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Abstract. Epidermal growth factor (EGF) signaling has been 
shown to induce epithelial to mesenchymal transition (EMT) 
in many types of cancer cells. However, the molecular mecha-
nism of EGF-induced EMT in gastric cancer remains largely 
unknown. In the present study, we found that human gastric 
cancer cell lines SGC-7901 and BGC-823 underwent EMT 
phenotypic changes upon exposure to EGF. The induction of 
EMT was consistent with aggressive characteristics such as 
increased cell migration, invasion and clonogenic growth. 
Additionally, EGF stimulation also led to the upregulation 
of urokinase plasminogen activator receptor (uPAR) both at 
mRNA and protein levels. Knockdown of uPAR by siRNA 
significantly attenuated EMT induction by EGF in SGC-7901 
and BGC-823 cells. Furthermore, EGF increased ERK1/2 
activity and blocking ERK1/2 signaling with its inhibitor, 
U0126, markedly inhibited EGF-induced uPAR expression 
and consequently EMT. Collectively, the present study demon-
strated that EGF induced aggressiveness of gastric cancer 
cells by activating EMT, which involved the activation of the 
ERK1/2 pathway and, subsequently, uPAR expression.

Introduction

Epithelial to mesenchymal transition (EMT), which is defined 
by the loss of epithelial characteristics and the acquisition 
of mesenchymal properties, has been found to contribute to 
cancer progression and metastasis in multiple types of cancer 
including gastric cancer  (1-3). EMT phenotype in cancers 
has also been associated with poor clinical outcome (2,4). 
Moreover, it has been proposed that signaling pathways 
involved in metastasis are shared by EMT (5,6). Therefore, 

elucidation of the signaling pathways that govern EMT may 
advance our understanding of the mechanisms of tumor 
metastasis.

EMT is believed to be governed by signals from the 
tumor microenvironment including a variety of cytokines and 
growth factors, such as epidermal growth factor (EGF) and 
transformation growth factor-β (TGF-β) (7). An in vivo study 
by Goswami et al (8) has suggested that macrophages express 
EGF, which promotes the formation of elongated protrusions 
and cell invasion of carcinoma cells. The capacity of EGF to 
induce EMT was previously reported in various cell models 
including gastric cancer cells (9,10). However, the molecular 
mechanisms underlying the induction of EMT by EGF are still 
not well characterized.

The urokinase plasminogen activator receptor (uPAR), a 
glycosyl phosphatidylinositiol-anchored receptor, has been 
implicated in EGF signaling and cancer invasion (11-13). It 
has been demonstrated that an increased level of uPAR was 
essential to the induction of EMT, and this increase was corre-
lated to tumor progression and aggressiveness (14,15). The 
synthesis of uPAR was increased by diverse growth factors 
including EGF (11,16,17). Mounting evidence has suggested 
that extracellular signal-regulated kinase 1/2 (ERK1/2) is a 
potent modulator of uPAR expression in cancer cells (18,19). 
In addition, a study by Tushir and D'Souza-Schorey (20) also 
revealed that ERK1/2 regulated uPAR expression during 
HGF-induced tubule development. Furthermore, previous 
studies have indicated that uPAR played a pivotal role in 
promoting EGF-induced tumor invasion (16,19). Based on the 
aforementioned findings and the lack of mechanistic studies 
in establishing the role of EGF-induced upregulation of uPAR 
with respect to the acquisition of EMT and tumor cell aggres-
siveness, we used gastric cancer cells as a preclinical model 
for the present study. The results in the present study indicated 
that EGF-induced EMT involved a cascade of signaling events 
including activation of ERK1/2 signaling and subsequent 
upregulation of uPAR.

Materials and methods

Cell culture and treatment. Human gastric cancer cell lines, 
BGC-823 and SGC-7901, were purchased from the Chinese 
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Academy of Sciences Cell Bank (Shanghai, China); all cell lines 
were maintained at 37̊C in a 5% CO2 incubator in Dulbecco's 
modified Eagle's medium (DMEM) supplemented with 10% 
fetal bovine serum (FBS), 100 U/ml penicillin and 100 µg/ml 
streptomycin. EGF was added to DMEM supplemented with 
1% FBS at a final concentration of 10 ng/ml. Cells were made 
quiescent by serum starvation overnight followed by EGF 
treatment for 7 days before experiments were conducted.

Wound healing assay. Cells were treated with or without 
EGF for 7 days. Then, the cells were plated into a 96-well 
plate. When cells were 95-100% confluent, wounding was 
performed by scraping the cell monolayer with a 10-µl pipette 
tip. Wound closure was monitored by visual examination under 
an inverted microscope with an 100X objective, at time-point 
zero and after 24 h.

Matrigel invasion assay. Cells were treated with or without 
EGF for 7 days. Then 5x103 cells in DMEM with 1% phosphate-
buffered saline (PBS) were seeded onto the upper chamber, 
which were coated with Matrigel (Sigma-Aldrich, St. Louis, 
MO, USA). As a chemoattractant, DMEM with 10% FBS 
was added into the lower compartment. After incubation for 
24 h, the cells were fixed in methanol for 20 min and stained 
with 0.1% crystal violet for 20 min. The cells on the upper 
surface of the filter were wiped off with a cotton swab and the 
number of cells that had migrated out to the lower surface of 
the membranes was counted in 5 randomly selected fields. The 
experiment was repeated at least 3 times independently.

Colony formation assay. Cells were treated with or without 
EGF for 7 days. Subsequently, the cells were plated at a density 
of 2x103 cells in 6-well plates. Then the cells were incubated at 
37̊C for 14 days. Next, colonies were stained with 2% crystal 
violet, and the number of colonies that consisted of >20 cells 
was counted.

Small interfering RNA (siRNA) transfection. siRNA-specific 
for uPAR was purchased from GenePharma (Shanghai, China). 
As a non-specific control siRNA, scrambled siRNA duplex 
was used which was also purchased from GenePharma. The 
sequences of siRNA for uPAR were: 1, 5'-GGUGACGCCUUC
AGCAUGAdTdT-3'; 2, 5'-GCCGUUACCUCGAAUGCAUdT
dT-3'; 3, 5'-CACCACCAAAUGCAACGAGdTdT-3'; and for the 
scrambled sequence: 5'-UUCUCCGAACGUGUCACGUTT-3'. 
Transfection was carried out using Lipofectamine  2000 
(Invitrogen, Carlsbad, CA, USA) following the manufacturer's 
instructions. Silencing of uPAR was assayed at the mRNA and 
protein expression level at 48 h after transfection.

Western blotting. Cells were harvested after the indicated 
treatment. Protein was extracted in RIPA lysis buffer. Fifty 
micrograms of protein was loaded on an SDS-PAGE gel, 
followed by protein separation and electroblotting onto a 
polyvinylidene difluoride (PVDF) membrane. The membrane 
was labeled with the following primary antibodies: mouse 
anti‑E‑cadherin, mouse anti-vimentin and goat anti-uPAR 
(Santa Cruz Biotechnology, Santa Cruz, CA, USA), rabbit 
anti-ERK1/2 and anti-phospho-ERK1/2 (Thr202/Tyr204) 
(Cell Signaling Technology, Boston, MA, USA), and mouse 

anti-GAPDH antibody (Chemicon, Temecula, CA, USA). 
HRP-conjugated secondary antibodies were incubated in 5% 
BSA in Tris-buffered saline with Tween-20 (TBST) buffer for 
2 h at room temperature. Immunoreactivity was detected using 
an enhanced chemiluminescence detection system (Pierce, 
Rockford, IL, USA).

RT-PCR. Total RNAs were isolated using TRIzol reagent 
according to the manufacturer's protocol (Invitrogen). Then, 
cDNA was synthesized using the SuperScript First Strand 
Synthesis System (Invitrogen), and amplified by polymerase 
chain reaction (PCR) using the following primers: GAPDH, 
5'-TGAACGGGAAGCTCACTGG-3' (sense) and 5'-TCCACC 
ACCCTGTTGCTGTA-3' (antisense); E-cadherin, 5'-AGGAT 
GGCTGAAGGTGACAGAG-3' (sense) 5'-TGGCCTCAAAA 
TCCAAGCCC-3' (antisense); vimentin, 5'-GATGTGGATGT 
TTCCAAGCC-3' (sense) 5'-ACCAGAGGGAGTGAATC 
CAG-3' (antisense); uPAR, 5'-TTACCGAGGTTGTGTGTG 
GG-3' (sense) 5'-GGGCATGTTGGCACATTGAG-3' (anti-
sense). The PCR for GAPDH was performed in 26 cycles at 
95̊C for 30 sec, 55̊C for 30 sec, and 72̊C for 30 sec, for 
E-cadherin in 28 cycles at 95̊C for 30 sec, 56̊C for 30 sec, and 
72̊C for 40 sec, for vimentin in 28 cycles at 95̊C for 30 sec, 
55̊C for 30 sec, and 72̊C for 40 sec, and for uPAR in 28 cycles 
at 95̊C for 30 sec, 55̊C for 30 sec, and 72̊C for 30 sec. The 
PCR products were resolved by electrophoresis on 1% agarose.

Immunofluorescence staining. Cells were treated with or 
without EGF for 7 days and grown on cover slips for 24 h. The 
cells on the slips were washed with PBS, fixed with 4% para-
formaldehyde, and permeabilized with 0.2% Triton X-100. 
The cells were then incubated with anti-phospho-ERK1/2 
(Thr202/Tyr204) antibodies for 2 h followed by PBS washes. 
Subsequently, the cells were incubated with Rhodamine-
conjugated anti-rabbit antibody for 1.5 h. The cells were finally 
mounted with anti-fade mounting medium and viewed using 
a Leica DM2500 fluorescence microscope (Leica, Wetzlar, 
Germany).

Statistical analysis. Statistical analysis was carried out using 
the SPSS software (SPSS, Inc., Chicago, IL, USA). Student's 
t-test was used to analyze the differences between 2 groups. 
When comparisons between multiple groups were carried 
out, one-way ANOVA followed by SNK tests were employed. 
Statistical significance was considered at p<0.05.

Results

EGF induces EMT in gastric cancer cells. EGF is one of 
the most abundant growth factors found in the tumor micro-
environment and induces EMT in multiple types of cancer 
cells (21-23). In an attempt to recapitulate the in vivo situa-
tion where cells are chronically exposed to EGF in the tumor 
microenvironment, we exposed SGC-7901 and BGC-823 cells 
to 10 ng/ml EGF for up to 1 week. Following 7 days of exposure 
to EGF, the morphologies of SGC-7901 and BGC-823 cells 
were found to be completely changed to a mesenchymal pheno-
type, with elongated and disseminated appearances (Fig. 1A). 
To confirm the mesenchymal phenotype, we assessed the 
expression of molecular markers of EMT such as vimentin 
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and found that the mRNA and protein levels were increased 
after EGF treatment (Fig. 1B and C). In addition, the expres-
sion of E-cadherin, an epithelial marker, was downregulated 
after EGF treatment (Fig. 1B and C). Collectively, these data 
revealed that EGF induced the SGC-7901 and BGC-823 cells 
to undergo EMT-like phenotypic changes.

Cell migration and invasive characteristics are increased in 
gastric cancer cells after EGF treatment. It is well known 
that tumor cells with an EMT phenotype are more motile 
and invasive (24). Therefore, we examined the migratory and 
invasive capacity of SGC-7901 and BGC-823 cells in response 
to EGF treatment. Our results revealed that the migration 
rate was increased with the treatment of cells with EGF, as 
compared with the control cells (Fig. 2A). Using a Boyden 

chamber invasion assay with Matrigel-coated polycarbonate 
membranes, we found that more cells incubated with EGF 
had migrated through the membrane than the control 
cells (Fig. 2B). We next determined whether EGF promoted 
the clonogenic growth of SGC-7901 and BGC-823 cells by 
colony formation assay. Treatment of cells with EGF resulted 
in a significant promotion of clonogenic growth (Fig. 2C). 
Collectively, these results demonstrated that EGF-induced 
EMT was accompanied by enhanced cell migration, invasion 
and clonogenic growth.

EGF induces EMT via activation of the ERK1/2 pathway. 
In order to assess the mechanism by which EGF treatment 
induced EMT, we focused our investigation on ERK1/2 
signaling since it has been implicated in EMT induction, 

Figure 1. Induction of EMT in gastric cancer cells by exposure to EGF. EGF (10 ng/ml) was added to SGC-7901 and BGC-823 cells in culture media and 
maintained for 7 days with the medium changed every 24 h with freshly added EGF. (A) Detectable morphological conversion was observed from EGF treat-
ment. Images of the cells were captured by phase-contrast microscope. Scale bar, 100 µm. (B) Endogenous mRNA levels of E-cadherin and vimentin were 
analyzed by RT-PCR. (C) Endogenous protein levels of E-cadherin and vimentin were analyzed by western blotting; **p<0.05 in the cultures with EGF relative 
to the cultures without EGF. EMT, epithelial to mesenchymal transition; EGF, epidermal growth factor.
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metastasis and invasion  (25-27). We found that the level 
of phospho-ERK1/2 was significantly increased after EGF 
stimulation, whereas the total protein level of ERK1/2 remained 
unaltered (Fig. 3A). The results revealed that pretreatment of 
SGC-7901 and BGC-823 cells with ERK1/2 inhibitor prior 
to treatment with EGF maintained epithelial morphology, 
while cells treated with EGF revealed transformation to 
mesenchymal morphology (Fig. 3B). Moreover, treatment 
of SGC-7901 and BGC-823 cells with ERK1/2 inhibitor 
exhibited partial reversal, where we observed incomplete 
attenuation of EMT phenotype, as documented by the 
decreased expression of vimentin, and increased expression 

of epithelial marker E-cadherin  (Fig.  3C). These results 
revealed that EGF-induced EMT is mediated by the activation 
of ERK1/2.

Since ERK1/2 regulates EMT not only depending on 
its phosphorylation status, but also on its redistribution to 
the nucleus and plasma membrane (28), we also examined 
p-ERK1/2 localization in cultured cells after EGF treatment. 
Immunofluorescence staining revealed that p-ERK1/2 was 
weak and localized in the cytoplasm and nucleus of control 
cells. However, p-ERK1/2 abundance was obviously increased 
in the nucleus and periphery of the cells after exposure to 
EGF (Fig. 4).

Figure 2. SGC-7901 and BGC-823 cells exhibit a significant increase in cell migration, invasive and tumorigenic characteristics upon EGF treatment. EGF 
was added to SGC-7901 and BGC-823 cells in culture media and maintained for 7 days with the medium changed every 24 h with freshly added EGF. (A) The 
relative cell migration rate was determined using wound closure assay. (B) Cell invasion was assessed using the Matrigel invasion assay. (C) Colony formation 
assay results with its quantitative analysis; **p<0.05 in the cultures with EGF relative to the cultures without EGF. EGF, epidermal growth factor.
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uPAR is required for EGF-induced EMT. Accumulating 
evidence has indicated that uPAR in cancer cells promote 
EMT  (14,29). We then wished to examine whether uPAR 
is required for EGF-induced EMT in gastric cancer cells. 
Notably, we found a dramatic increase in the expression of 
uPAR both at the mRNA and protein levels in SGC-7901 and 
BGC-823 cells after EGF stimulation (Fig. 5A and B). In order 
to further investigate the role of uPAR in EGF-induced EMT in 
gastric cancer cells, we knocked down the expression of uPAR 
protein in SGC-7901 and BGC-823 cells by uPAR-specific 

siRNA. The uPAR-siRNA transfection resulted in significant 
knockdown of uPAR expression as shown by western blot-
ting (Fig. 5C) and significantly attenuated EGF-induced EMT, 
which was confirmed morphologically (Fig. 5D). The transfec-
tion of SGC-7901 and BGC-823 cells with uPAR-siRNA led 
to the partial reversal of the EMT phenotype as documented 
by the decreased expression of vimentin, and the increased 
expression of E-cadherin (Fig. 5E). These results demonstrated 
that uPAR upregulation by EGF is mechanistically linked with 
EGF-induced EMT in gastric cancer cells.

Figure 3. Activation of the ERK1/2 pathway is required for EGF-induced EMT. (A) Activation of ERK1/2 by EGF. SGC-7901 and BGC-823 cells were treated 
with EGF (10 ng/ml) for 7 days, and the media was changed every 24 h. Phosphorylation of ERK1/2 at Thr202/Tyr204 was determined as described in the 
‘Materials and methods’. (B) The effect of ERK1/2 inhibitor on EGF-induced morphological conversion. SGC-7901 and BGC-823 cells were pretreated with 
ERK inhibitor U0126 (10 µM) before EGF treatment. The images of the cells were captured by phase-contrast microscope. Scale bar, 100 µm. (C) The effect of 
the ERK inhibitor on the protein levels of E-cadherin and vimentin. SGC-7901 and BGC-823 cells were pretreated with ERK inhibitor U0126 (10 µM) before 
EGF treatment, and the endogenous protein levels of E-cadherin and vimentin were analyzed using western blotting; **p<0.05, compared with the control; 
##p<0.05 compared with EGF. ERK1/2, extracellular signal-regulated kinase 1/2; EGF, epidermal growth factor; EMT, epithelial to mesenchymal transition.
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uPAR acts as a downstream target of ERK1/2 and mediates 
EGF-induced EMT. It has been well documented that ERK1/2 
regulates growth factor-induced uPAR expression in cancer 
cells (16,19). To determine whether the induced expression of 
uPAR by EGF observed in our systems was ERK1/2‑dependent, 
we blocked ERK1/2 activity by pretreating the cells with 
U0126 and examined uPAR expression after stimulation 
with EGF. The results revealed that pretreatment with 10 µM 
U0126 significantly inhibited EGF-induced uPAR expression 
in comparison with control cells (Fig. 6A). However, inhibition 
of uPAR expression did not alter the EGF-induced increase of 
ERK1/2 phosphorylation (Fig. 6B). These results revealed that 
uPAR acts as a downstream molecule of ERK1/2 and mediates 
EGF-induced EMT.

Discussion

EGF, which can be directly produced by tumor-associated 
stroma cells, is one of the most abundant growth factors 
found in tumor microenvironment and acts in a paracrine 
fashion to cause EMT in different types of solid tumors, 
including gastric cancer (28,30-32). EGF treatment has also 
been demonstrated to increase cultured cancer cell migra-
tion, invasion and proteolytic activity (33-35). In an attempt 

to recapitulate the in vivo situation where cells are chroni-
cally exposed to EGF in the tumor microenvironment, we 
exposed gastric cancer cells to EGF for up to one week. In 
addition, in order to understand the principal effects of EGF 
in the absence of other growth factors, we intended to use 
serum-free medium for gastric cancer cells to exclude other 
unnecessary growth factors in the serum. However, this star-
vation culture induces apoptosis of SGC-7901 and BGC-823 
cells after 3-4 days (data not shown). Therefore, EGF was 
added to the medium supplemented with 1% FBS, which did 
not cause apoptosis within one week. In our system, gastric 
cancer cell lines (SGC-7901 and BGC-823) underwent EMT 
phenotypic changes after chronic exposure to EGF, which 
was consistent with the decreased expression of an epithelial 
marker concomitant with the increased expression of mesen-
chymal markers. In order to further characterize these cells, 
we assessed the cell migration, invasion and tumorigenic 
potential of EGF-treated cells compared to the control cells. 
Our data revealed increased cell migration, invasion and 
tumorigenic potential of EGF-treated cells compared to the 
control cells. Therefore, EGF induced EMT in gastric cancer 
cells, which is a critical step for tumor invasion and metas-
tasis. Based on this, the signaling mechanisms underlying the 
effect of EGF on the induction of EMT were investigated.

Figure 4. EGF stimulates nuclear translocation of p-ERK1/2 in gastric cancer cells. After treatment with EGF for 7 days, the expression of p-ERK (red) in 
SGC-7901 and BGC-823 cells was examined by immunofluorescence microscopy as described in the ‘Materials and methods’. The cells were counter-stained 
with DAPI (blue). Scale bar, 100 µm. EGF, epidermal growth factor.
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Figure 5. EGF-induced EMT occurred by upregulation of uPAR. (A and B) Upregulation of uPAR by EGF. SGC-7901 and BGC-823 cells were treated with 
EGF (10 ng/ml) for 7 days, and the media was changed every 24 h. The endogenous mRNA and protein levels of uPAR were assayed by (A) RT-PCR and 
(B) western blotting, respectively. (C) The effect of siRNA on the intracellular levels of uPAR. Total protein extracts from SGC-7901 and BGC-823 cells 
transfected with siRNA-uPAR (si-uPAR) or scrambled siRNA (mock) were analyzed by western blotting for uPAR. GAPDH was used as a loading con-
trol. (D) Effect of si-uPAR on EGF-induced morphological conversion. Images of the cells were captured by phase-contrast. Scale bar, 100 µm. (E) The effect 
of si-uPAR on the protein levels of E-cadherin and vimentin. SGC-7901 and BGC-823 cells were transfected with si-uPAR, and then treated with EGF for 
7 days. The endogenous protein levels of E-cadherin and vimentin were analyzed by western blotting; **p<0.05, compared with the control; ##p<0.05 compared 
with EGF. EGF, epidermal growth factor; EMT, epithelial to mesenchymal transition; uPAR, urokinase plasminogen activator receptor.
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There is increasing evidence that the activation of ERK1/2 
signaling contributes to cancer invasion and metastasis (36,37). 
ERK1/2 signaling has also been implicated in EMT induced 
by growth factors, such as TGF-β1 and FGF (38,39). Similar to 
these findings, our results revealed that the activity of ERK1/2 
was increased after EGF treatment. Inhibition of ERK 
activity by U0126 significantly prevented EGF-induced EMT, 
suggesting that EGF-induced ERK activation was responsible 
for the induction of EMT.

Increased expression of uPAR in human types of cancer 
is associated with metastasis, whereas in low-grade cancer, 
forced expression of uPAR promotes tumor metastasis (40,41). 
Previous studies have revealed that endogenous uPAR plays 
an important regulatory role in EMT and that EGF-induced 

cell invasion is mediated by the upregulation of uPAR expres-
sion in gastric cancer cells (14,16). In the present study, we 
found that EGF-induced EMT was associated with an increase 
in uPAR expression. Knockdown of uPAR by uPAR specific 
siRNA significantly attenuated EMT induction by EGF treat-
ment. These results revealed that EGF-induced EMT was 
mediated by upregulation of uPAR.

In the present study, our data demonstrated that in gastric 
cancer cells, ERK1/2 and uPAR mediated the EGF-induced 
EMT. In some types of cells, uPAR is a downstream target 
of the ERK1/2 signaling cascade and inhibition of ERK1/2 
was sufficient to suppress uPAR expression (19,42,43). In the 
present study, we demonstrated that blocking ERK1/2 activity 
significantly prevented EGF-induced uPAR expression. 

Figure 6. EGF upregulates uPAR by activation of the ERK1/2 pathway. (A) EGF-mediated upregulation of uPAR requires ERK1/2 activation. SGC-7901 
and BGC-823 cells were pretreated with ERK1/2 inhibitor U0126 (10 µM) before EGF treatment, and the endogenous protein level of uPAR was assayed by 
western blotting. (B) EGF-mediated ERK1/2 activation is uPAR-independent. SGC-7901 and BGC-823 cells were transfected with si-uPAR, and then treated 
with EGF for 7 days. The phosphorylation of ERK at Thr202/Tyr204 was determined by western blotting; **p<0.05, compared with the control; ##p<0.05, 
compared with EGF; NS, no statistical significance compared with EGF. EGF, epidermal growth factor; uPAR, urokinase plasminogen activator receptor; 
ERK1/2, extracellular signal-regulated kinase 1/2.
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Previous studies have demonstrated that ERK1/2 activity was 
regulated by uPAR (44,45). We found that specific downregula-
tion of uPAR in gastric cancer cells did not alter EGF-induced 
ERK1/2 activation. Therefore, it is possible that EGF induces 
uPAR expression via the ERK1/2 pathway and, in turn, 
stimulates initiation of EMT. The different results obtained by 
different study groups may be due to the different cell systems 
used and receptor-coupled signaling in these studies.

In summary, the present study demonstrated that treatment 
with EGF induced cell migration and invasion by activating 
EMT in gastric cancer cells. EGF treatment can lead to the 
activation of the ERK1/2/uPAR cascade in gastric cancer cells 
and contribute to EMT. These findings elucidate a molecular 
pathway linking EGF signaling with uPAR in governing EMT, 
cell motility and invasiveness, which may represent a rational 
molecular target for manipulating gastric cancer.
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