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Research Article

Introduction

Gastric cancer (GC) is a common malignancy of the 
digestive tract, with the second highest cancer mortality 
globally.1,2 Often, GC at earlier stages is asymptomatic, 
except for anorexia occurring in some of the cases, and 
therefore, by the time of diagnosis, it has generally devel-
oped to advanced stages. At this stage, cancer metastasis is 
the most characteristic phenomenon of GC.2 This is one of 
the major factors contributing to mortality, as neither surgi-
cal tumor resection nor chemotherapy or other treatment 
modalities are effective against GC metastasis, and a high 
proportion of the patients finally succumb due to complica-
tions caused by cancer metastasis.2 Thus, cancer metastasis 
remains a major obstacle in GC management, and the dis-
covery of agents or methods that can effectively inhibit GC 
metastasis has a high priority.

The urokinase plasminogen activator (uPA)/uPA recep-
tor (uPAR) system plays an important role in metastasis of 
many types of cancers. uPA is a serine proteinase that is 
released from cells as an inactive zymogen.3 Its binding to 
uPAR on the cell surface is considered to be essential for its 
activation. Activated uPA catalyzes the conversion of the 
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Abstract
Gastric cancer (GC) is a malignancy with few effective treatment options after metastasis occurs. Quercetin (Qu) intake has 
been associated with reduced incidence and slow development of GC, probably due to its anti-proliferative and apoptotic 
effects, but it is unclear whether Qu can inhibit the metastatic activity. The urokinase plasminogen activator (uPA)/uPA 
receptor (uPAR) system plays an important role in cancer metastasis. In this study, we measured both uPA activity and 
uPAR expression in GC and pericarcinous tissues, and we investigated the correlation between uPAR expression and the 
migratory and invasive activities of various GC cell lines. GC BGC823 and AGS cells were subjected to treatment with 
10 μM Qu for 72 hours and uPAR knockdown, alone or in combination, before evaluating cell metastasis. The results 
showed that uPA activity and uPAR expression were higher in GC tissues than in pericarcinous tissues. Migratory and 
invasive activities of GC cell lines positively correlated with uPAR expression. Qu treatment decreased BGC823 and AGS 
cell migration and invasion, accompanied by reduced uPA and uPAR protein expression. Both Qu treatment and uPAR 
knockdown decreased matrix metalloproteinase-2 and -9 activity and blocked Pak1-Limk1-cofilin signaling. Qu treatment 
was associated with inhibition of NF-κb, PKC-δ, and ERK1/2, and with AMPKα activation. Specific inhibitors of NF-κb, 
PKC, and ERK1/2, and an AMPKα activator suppressed uPA and uPAR expression in GC cells. Collectively, Qu showed 
an antimetastatic effect on GC cells via the interruption of uPA/uPAR function and modulation of NF-κb, PKC-δ, ERK1/2, 
and AMPKα. This suggests that Qu is a promising agent against GC metastasis.
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proenzyme plasminogen to the active protease plasmin.3 
Plasmin is capable of degrading most extracellular matrix 
(ECM) components directly or indirectly via the activation 
of matrix metalloproteinases (MMPs).4 Degradation of 
ECM is a critical step in cancer metastasis, as it breaks the 
tether with the primary tumor environment and allows can-
cer cells to spread to other parts of the body. In addition, a 
large body of evidence indicates that uPA is beneficial for 
the function and/or expression of focal adhesion kinase 
(FAK), αvβ6 integrin, vascular endothelial growth factor 
(VEGF), and transforming growth factor (TGF)-β,5-8 which 
are critical factors for cancer metastasis. A recent study 
implicates the uPA/uPAR system also in the stimulation of 
p21-activated kinases-1 (Pak1).9 Pak1 is associated with the 
regulation of the Limk1/cofilin pathway, which is respon-
sible for governing cell motility and morphologic changes, 
thereby facilitating cancer metastasis.10,11

Quercetin (Qu), a natural constituent abundantly present 
in vegetables, fruits, tea, and herbs, is known to have potent 
anti-proliferative and pro-apoptotic effects against diverse 
GC cells via various mechanisms. A significant negative 
correlation between Qu and the risk of noncardiac gastric 
adenocarcinoma was found in a large Swedish population-
based case-control study.12 Qu inhibits mitogen-activated 
protein kinases, including p38, ERK, and JNK, as well as 
transient receptor potential melastatin channels, which ren-
ders it lethal for GC AGS cells.13,14 Moreover, treatment of 
GC BGC823 cells with Qu decreases the Bcl-2/Bax ratio 
and increases caspase-3 expression, inducing mitochondrial 
pathway-related apoptosis.15 A study conducted by Lee 
et al16 showed that Qu induces apoptosis in GC SNU719 
cells, a cell type associated with Epstein-Barr virus infec-
tion, thus hindering cell cycle progression and interrupting 
Epstein-Barr virus infection. There is also evidence indicat-
ing that Qu effectively downregulates p-Stat3 and survivin, 
significantly reducing GC cell viability.17 In addition to its 
own cytotoxic effects for GC cells, Qu shows synergistic 
effects with cytostatic drugs (eg, daunorubicin); thus, it is 
considered as a prospective chemosensitizer to overcome 
classical resistance in GC cells.18 However, published 
reports do not support the hypothesis that Qu is a likely 
inhibitor of GC metastasis. Therefore, the primary objective 
of this study was to investigate the effect of Qu on GC 
metastasis and determine whether the uPA/uPAR system is 
involved in this function of Qu.

Materials and Methods

Tissue Samples and Ethics Statement

GC and pericarcinous tissue samples were collected from 
35 patients with GC undergoing surgical resection in the 
Third Xiangya Hospital of Central South University. All 
patients provided written informed consent in compliance 

with the code of ethics of the World Medical Association 
(Declaration of Helsinki; Ferney-Voltaire, France). This 
study was approved by the Ethics Committee of Xiangya 
School of Medicine (Changsha, People’s Republic of 
China).

Reagents

Qu was purchased from Sigma-Aldrich (No. PHR1488; St 
Louis, MO). JSH-23, Go6983, and SCH772984 (specific 
inhibitors of NF-κb, PKC, and ERK1/2 respectively) and 
A-769662 (specific activator of AMPK) were purchased 
from Selleck (Houston, TX). Antibodies against uPA 
(ab131433), uPAR (ab82220), phosphor(p)-Pak1(ab75599), 
p-Limk1(ab38508), p-cofilin (ab12866), p-NF-κb (p65, 
S276) (ab106129), p-PKC-α (ab76016), p-PKC-β 
(ab75657), p-PKC-δ (ab133456), p-ERK1/2 (ab200807), 
and GAPDH (ab9485) that were used for western blotting 
were purchased by Abcam (Cambridge, England).

uPA Activity Assay

uPA activity was measured using an uPA Activity Assay Kit 
(Chemicon, Tokyo, Japan) according to the manufacturer’s 
instructions. Briefly, samples from GC and pericarcinous 
tissues were mixed with the assay buffer provided in the 
assay kit in 96-well plates and incubated with the chromo-
genic substrate at 37°C for 2 to 24 hours. Subsequently, the 
optical density at 450 nm was determined using an ELISA 
plate reader (Model 550; Bio-Rad).

Western Blotting

Western blotting was performed to determine expression 
levels of total and phosphorylated proteins in GC and peri-
carcinous tissues, as well as in cells isolated from GC and 
normal gastric mucosa. Protein extracts were prepared 
using the RIPA lysis buffer (Beyotime, Shanghai, China). 
Equal amounts of protein (20 µg) were separated by SDS-
polyacrylamide gel electrophoresis on 10% or 12% poly-
acrylamide Tris-glycine gels, and then electrotransferred 
onto a nitrocellulose membrane. The membranes were 
blocked with 5% skim milk for 1 hour at room temperature, 
followed by incubation with the primary antibodies at 4°C 
overnight. After incubation in horseradish peroxidase-con-
jugated secondary antibodies for 1 hour at room tempera-
ture, the immunoreactive bands were visualized using the 
ECL Western Blotting Substrate (Piece, Carlsbad, CA). 
Relative protein levels were normalized to that of GAPDH.

Cell Culture

GC cell lines, including MGC803, GC7901, BGC823, 
AGS, and N87, as well as a gastric mucosa cell line, namely 
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GES-1, were purchased from the American Type Culture 
Collection (ATCC; Manassas, VA). The cells were cultured 
in DMEM or RPMI 1640 medium (Sigma, St Louis, MO) at 
37°C under a humidified atmosphere of 5% CO

2
. Both cul-

ture media were supplemented with 10% fetal bovine serum 
and 10% penicillin/streptomycin.

Cell Migration

Cell migration was evaluated by the wound healing assay. 
Equal numbers of GC and gastric mucosa cells were seeded 
in 6-well tissue culture plates coated with fibronectin. After 
a confluent cell monolayer formed, a straight line was 
scratched on the cell monolayer using a 100-µL pipette tip 
(wound infliction). Subsequently, the cells were washed 
and cultured in serum-free medium. Microscopic images of 
the same area were taken immediately after wound inflic-
tion and after 24 hours. Migration rates were calculated 
using the following equation: (initial distance − final dis-
tance/initial distance) × 100.

Cell Invasion

Cell invasion was evaluated in transwell chambers, with 
upper and lower culture compartments separated by poly-
carbonate membranes of 8-µm pore size (Millicell Insert; 
Millipore, Billerica, MA). GC and gastric mucosa cells 
were placed in the upper chamber, and following a 12-hour 
incubation, the cells on the upper surface of the membrane 
were scraped, and the cells that invaded to the bottom sur-
face were fixed with 95% ethanol, stained with 0.1% crystal 
violet, and counted under a light microscope (200×; Nikon, 
Tokyo, Japan) at 5 randomly chosen areas.

Short Hairpin RNA (shRNA) uPAR Knockdown

BGC823 and AGS cells were cultured to 60% to 70% con-
fluence and were transfected with an shRNA targeting uPA 
(shRNA-uPA; GenePharma Co, Ltd, Shanghai, China) 
using Lipofectamine 2000 (Life Technologies Inc, 
Gaithersburg, MD) according to the manufacturer’s instruc-
tions. Stable transfectant clones with a low expression of 
the target protein were identified by Western blotting.

Cell Viability Assay

Cell viability was evaluated by the methyl thiazolyl tetrazo-
lium (MTT) assay. BGC823 and AGS cells were seeded in 
a 96-well plate. After any relevant treatment, 10 µL MTT 
was added to each well and the cells were cultured for 4 
hours. Subsequently the medium was removed, 150 µL 
dimethylsulfoxide was added per well, and the plate was 
shaken for 10 minutes to terminate the reaction. Afterwards, 
the optical density at 570 nm was measured.

Gelatin Zymography Assay

Gelatin-coated polyacrylamide gel electrophoresis for 
MMP-2 and MMP-9 activity assay was performed. After 
any relevant treatment, the cell medium was centrifuged 
and the supernatants were subjected to sodium dodecyl sul-
fate (SDS)-polyacrylamide gel electrophoresis on 10% gels 
with 1 mg/mL gelatin (Sigma-Aldrich) at 100 V for 2 hours 
at 4°C. After electrophoresis, the gels were washed twice in 
2.5% Triton X-100 (Sigma-Aldrich) for 30 minutes at room 
temperature and then incubated for 16 hours in zymography 
developing buffer containing 50 mM Tris-HCl and 10 mM 
CaCl

2
 (pH 7.5; Sigma-Aldrich). The gels were subsequently 

stained with Commassie Brilliant Blue R-250 and band 
densities were determined by the Quantity One 4.6.3 soft-
ware (Bio-Rad Laboratories, Inc, Berkeley, CA).

Statistical Analysis

The experimental data were analyzed by one-way analysis 
of variance (ANOVA) with post hoc testing, using the ver-
sion 12.0 of the SPSS software (IBM, Armonk, NY). The 
results are presented as mean ± SD. Differences were con-
sidered significant when P < .05.

Results

uPA Activity, uPAR Expression, and Pak1 
Phosphorylation in GC and Pericarcinous Tissues

We initially examined uPA activity in GC and pericarcinous 
tissues using a commercial detection kit, and we found that 
uPA activity was remarkably elevated in GC tissues com-
pared with pericarcinous tissues (P < .05; Figure 1A). uPA 
binding to its receptor, uPAR, on the cell surface is essential 
for its catalytic activity. Thus, knowledge of uPAR expres-
sion in tissues contributes to an understanding of uPA acti-
vation. Western blotting showed that uPAR expression was 
higher in GC tissues than in pericarcinous tissues (P < .05; 
Figure 1B). Pak1 is one of the key downstream targets of 
the uPA/uPAR system, which controls signals involved in 
cell movement and invasion. Similar to uPAR upregulation, 
Pak1 phosphorylation was dramatically increased in GC tis-
sues compared to pericarcinous tissues (P < .05).

Correlation Between uPAR and p-Pak1 Protein 
Levels and Migration and Invasion of GC Cells

To understand the correlation between uPAR and Pak1 and 
GC migration and invasion, we measured uPAR expression 
and Pak1 phosphorylation levels in various GC cells by 
Western blotting. uPAR expression was higher in GC cell 
lines compared to the gastric mucosa cell line GES-1, with 
different cell lines showing different degrees of uPAR 
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expression increase; the highest levels were observed in 
BGC823 and AGS cells, which exhibited a 2.2- and 1.5-fold 
increase, respectively (both P < .05; Figure 2A). Pak1 phos-
phorylation showed a nearly 9- and 8-fold increase in 
BGC823 and AGS cells, respectively, compared to GES-1 
cells (P < .01). N87, MGC803, and GC7901 GC cells dis-
played approximately 6- (P < .01), 3- (P < .05), and 2.6-fold 
(P < .01) increase in Pak1 phosphorylation, respectively, 
compared to GES-1 cells. Cell migration rate as determined 
by a wound healing assay was used as a measure of the 
migratory ability of GC and gastric mucosa cells. Of all 
tested cells, BGC823 and AGS cells showed the highest and 
second highest migration rates, respectively, followed by 
N87, GC7901, MGC803, and GES-1 cells, in this order 
(Figure 2B). In the cell invasion assay, a higher number of 
cells passing through the transwell membrane generally 
means a stronger cell invasion activity. We observed that 
the MGC803 cells processed the strongest invasion activity 
among all the cells tested (Figure 2C). The invasion activity 
of N87 and AGS cells was slightly weaker than that of the 
MGC803 cells, but much stronger than that of the GC7901, 
GES-1, and MGC803 cells (P < .05). Therefore, BGC823 
and AGS cells, considered the ideal cell lines for our study, 
were used for further experimentation.

Qu Treatment Inhibits GC Cell Viability Probably 
Independent of uPAR

Qu is a plant-derived polyphenol, exhibiting inhibitory effects 
on proliferation and development of diverse cancers. In this 
study, GC BGC823 and AGS cells were treated with 10 µM 

Qu for 72 hours (the dose and time were based on a pilot 
experiment) to determine the impact of Qu on cell viability. 
The MTT assay showed that the viability of both BGC823 
and AGS cells underwent dramatic decrease following expo-
sure to Qu (P < .05; Figure 3). To determine whether the 
inhibitory effect of Qu on cell viability could be related to 
uPA/uPAR function, shRNA-mediated uPAR knockdown 
was performed before Qu treatment. BGC823 and AGS cell 
viability was not impaired by uPAR knockdown, but decreased 
by uPAR knockdown in combination of the Qu treatment (P < 
0.05 vs control). It is possible that the inhibitory effect of Qu 
on cell viability is independent of the uPA/uPAR system.

Qu Treatment and uPAR Knockdown Inhibit the 
Metastatic Activity of GC Cells

GC cell migration and invasion are usually used to assess 
metastatic potential. Here we evaluated these activities after 
various cell treatments. Exposure to 10 µM Qu for 72 hours 
resulted in a remarkable decrease in migration for both 
BGC823 and AGS cells, compared to untreated control 
cells (P < .05; Figure 4A). uPAR knockdown in BGC823 
and AGS cells also attenuated cell migration (P < .05). 
Combination of uPAR knockdown with Qu exposure 
resulted in a further attenuation of BGC823 and AGS cell 
migration (P < .05 vs control). Incubation of BGC823 and 
AGS cells with 10 µM Qu for 72 hours significantly inhib-
ited cell invasion (P < .05; Figure 4B). In addition, on uPAR 
knockdown, BGC823 and AGS cell invasion was severely 
impaired, compared to that of control cells (P < .01). uPAR 
knockdown before Qu treatment caused very poor BGC823 

Figure 1. uPA activity, uPAR expression, and Pak1 phosphorylation in GC and pericarcinous tissues. (A) uPA activity in gastric cancer 
(GC) and pericarcinous tissues (n = 35) was examined using a commercial detection kit. uPA activity was remarkably elevated in GC 
tissues compared to pericarcinous tissues. (B) Representative Western blot images show the relative protein levels of uPAR and 
p-Pak1 in GC and pericarcinous tissues (n = 35). uPAR and p-Pak1 had higher expression in GC tissues than in pericarcinous tissues. 
*P < .05 versus control group. Cancer, GC tissues; Normal, pericarcinous tissues of GC; uPA, urokinase plasminogen activator; uPAR, 
uPA receptor; Pak1, p21-activated kinases-1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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and AGS cell invasion (P < .01 vs control). ECM degrada-
tion induced by MMP-2 and MMP-9 strongly contributes to 
cancer metastasis; thus, MMP-2 and MMP-9 are important 
targets in cancer management. We found that both MMP-2 
and MMP-9 activities were significantly attenuated in 
BGC823 and AGS cells after Qu treatment (P < .05, Figure 
4C). uPAR knockdown also reduced MMP-2 and MMP-9 
activity in BGC823 and AGS cells (P < .05 vs control). 
Combination of uPAR knockdown with Qu treatment 
resulted in remarkably attenuated MMP-2 and MMP-9 
activity in BGC823 and AGS cells (P < .05 vs control).

Qu Inhibits Expression of uPA, uPAR, and Their 
Downstream Targets

To gain insights into the regulatory effects of Qu on uPA, 
uPAR, and their downstream targets, we evaluated their 

expression by Western blotting. Incubation of BGC823 
cells with 10 µM Qu for 72 hours resulted in decreased uPA 
expression, compared to control cells (P < 0.05, Figure 5). 
uPA protein expression was not affected by uPAR knock-
down, but decreased significantly by the combination of 
uPAR knockdown and Qu treatment (P < .05). Exposure of 
BGC823 cells to Qu lead to decreased uPAR expression as 
well. A predominant decrease in uPAR expression was 
observed with uPAR knockdown alone or in combination 
with subsequent Qu treatment (P < .01). PAK1 phosphory-
lation also decreased after Qu treatment (P < .05). Moreover, 
PAK1 phosphorylation decreased on shRNA-mediated 
uPAR knockdown (P < .01). uPAR knockdown followed by 
Qu treatment resulted in a significant inhibition of PAK1 
phosphorylation (P < .01). Limk1 is downstream to PAK1. 
Administration of Qu inhibited Limk1 phosphorylation. 
uPAR knockdown also led to the reduction in the levels of 

Figure 2. Correlation between uPAR and p-Pak1 protein levels and in GC cell migration and invasion. (A) uPAR and p-Pak1 protein 
levels in GC cell lines, including MGC803, GC7901, BGC823, AGS, and N87, as well as gastric mucosa cell line, GES-1. (B) Wound 
healing assay showing migration of GC and gastric mucosa cells. (C) Transwell chamber assay showing invasion of GC and gastric 
mucosa cells. Migration and invasion of GC cell lines positively correlated with uPAR and p-Pak1 expression. Bars representing the 
average of data from 3 independent tests. Bars not sharing a common letter differ (P < .05). uPAR, uPA receptor; Pak1, p21-activated 
kinases-1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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Limk1 phosphorylation (P < .05), regardless of subsequent 
treatment with the Qu. Cofilin phosphorylation is under the 
regulation of Limk1. Exposure of BGC823 cells to Qu 
inhibited cofilin phosphorylation relative to control (P < 
.05). Cofilin phosphorylation was dramatically reduced 
after uPAR knockdown (P < .01). The combination of uPAR 
silencing with Qu treatment resulted in a significant inhibi-
tion of cofilin phosphorylation (P < .01).

Similar to BGC823 cells, AGS cells showed markedly 
reduced uPA protein expression following exposure to 10 µM 
Qu for 72 hours. Silencing uPAR had no effect on uPA pro-
tein expression, whereas the combination of uPAR knock-
down with Qu treatment caused a significant reduction in 
uPA protein expression. uPAR expression was also reduced 
in AGS cells after Qu treatment (P < .05). uPAR silencing led 
to a dramatic reduction in uPAR expression, regardless of 
subsequent Qu treatment. PAK1, Limk1, and cofilin phos-
phorylation was significantly lower in AGS cells treated with 
Qu than in the nontreated cells (P < .05). Furthermore, there 
was a strong inhibition of PAK1 (P < .05), Limk1 (P < .01), 
and cofilin (P < .01) phosphorylation on uPAR knockdown. 
The combination of Qu treatment with uPAR silencing 
resulted in a remarkable inhibition of PAK1 (P < .05), Limk1 
(P < .01), and cofilin (P < .01) phosphorylation.

Suppression of the uPA/uPAR System by Qu 
Could Be Mediated by NF-κb, PKC-δ, ERK1/2, 
and AMPKα
The ability of Qu to modulate multiple signaling pathways 
is probably involved in the suppression of the uPA/uPAR 

system. Based on previous studies, we hypothesized that 
NF-κb, PKC, ERK1/2, and AMPKα are potential candi-
dates that could mediate the suppression of the uPA/uPAR 
system by Qu. We evaluated NF-κb (p65), PKC-α, PKC-
β, PKC-δ, ERK1/2, and AMPKα phosphorylation in 
BGC823 and AGS cells by Western blotting, after treat-
ment with 10 µM Qu for 72 hours. We observed that Qu 
decreased NF-κb (p65) (P < .05), PKC-δ (P < .05), and 
ERK1/2 (P < .01) phosphorylation in both BGC823 and 
AGS cells, but not PKC-α and PKC-β phosphorylation 
(Figure 6A). Conversely, AMPKα phosphorylation was 
increased by Qu (P < .05 in BGC823 cells and P < .01 in 
AGS cells). Furthermore, we used specific inhibitors of 
NF-κb (p65), PKC, and ERK1/2, as well as activators of 
AMPKα to assess the role of these molecules in regulating 
uPA and uPAR. BGC823 and AGS cells were incubated 
with 9 µM JSH-23, 10 nM Go6983, 12 µM SCH772984, 
or 4.5 µM A-769662 for 72 hours. Similar to Qu, inhibi-
tors of NF-κb (p65), PKC, and ERK1/2, and the AMPKα 
activator decreased uPA expression (all P < .05) in 
BGC823 cells. uPAR expression was also dramatically 
reduced after treatment with Qu (P < .05), JSH-23 (P < 
.05), Go6983 (P < .01), SCH772984 (P < .05), and 
A-769662 (P < .05). Similarly, AGS cells showed 
decreased uPA expression following exposure to Qu (P < 
.05), JSH-23 (P < .05), Go6983 (P < .01), SCH772984 (P 
< .05), and A-769662 (P < .05). These substances also 
lowered uPAR expression in AGS cells (all P < .05). These 
data indicate that suppression of the uPA/uPAR system by 
Qu could proceed through NF-κb, PKC-δ, ERK1/2, and 
AMPKα regulation.

Figure 3. Treatment with Qu inhibits GC cell viability probably independent of uPAR. GC BGC823 and AGS cells were treated 
with 10 μM Qu for 72 hours to determine the impact of Qu on cell viability. shRNA-mediated uPAR knockdown in the presence or 
absence of the Qu was performed to determine whether the inhibitory effect of Qu on cell viability is related to uPA/uPAR function. 
MTT assay was performed to evaluate cell viability. GC BGC823 and AGS cell viability was significantly decreased after exposure to 10 
μM Qu for 72 hours. uPAR knockdown failed to impair cell viability. Bars representing the average of data from 5 independent tests. 
*P < .05 versus control group. Qu, quercetin; non-targeting siRNA, the cells were transfected with non-targeting small iRNA; ShRNA-
uPAR, uPAR was knocked down via ShRNA-uPAR transfection; ShRNA-uPAR + Qu, uPAR was knocked down via ShRNA-uPAR 
transfection before the Qu treatment.
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Discussion

The critical importance of the uPA/uPAR system in GC 
metastasis has been revealed in previous studies. An 
immunohistochemical study using cancer tissues from 101 
GC patients showed a positive correlation between uPA 
and uPAR expression and various clinicopathological 

factors, including tumor size, differentiation, depth of 
tumor invasion, as well as lymphatic and vascular inva-
sion.19 Based on the analysis to 105 GC specimens, Zhang 
et al20 found that uPA and uPAR mRNA expression rates in 
infiltrating-type cases, stage III-IV, vessel invasion, lym-
phatic metastasis, and distant metastasis were significantly 
higher than those in expanding-type cases, stage 

Figure 4. Treatment with Qu and uPAR knockdown inhibit the metastatic activity of GC cells. GC BGC823 and AGS cells were 
treated with 10 μM Qu for 72 hours. shRNA-mediated uPAR knockdown was performed in the presence or absence of Qu 
treatment. (A) Wound healing assay showing BGC823 and AGS cell migration following various treatments. (B) Transwell chamber 
assay showing BGC823 and AGS cell invasion following various treatments. (C) Gelatin zymography assay showing MMP-2 and MMP-9 
activities in BGC823 and AGS cells following various treatments. BGC823 and AGS cell migration and invasion were decreased by Qu 
treatment and uPAR knockdown, alone or in combination. Bars representing the average of data from 3 independent tests. *P < .05, 
**P < .01 versus control group. Qu, quercetin; ShRNA-uPAR, uPAR was knocked down via ShRNA-uPAR transfection; ShRNA-uPAR 
+ Qu, uPAR was knocked down via ShRNA-uPAR transfection before the Qu treatment.
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I-II, non–vessel invasion, non–lymphatic metastasis, and 
non–distant metastasis, respectively, thereby suggesting 
that uPA and uPAR expressions can serve as prognostic 
markers of GC. Semiquantitative RT-PCR and ELISA 
measurements conducted by Ding et al21 showed higher 
expressions of uPA and uPAR in peritoneal metastatic 
lesions than in normal peritoneal tissues. High levels of 
uPA and uPAR may predict an adverse outcome in patients 
with GC. Consistent with previous data, the present study 
displayed enhanced uPA activity and upregulated uPAR 
protein level in GC tissues. Furthermore, we revealed a 
strong correlation between uPAR expression and GC met-
astatic potency, by evaluating uPAR expression, migra-
tion, and invasion in various GC cell lines. Our data 

provide additional evidence that the uPA/uPAR system is 
critical in promoting GC metastasis.

Qu, a plant-derived polyphenol, has been shown to have 
anti-proliferative and apoptotic effects on GC cells. This 
property of Qu was also validated in our cell experiments, 
where GC BGC823 and AGS cell viability was significantly 
decreased after exposure to 10 µM Qu for 72 hours. However, 
less information is currently available as to whether Qu is 
able to inhibit metastasis. Since GC has often developed to an 
advanced stage when it is diagnosed, cancer metastasis is a 
common event in GC patients.2 Patients presented with meta-
static GC suffer from limited treatment options and rapid dis-
ease progression; thus, identification of new substances and 
methods that can retard GC metastatic progression is urgent. 

Figure 5. Qu has inhibitory effects on the expression of uPA, uPAR, and their downstream targets. GC BGC823 and AGS cells 
were treated with 10 μM Qu for 72 hours. shRNA-mediated uPAR knockdown was performed in the presence or absence of Qu 
treatment. Western blotting was performed to determine the expression levels of the indicated proteins after various treatments. 
Both Qu treatment and uPAR knockdown decreased MMP-2 and -9 activities and blocked Pak1-Limk1-cofilin signaling. Bars 
representing the average of data from 3 independent tests. *P < .05, **P < .01 versus control group. Qu, quercetin; ShRNA-uPAR, 
uPAR was knocked down via ShRNA-uPAR transfection; ShRNA-uPAR + Qu, uPAR was knocked down via ShRNA-uPAR transfection 
before the Qu treatment; uPA, urokinase plasminogen activator; uPAR, uPA receptor; Pak1, p21-activated kinases-1; GAPDH, 
glyceraldehyde-3-phosphate dehydrogenase.



Li and Chen 519

In this study, we found that GC BGC823 and AGS cells have 
potent migratory and invasive abilities, which, however, 
were severely impaired after treatment with Qu, suggesting 
an inhibitory effect of Qu on GC metastasis. Melanoma is 
another malignant tumor with a high propensity for metasta-
sis. Studies showed that Qu inhibits melanoma cell migration 
and invasion through the inhibition of hepatocyte growth 
factor/c-Met and STAT3 signaling.22 In pancreatic cancer, 
treatment with Qu suppresses the migratory activity induced 
by transforming growth factor-β, basic fibroblast growth fac-
tor, and vascular endothelial growth factor-A.23 Moreover, 

numerous researches have revealed a positive correlation 
between Qu treatment and invasion inhibition in prostate 
cancer. The mechanisms by which Qu antagonizes prostate 
cancer invasiveness involve suppression of transcriptional 
repressors (eg, Snail, Slug, and Twist), inhibition of epider-
mal growth factor receptor/PI3K/Akt/ERK1/2 pathway, and 
the vascular and endothelial growth factor-R2/Akt/mTOR/
P70S6K signaling pathway.24,25

The present work revealed that uPA and uPAR protein 
levels in GC cells were downregulated by Qu. uPAR knock-
down in GC cells resulted in decreased migration and 

Figure 6. Suppression of the uPA/uPAR system by Qu may be mediated by NF-κb, PKC-δ, ERK1/2, and AMPKα. (A) Phosphorylation 
levels of NF-κb (p65), PKC-α, PKC-β, PKC-δ, ERK1/2, and AMPKα were evaluated in BGC823 and AGS cells by Western blotting, 
after treatment with 10 μM Qu for 72 hours. Qu treatment was associated with inhibition of NF-κb, PKC-δ, and ERK1/2 activities 
and with AMPKα activation. (B) Specific inhibitors of NF-κb (p65), PKC, and ERK1/2, as well as activators of AMPKα were used to 
assess their roles in uPA and uPAR regulation. BGC823 and AGS cells were incubated with 9 μM JSH-23, 10 nM Go6983, 12 μM 
SCH772984, or 4.5 μM A-769662 for 72 hours. Similar to Qu, specific inhibitors of NF-κb, PKC, and ERK1/2, and an AMPKα activator 
suppressed uPA and uPAR expression in GC cells. Bars representing the average of data from 3 independent tests. *P < .05, **P < 
.01, #P < .05, ##P < .01 versus control group. Qu, quercetin; uPA, urokinase plasminogen activator; uPAR, uPA receptor; GAPDH, 
glyceraldehyde-3-phosphate dehydrogenase; NF-κb, nuclear factor-κb; PKC, protein kinase C; ERK1/2, extracellular signal-regulated 
kinase 1/2; AMPKα, adenosine monophosphate activated protein kinase α; NF-κb(−), NF-κb inhibition with the inhibitor; PKC(−), 
PKC inhibition with the inhibitor; ERK1/2(−), ERK1/2 inhibition with the inhibitor; AMPKα(+), AMPKα activation with the activator.



520 Integrative Cancer Therapies 17(2)

invasion, while uPAR knockdown in combination with Qu 
treatment had an additive effect. These results indicate that 
uPA and uPAR downregulation is an important mechanism 
by which Qu can inhibit GC migration and invasion. uPA 
and uPAR downregulation are also observed upon Qu treat-
ment of highly invasive prostate cancer.26 Although cancer 
metastasis involves a series of complex processes, degrada-
tion and destruction of ECM and basement membrane is an 
essential step, which requires the participation of several 
proteolytic enzyme systems, such as the uPA/uPAR system 
and MMPs. After binding to uPAR, uPA is activated and is 
capable of converting plasminogen into plasmin, which 
then can degrade several ECM components.

MMP-2 and MMP-9 are 2 major MMPs responsible for 
the degradation of ECM and basement membrane. High lev-
els of MMP-2 and MMP-9 have been associated with the 
malignant behavior of GC and acted as predictors of adverse 
outcomes.27 In the present study, gelatin zymography showed 
that MMP-2 and MMP-9 activities were significantly reduced 
in GC BGC823 and AGS cells after Qu treatment, which sug-
gests that Qu can inhibit MMP-2 and MMP-9 activities. A 
reduction in MMP-2 and MMP-9 activities on Qu treatment 
has also been observed in human glioma, fibrosarcoma, and 
epidermal cancer.28-30 A previous study showed that Qu 
decreased the expression of MMP-2 and MMP-9 in a dose-
dependent manner in prostate cancer.31 Since MMP-2 and 
MMP-9 activity is modulated by the uPA/uPAR system, as 
demonstrated by the present and previous studies,4 it is highly 
possible that inactivation of MMP-2 and MMP-9 is due to the 
Qu-induced downregulation of uPA and uPAR. Moreover, 
Lee et al28 have shown that Qu inhibited the formation of reac-
tive oxygen species (ROS) induced by phenazine methosul-
fate (PMS) in human fibrosarcoma cells, resulting in the 
interruption of PMS-induced stimulation of MMP-2 and 
MMP-9. In the absence of PMS, Qu also decreased intracel-
lular ROS and MMP-2 and MMP-9 activities. Hence, they 
suggested that the Qu-induced inhibition of MMP-2 and 
MMP-9 is likely the result of suppression of intracellular ROS 
formation. There are also studies that attribute the Qu-mediated 
MMP-2 and MMP-9 inactivation to PI3K/Akt signaling inhi-
bition.32,33 These studies reveal that Qu can directly bind to 
PI3K and then lower Akt phosphorylation, leading to reduced 
MMP-2 and MMP-9 activities. Thus, Qu-mediated inactiva-
tion of MMP-2 and MMP-9 in GC cells may be dependent on 
or independent of the uPA/uPAR system.

In addition to ECM degradation, cytomorphologic 
changes and motility are required for cancer cell penetration 
into neighboring tissues and metastasis to distant organs. 
Cofilin is an important actin-modulating protein that con-
trols cytoskeleton remodeling and cell lamellipodia forma-
tion, and thus it is related to cytomorphologic changes and 
cell movement.34,35 Inactivation of cofilin by phosphoryla-
tion results in the polymerization of actin filaments, which 
leads to increased migration and invasion. Cofilin is phos-
phorylated mainly by Limk1.34,35 Limk1 activity relies on 

Pak1-induced phosphorylation. A recent study has estab-
lished that the uPA/uPAR system has an impact on the phos-
phorylation and activation of Pak1,9 which suggests another 
important mechanism by which the uPA/uPAR system regu-
lates cancer migration and invasion. Our histological 
research showed that increased uPA activity and uPAR 
upregulation in GC was accompanied by elevated p-Pak1 
protein levels. In experiments with various GC cell lines, 
p-Pak1 showed a similar expression profile to that of uPAR. 
Selectively targeting uPAR by shRNA interference attenu-
ated phosphorylation of Pak1 and its downstream effectors, 
Limk1 and cofilin-1. These results suggest that the uPA/
uPAR system serves as an important activator of Pak1/
Limk1/cofilin signaling. This study showed that GC cell 
lines with higher p-Pak1 levels had stronger migratory and 
invasive capabilities, consistent to previous findings that 
show correlation between high expression and phosphoryla-
tion of Pak1 and increased cancer metastasis.36 Furthermore, 
we found that phosphorylation of Pak1, Limk1, and cofilin 
in GC BGC823 and AGS cells was significantly decreased 
following treatment with Qu. Based on these data, we sug-
gest that Qu-induced uPA and uPAR downregulation inhibits 
the Pak1/Limk1/cofilin signaling pathway, leading to cell 
migration and invasion inhibition.

Qu has been shown to regulate multiple signaling mole-
cules acting upstream of uPA and uPAR, which may be an 
important mechanism underlying the suppression of uPA 
and uPAR by Qu. The p65 subunit of NF-κB binds the pro-
moter of the uPA gene, facilitating the activation of uPA 
transcriptional.37 A substantial body of evidence suggests 
that most polyphenols are inhibitors of NF-κb, thereby pro-
cessing anti-inflammatory properties.38 Our study showed 
that p65 phosphorylation in GC cells was effectively reduced 
by Qu. Suppression of NF-κB via a specific inhibitor had 
similar inhibitory effects on uPA and uPAR expression as Qu 
treatment did. This suggests that NF-κB is involved in the 
regulation of uPA and uPAR by Qu. Signaling pathways 
involving protein kinase C (PKC) are also influenced by Qu 
and various other natural polyphenols as well.39 One of the 
mechanisms by which polyphenols exert antioxidant proper-
ties is the regulation of antioxidant enzyme gene transcrip-
tion via PKC signaling.39 The regulation of PKC signaling 
involved complicated mechanisms. Which isoform of PKC 
is regulated and whether PKC is activated or inhibited 
depend not only on the polyphenol form but also on cell and 
tissue types and local environments.39 Qu has been shown to 
dramatically decrease PKC-δ phosphorylation, whereas it 
has minor effects on PKC-α and PKC-β phosphorylation. 
An in vivo study found that inhibition of PKC-δ largely 
blocks sepsis-induced expression of uPAR.40 In the present 
study, uPA and uPAR expression in GC cells was decreased 
following treatment with a PKC inhibitor. These results 
indicate that PKC-δ may participate in the mechanisms 
underlying the regulation of uPA and uPAR by Qu. In addi-
tion, we suggest that ERK1/2 is also an important regulator, 
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asERK1/2 inhibition by a specific inhibitor or Qu was asso-
ciated with decreased expression of uPA and uPAR. A report 
documents that p-ERK is substantially decreased by siRNA 
interference of uPAR in pancreatic adenocarcinoma cells, 
and ERK1/2 inactivation suppresses uPAR protein expres-
sion, suggesting the presence of a positive feedback loop 
between uPAR and ERK1/2.41 In previous studies, Qu has 
been shown to have both inhibitory and promoting effects on 
ERK1/2, possibly depending on cell and tissue type.42-44 
The effect of Qu on AMPK signaling is positive in various 
cells. Qu augments AMPK signaling, blocking the AKT/
mTOR cascades and reducing breast cancer growth and 
metastasis in nude mice.45 In this study, Qu and an AMPK 

specific activator showed a similar result with respect to 
AMPK activation, which was concomitant with lower uPA 
and uPAR expression. AMPK thus may be a potential signal-
ing molecule that mediates uPA and uPAR regulation by Qu.

In summary, this study revealed that Qu has antimeta-
static effects on GC via the interruption of uPA/uPAR-
dependent pathways. The uPA/uPAR system is involved in 
multiple processes that are essential for GC metastasis, 
including ECM degradation, cell motility, cytomorphologic 
changes, and angiogenesis, by regulating MMPs, the Pak1/
Limk1/cofilin signaling pathway, and FAK, TGF-β, and 
VEGF (Figure 7). The suppression of uPA/uPAR by Qu 
may be related to NF-κb, PKC-δ, and ERK1/2 inhibition, as 

Figure 7. Possible mechanisms by which Qu inhibits GC metastasis. Qu suppresses uPA/uPAR function probably via inhibition of 
NF-κb, PKC-δ, and ERK1/2, as well as AMPKα activation. The uPA/uPAR system is involved in multiple processes essential for GC 
metastasis, including ECM degradation cell motility, cytomorphologic changes, and angiogenesis, by regulating MMPs, the Pak1/Limk1/
cofilin signaling pathway, and FAK, TGF-β, and VEGF. Thus, Qu suppresses uPA/uPAR function, resulting in GC metastasis inhibition. 
Qu, quercetin; uPA, urokinase plasminogen activator; uPAR, uPA receptor; MMP, matrix metalloproteinase; Pak1, p21-activated 
kinases-1; FAK, focal adhesion kinase; VEGF, vascular endothelial growth factor; TGF-β, transforming growth factor-β; NF-κb, nuclear 
factor-κb; PKC, protein kinase C; ERK1/2, extracellular signal-regulated kinase 1/2; AMPKα, adenosine monophosphate activated 
protein kinase α.
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well as AMPKα activation. The use of Qu in adjunctive 
therapy in patients with metastatic GC might be considered, 
although further studies of Qu in animal experiments and 
clinical trials are needed.
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