PTX failed to induce ROS as compared to

control, and the ROS content was not induced signifi-

cantly as compared with the control group. This indicated

A

Que: PTX

B

Que: PTX

C D

 Que PTX

Figure 1 Quercetin or (plus) paclitaxel inhibits PC-3 cell viability. (A) Quercetin cytotoxicity towards PC-3 cells; (B) Paclitaxel cytotoxicity toward PC-3 cells; and (C)

Cytotoxicity of quercetin in combination with paclitaxel toward PC-3 cells; (D) The Chou and Talalay method was used for the analysis of the Combination Index (CI) of the

quercetin and paclitaxel combination. Cell viability was detected in PC-3 cells after treatment of varying concentrations of drug at 24 by MTT methods. n=3, *P<0.05.
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that the high level ROS in the combination treatment

group may be mainly attributed to Que. However, the

combined group presented the highest ROS content,

which was much more than that of the Que group

(Figure 4B). ROS production induces cell death by dama-

ging the DNA and causing a loss of cell plasma integrity,

thus inducing apoptosis.

Relative Gene Expression Analysis
First, we evaluated the changes in GRP78, CHOP, and

hnRNPA1 gene expressions after treating the PC-3 cells

using different formulations of Que and/or PTX. The com-

bined group effectively decreased hnRNPA1 gene expressions

and increased the GRP78 and CHOP gene expressions, which

are related to ER stress and ROS production (Figure 5). ER

Control

A B

C D

E
Que

Que

PTX

PTX

Que+PTX

Que+PTX

Control

Figure 2 In vitro apoptosis rate of PC-3 cells determined by flow cytometry analysis using Annexin V-FITC and PI double-staining after incubation with PBS (A), quercetin

(B), paclitaxel (C), combination quercetin and paclitaxel (D) for 24 h. Early apoptosis (EA), late apoptosis (LA), and total apoptosis (TA) were the most in the combination

treatment group (E). n=3, *P<0.05.

A B

C D

Control Que PTX Que+PTX

E

Figure 3 Cell cycle analysis of PC-3 cells was detected using flow cytometric analysis with PI single-staining after incubation with PBS (A), quercetin (B), paclitaxel (C),

combination quercetin and paclitaxel (D) for 24 h. The combination treatment group could effectively induce cell cycle arrest at G2/M phase compared with the other group

(E).
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stress related PERK-eIF2α-ATF4 pathway was also evaluated,
and the protein p-PERK and ATF4 increased after cells being

treated with quercetin. Downregulating hnRNPA1 made the

cells prone to being killed by PTX. After hnRNPA1 was

downregulated by Que, its migration abilities were assessed

using transwell assay, and the combination treatment effec-

tively inhibited prostate cancer cell migration compared with

single treatment (Figure 6).

In vivo Tumor Growth Inhibition
The PC-3 tumor xenografts were established to study the

in vivo therapeutic efficiency of using Que+PTX. Nude mice

bearing PC-3 tumor xenografts were subjected to 50 mg/kg

Que and 5mg/kg PTXevery other day. Figure 7A andB shows

that tumor growthwasminimally inhibited in both theQue and

PTX groups compared with the control group, which most

significantly inhibited tumor growth. This indicated that Que

synergizedPTX’s in vivo antitumor effect.Notably,mice in the

single paclitaxel group showed decreases in body weight dur-

ing the 21-day therapeutic period, while the combination treat-

ment group did not show this side effect (Figure 7C), which

may be due to the side effect of the PTX.

In vivo Protein Expression
A histological analysis showed necrosis in the Que

+PTX group. Immunohistochemistry showed that the

Control Que

PTX Que+PTX

A
B

Figure 4 Intracellular ROS content was detected using dihydroethidium (DHE) staining by fluorescence microscopy after the cells were incubated with PBS, quercetin,

paclitaxel, combination quercetin and paclitaxel (A) for 24 h, the combination treatment group induced the most contents of ROS (B). n=6, *P<0.05.

A

F

B C D E

Figure 5 The hnRNPA1, Chop, and GRP78 expressions in gene and protein levels were evaluated by real-time PCR (A–C) or Western blotting (D), after the PC-3 cells

were treated with PBS, quercetin, paclitaxel, and combination of quercetin and paclitaxel for 24 h. The ER stress related PERK-eIF2α-ATF4 pathway was also evaluated by

Western blotting (E); the protein changes in GRP78, chop, cleaved caspase3 and hnRNPA1 were quantified using Image J software (F). n=3, *P<0.05, **P<0.01, ***P<0.005.
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cleaved-caspase-3 expression increased in the Que+PTX

group compared with the uncombined Que and PTX

groups, indicating that the combination treatment can

effectively induce cancer cells to undergo apoptosis.

CHOP and GRP78 expressions were also noticeably

increased when compared with the single treatment,

indicating that the combined treatment effectively

induced ER stress and ROS production to induce cancer

cell death. Consistent with the in vitro Western blot

results, hnRNPA1 was slightly decreased in the com-

bined treatment group, which may be due to the Que

(Figure 8).

Discussion
Traditional chemotherapy presents many problems such as

adverse effects, poor tolerance among patients, drug resis-

tance, and lack of a targeted effect. PTX is a model drug

widely used in clinical oncological treatment; however, it

induces adverse effects, including bone marrow inhibition

and vomiting. One important problemwith PTX is that when

used for a long time, patients can develop drug resistance,

which decreases the drug’s antitumor effects. Alternative

therapies are attracting attention for their advantages such

as greater efficiency and less toxicity. Accordingly, Que has

been indicated as a prominent target in investigations of

alternative therapies against cancer.16,17

In this study, Que and PTX were combined to treat

prostate cancer and investigate the anticancer effect of

combined therapy. The PC-3 cells are model cells of castra-

tion-resistant prostate cancer, which is a phenomenon that

often occurs with prostate cancer after castration treatment,

and often leads to the patient’s death.18 We found that Que

synergized PTX to kill the PC-3 cancer cells, and that PC-3

cell proliferation was efficiently inhibited in the combined

therapy group. The 5 nM concentration of PTX showed

much fewer cell-killing effects toward PC-3 cells, but when

combined with Que, the inhibitory rate was 51.44%. This

finding was consistent with the outcome in previous studies

showing that Que increased the sensitivity of ovarian cancer

cells to cisplatin and PTX.19

Proliferation assays of PC-3 cells treated with PTX alone

or Que+PTX indicated that additive or synergistic effects

existed between PTX and Que. In addition, single or com-

bined treatments with Que and PTX showed different effects

on PC-3 cell biological behaviors such as proliferation, apop-

tosis, cell cycle, and migration. Furthermore, the combina-

tion treatment induced ER stress and then ROS production,

which damaged the DNA integrity. The tumor xenograft

models showed that the combined treatment effectively

inhibited tumor growth better than the single treatment, and

cleaved caspase-3, CHOP, and GRP78 were upregulated,

while the hnRNPA1 protein was downregulated.

A DHE fluorescence probe was used to detect the

intracellular ROS contents, and Que alone induced ROS

production, while the combination treatment increased the

intracellular ROS contents. Intracellular ROS may induce

Control

PTX Que+PTXPTX Que+PTX

Que
A B

Figure 6 The transwell method was used to evaluate the PC-3 cell migration after the PC-3 cells were incubated with PBS, quercetin, paclitaxel, combination quercetin and

paclitaxel (A). The combination treatment group could effectively inhibit cell migration compared with the other group (B). n=3, *P<0.05.
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DNA damage and chromosome instability and activate

apoptotic pathways to induce cancer cell death.20 Several

studies have reported that Que has an antioxidative effect

that can quench ROS, reactive nitrogen species, and other

radicals.21,22 Li et al showed that low concentration of Que

decreased the cytotoxic effect of cisplatin by reducing

intracellular ROS in ovarian cancer.23 While one study

showed that quercetin could antagonize the G2/M arrest

induced by taxol and nocodazole, the combination treat-

ment of taxol and Que could synergistically inhibit the

colony formation of HCT116 colon cancer cell.24 This

phenomenon may be related to different cancer cell types

and different Que concentrations.

Interestingly, the two proteins GRP78 and CHOP,

which are related to ER stress, were upregulated, which

coincided with the increased ROS. Upregulating the

mRNA and protein levels of CHOP and GRP78 showed

that Que effectively induced ER stress, and that ER stress

may contribute to cancer cell apoptosis and death. One

study showed that Que induced human cervical carcinoma

Hela cell apoptosis via the ER-stress pathway.23 Another

study showed that quercetin enhanced the radiosensitivity

of human ovarian cancer cells via the p53-dependent ER

stress pathway.24

PTX induces cell cycle arrest at the G2/M phase, lead-

ing to cancer cell death. Que regulates the cell cycle by

modulating several cell cycle-associated proteins, such as

p21, cyclin B, p27, and cyclin-dependent kinase.25

Another study showed that Que induced esophageal squa-

mous cell cycle arrest at the G2/M phase by upregulating

p21waf1 and downregulating cyclin B1.26 In lung cancer

cells, Que induces cell cycle arrest at the G2/M phase by

upregulating cyclin B and Cdc25c-ser-216-p.27 Que not

only affects the G2/M phase, but several studies have

shown that it induces cell cycle arrest at the G1 phase in

HepG2 hepatomas. These phenomena may be related to

cell types.28 In this study, we found that quercetin induced

cell cycle arrest at the G2/M phase and that the combina-

tion treatment possessed a synergistic cell-cycle-blocking

effect.

Control

 Que

PTX

Que+PTX

A

B C

Figure 7 In vivo anti-cancer activity of quercetin or paclitaxel alone or combination against the PC-3 cancer-bearing mice, the combination treatment could effectively inhibit

cancer growth. Tumor gross picture (A); Cancer growth curves (B); and body weight change curves (C). n=6, *P<0.05.
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The hnRNPA1 protein was a molecule target of Que in

PC-3 cells,29 and overexpression of hnRNPA1 was related

to cancer cell epithelial-to-mesenchymal transition (EMT),

which was considered to be a mechanism of cancer cell

migration.30,31 Therefore, hnRNPA1 may be related to cell

migration and metastasis, quercetin could decrease the

hnRNPA1 expression to inhibit EMT of cancer cell. In this

study, transwell assays revealed that Que combined with

PTX effectively inhibited cell migration. We evaluated the

hnRNPA1 mRNA and protein levels of PC-3 cells and

found that hnRNPA1 was downregulated in the in vitro

cell experiment, which was consistent with previous stu-

dies. We also evaluated hnRNPA1 protein expression in the

tumor section of the in vivo prostate cancer xenograft using

immunohistochemistry and found that hnRNPA1 was

downregulated in the in vivo tumor model. Que may inter-

act with hnRNPA1 to inhibit prostate cancer cell migration.

Moreover, hnRNPA1 was previously reported to be

involved in cancer resistance, and we found that Que inhib-

ited the hnRNPA1; therefore, Que may also synergized

PTX’s cancer cell killing ability by inhibiting hnRNPA1.

In conclusion, this study provided novel evidence for

combinational therapies using Que and PTX to treat pros-

tate cancer. We found that Que synergized PTX to inhibit

prostate cancer cell proliferation, induce cell cycle arrest at

the G2/M phase, and induce cell apoptosis. In addition,

Que effectively induced intracellular ROS production and

ER stress, and the down-regulation of hnRNPA1 may

underlie cell migration inhibition. This study may provide

insight into prostate cancer clinical treatment and may

provide evidence for using Que as a promising therapeutic

agent for treating patients with prostate cancer.
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