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Aim: 1) To evaluate the effect of prostaglandin E2 (PGE2) on the regulation of vascular endothelial growth factor
(VEGF) expression in gastric MKN28 cells, and 2) to investigate the role of the epidermal growth factor receptor
(EGFR) signal transduction pathway in any effect exerted by PGE2 on VEGF expression. Methods: MKN28 cells
were incubated with the vehicle (control) or with PGE2 in the presence or absence of AG1478, a selective inhibitor
of EGFR tyrosine kinase, or PD098059, a selective inhibitor of the kinase responsible for ERK2 phosphorylation
(mitogen-activated protein (MAP)/extracellular signal-regulated kinase (ERK)). Real-time quantitative polymerase
chain reaction and Western blot analysis were used to evaluate VEGF mRNA and protein expression. The activity
of EGFR and ERK2 was measured by Western blot analysis. Results: PGE2 significantly up-regulated VEGF
mRNA and protein expression and increased the activation of EGFR and ERK2. Incubation of MKN28 cells with
AG1478 significantly reduced PGE2-induced EGFR activity, ERK2 activity, and VEGF mRNA and protein expression. Meanwhile, incubation of MKN28 with PD098059 reduced PGE2-induced ERK2 activity and VEGF mRNA
and protein expression, but had no effect on EGFR activity. Conclusion: Our data suggested that PGE2 upregulates VEGF expression in gastric cancer cells via transactivation of EGFR-MAPK signaling pathways, which
may be mechanisms underlying the contribution of COX-2 to tumor angiogenesis in gastric cancer.
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It is now clear that COX-2 plays a role in the development of gastric and colorectal cancer [13]. Recent studies
have demonstrated that COX-2 could affect carcinogenesis via several different mechanisms. COX-2-mediated PG
biosynthesis has been suggested to be involved in the development of cancer based on elevated levels of PGs, especially PGE2, in cancer tissues [46]. However, the precise contribution of increased biosynthesis of PGE2 to the
progression of gastric cancer is not completely understood.
Vascular endothelial growth factor (VEGF), the most
well-characterized angiogenic factor [7], plays a critical
role in tumor-associated microvascular angiogenesis
[8] and is overexpressed in human gastric carcinomas
[911]. Recent studies have shown that there is a significant correlation between COX-2 and VEGF expression in human gastric cancer, indicating that prostaglandins may possibly play an important role in gastric
cancer angiogenesis [12, 13]. Also, Pai et al. [14] and
Cheng et al. [15] have demonstrated that PGE2 stimulates VEGF expression in cultured rat endothelial cells

and rat Muller cells. It is not known whether PGE2 can
regulate VEGF expression in human gastric cancer
cells. Also, the mechanism by which COX-2-generated PGE2 induces VEGF expression has not been fully
elucidated. Recently Pai et al. [16] demonstrated that
PGE2 can transactivate epidermal factor growth receptor
(EGFR) and trigger mitogenic signaling in cultured gastric epithelial and colon cancer cells as well as in rat
gastric mucosa in vivo, presenting a novel mechanism
for promoting colon cancer growth via gastrointestinal
hypertrophy. We hypothesized that the effects of PGE2
on VEGF are mediated by EGFR activation. Therefore,
this study was designed first to evaluate whether PGE2
alters VEGF expression in gastric cancer cells in vitro.
Second, we examined whether the EGFR signal transduction pathway is involved in any effects exerted by
PGE2 on VEGF expression. We found that PGE2 upregulates VEGF expression in gastric cancer cells and
that this effect is mediated by the EGFR activation.
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Materials. Antibodies to EGFR, ERK2, VEGF, and
b-Actin were obtained from Santa Cruz Biotechnology
(Santa Cruz, CA). Antibodies to phospho-EGFR (phospho-EGFR Tyr1173) and to phospho-extracellular sig-
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nal-regulated kinase (ERK2) (Phospho-p44/42 MAPK
Thr202/Tyr204) were purchased from Upstate Biotechnology (Lake Placid, NY) and from Cell Signaling Technology respectively. PGE2, PD098059 and AG1478
were purchased from Calbiochem (La Jolla, CA).
Cell culture. The MKN28 cell line was a generous
gift from Professor Yunling Wu (Department of Gastroenterology, RuiJin Hospital, Shanghai). This cell line
derives from a well-differentiated human gastric tubular adenocarcinoma and shows gastric-type differentiation [17]. MKN28 cells were routinely grown as monolayers at 37 °C in a humidified atmosphere of 5% CO2
in Dulbeccos Modified Eagle Medium: Nutrient Mixture F-12 (D-MEM/F-12) 1 : 1 Mixture (GIBCO® Invitrogen Corp., Carlsbad, CA) supplemented with 10%
fetal calf serum (Life Technologies, Inc).
Western blot analysis. Cells were washed with icecold PBS and broken open in lysis buffer. The protein
content of the clarified lysate was determined using
a BCA protein assay kit (Pierce Chemical Co., Rockford, IL). Cell lysates containing equal amounts of proteins were subjected to SDSPAGE and transferred
onto a nitrocellulose membrane. Blots were stained with
Ponceau Red to ensure equal loading and complete
transfer of proteins. The blot was incubated with a blocking buffer, and probed with specific primary antibodies
(listed under Materials). Blots were then washed and
incubated with specific peroxidase-conjugated secondary antibodies. After washing, bound antibody was visualized by an ECL detection system (Amersham Corp.,
Arlington Heights, IL) according to the manufacturers
instructions. The density of the protein bands was analyzed using a video image analysis system
(Image-1/FL, Universal Imaging Corp., Westchester, PA).
RNA extraction. Total RNA was isolated from
MKN28 cells using an RNA extraction reagent, TRIzol®
(Invitrogen Life Technologies, Inc., Grand Island, NY),
according to the standard acid-guanidium-phenol-chloroform method.
Real-time quantitative polymerase chain reaction. Quantitative real-time PCR was performed with
the LightCycler thermal cycling system (Roche Diagnostics, Indianapolis, IN) using the RNA Master SYBR
Green I kit (Roche Diagnostics) as described by the
manufacturer. PCR was carried out in 20 ml of LightCycler RNA Master SYBR Green I solution containing
3.25 mM manganese acetate and a 0.3 mM concentration of each primer. Reverse transcription was carried
out at 61 °C for 20 min. Subsequent PCR amplification
was initiated with an incubation at 95 °C for 2 min, followed by 45 cycles of 95 °C for 5 s, 50 °C for 5 s, and
72 °C for 20 s. VEGF primers sequences were
5¢-CCTGGTGGACATCTTCCAGGAGTACC-3¢ (sense)
and 5¢-GAAGCTCATCTCTCCTATGTGCTGGC-3¢
(antisense). The primers for GAPDH were 5¢-CACCATCTTCCAGGAGCGAG-3¢ (sense) and 5¢-TCACGCCACAGT T TCCCGGA-3¢ (antisense). Primers were
synthesized by Shanghai Sangon Co., Ltd. Data analysis was done using the Roche Molecular Biochemicals
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LightCycler software (version 3.3). The specificity of the
amplification reactions was confirmed by analyzing their
corresponding melting curves.
Statistical analysis. All data are reported as the
mean ± SD. The statistical significance of differences
between mean values was assessed by the Students
t-test for unpaired data. P <0.05 was considered statistically significant.

RESULTS
Effect of PGE2 on VEGF mRNA expression.
MKN28 cells were treated with varying concentrations
(0.1 mM10 mM) of PGE2. Exposure of MKN28 cells to
PGE2 for 3 h caused a dose-dependent increase in
VEGF mRNA expression (Fig. 1, a, b).

Fig. 1, a. Dose-dependent response of VEGF mRNA expression
to Prostaglandin E2 concentration
Serum-starved MKN28 cells were treated with varying concentrations of PGE2 (0.1 mM to 10 mM) for 3 h. Messenger RNA was isolated and used as a template for a real-time quantitative reverse transcription-polymerase chain reaction assay to measure the relative
levels of VEGF as described under Materials and Methods. Values
are the mean intensity ± SD of three separate experiments

Fig. 1, b. Analysis of the real time PCR products on the 1.5%
agarose gel electrophoresis
The real time PCR products were analysed on the 1.5% agarose
gel electrophoresis. The results showed that the length of VEGF
was between 100 b and 250 bp, and the length of GAPDH was
between 250 b and 500 bp. They were consistent with the length
of designed fragment
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Effect of PGE2 on activation of EGFR and ERK2
kinase. Because PGE2 has been shown to transactivate EGFR and stimulate the downstream ERK2 signaling pathway in colon cancer cells [16], we investigated whether the PGE2-mediated increase in VEGF
expression involves cross-communication between
PGE2 and the EGFR signaling systems. Treatment of
MKN28 cells with PGE2 (0.1 µM to 10 µM, 5 min) significantly increased EGFR and ERK2 phosphorylation
(Fig. 2, 3) in a dose-dependent manner. To further as-

Fig. 2. PGE2 dose-dependently increases EGFR activity in
MKN28 cells
Serum-starved MKN28 cells were treated with varying concentrations of PGE2 (0.1 µM to 10 µM) for 5 min, after which total cellular
protein was collected. EGFR was immunoprecipitated, and phosphorylation (p-EGFR) was visualized with anti- phospho-EGFR
antibodies (top). The total amount of EGFR in immunoprecipitates
was determined by Western blot analysis with antibodies to EGFR
(middle). Quantitative analysis of EGFR phosphorylation by determining the ratio between EGFR and p-EGFR (mean ± SD) from
3 separate experiments each performed in triplicate (bottom)

Fig. 3. PGE2 dose-dependently increases ERK2 activity in MKN28
cells
Serum-starved MKN28 cells were treated with varying concentrations of PGE2 (0.1 µM to 10 µM) for 5 min, after which total cellular
protein was collected. ERK2 was immunoprecipitated, and
phosphorylation(p-ERK2) was visualized with anti- phospho-ERK2
antibodies (top). The total amount of ERK2 in immunoprecipitates
was determined by Western blot analysis with antibodies to ERK2
(middle). Quantitative analysis of ERK2 activity (mean ± SD) from
3 separate experiments each performed in triplicate (bottom)
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certain the role of PGE2-induced EGFR activation in
triggering the mitogenic pathway, we abolished EGFR
and ERK2 kinase activity with specific inhibitors and
measured PGE2-induced EGFR and ERK2 activity.
MKN28 cells were pretreated with either AG1478 (an
EGFR kinase inhibitor, 250 nM) for 20 min or PD98059
(a MEK inhibitor, 20 µM) for 50 min, followed by PGE2
(10 µM, 5 min) treatment. AG1478 almost completely
abolished PGE2-induced EGFR and ERK2 activation
without altering their protein levels (Fig. 4, a, b).
PD98059 treatment significantly inhibited PGE2-induced
ERK2 activity but had no effect on EGFR activation
(Fig. 4, a, b). These results clearly indicated that
PGE2-induced ERK2 activation is mediated via EGFR.
Effect of AG1478 and PD98059 on VEGF mRNA
expression. Because PGE2 significantly increased both
VEGF mRNA expression and the activity of EGFR signaling systems, we examined whether PGE2-induced
VEGF mRNA expression involves the EGFR and the
ERK2 pathway. Pretreatment of MKN28 cells with a
MEK inhibitor (PD98059, 20 mM for 50 min) or an EGFR
inhibitor (AG1478, 250 nM for 20 min) significantly reduced PGE2-induced VEGF mRNA (Fig. 5), indicating
involvement of both EGFR and ERK2 in PGE2-mediated upregulation of VEGF mRNA expression.
Effect of PGE2 on VEGF protein expression. To
ascertain whether PGE2-induced VEGF mRNA expression accompanies an increase in VEGF protein expression, MKN28 cells were treated with PGE2 (10 mM) for
3, 6 and 24 h. VEGF protein expression was significantly increased at all of the time points studied, with a
maximal response at 3 h. Pre-treatment of MKN28 cells
with PD98059 or AG1478 significantly reduced the
PGE2-induced increase of VEGF protein expression
(Fig. 6), suggesting involvement of the EGFR and ERK2
pathways.

Fig. 4. PGE2 induced activation of ERK2 involves EGFR
à  MKN28 cells were serum starved for 48 h, and treated with
20 µM PD98059 (50 min prior to PGE2 treatment), AG1478 250 nM
(20 min prior to PGE2 treatment) or DMSO (control; no PGE2
treatment). After PGE2 (10 µM) stimulation for 5 min, total cellular
protein was collected. Equal amounts of protein were separated
by SDS-PAGE and phosphorylated EGFR(p-EGFR) was visualized with anti-phospho- EGFR antibodies. Equal loading of lysates is shown by Western blot analysis with antibodies to EGFR;
b  MKN28 cells were serum starved for 48 h, and treated with
20 µM PD98059 (50 min prior to PGE2 treatment), AG1478 250nM
(20 min prior to PGE2 treatment) or DMSO (control). After PGE2
(10 µM) stimulation for 5 min, total cellular protein was collected.
Equal amounts of protein were separated by SDS-PAGE and
phosphorylated ERK2(p-ERK2) was visualized with anti- phospho-ERK2 antibodies. Equal loading of lysates is shown by Western blot analysis with antibodies to ERK2
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Fig. 5. Inhibition of EGFR or ERK2 activation reduces PGE2-induced VEGF mRNA expression in MKN28 cells
MKN28 cells were treated for 3 h with 10 µM PGE2. Messenger
RNA was isolated and used as a template for a real-time quantitative reverse transcription- polymerase chain reaction assay
to measure the relative levels of VEGF. Values are the mean
intensity ± SD of three separate experiments

Fig. 6. PGE2 induces VEGF protein expression in MKN28 cells
Serum-starved MKN28 cells were treated with either vehicle,
PD98059 (20 mM, 50 min), AG1478 (250 nM, 20 min), PGE2 (10 mM,
3 h), PD plus PGE2, or AG plus PGE2. Detergent-solubilized cell
lysates (150 mg protein per lane) were subjected to Western blot
analysis using a specific polyclonal antibody against VEGF
(upper).Values are the mean relative density ± SD of three separate
experiments (bottom)

DISCUSSION
It is now clear that COX-2 plays a role in the promotion of gastric cancer [18]. In addition, VEGF has
been found to be overexpressed in gastric cancer [9
11]. Recent studies have shown that the COX-2 expression is significantly correlated with VEGF expression in human gastric cancer [12, 13], and that COX-2
metabolic products contribute to neovascularization and
support vasculature-dependent solid tumor growth and
metastasis [1921]. A few reports have also indicated
that PGE2, generated by COX-2, can up-regulate VEGF
in cultured rat endothelial cells and rat Muller cells [14,
15]. However, the relationship between PGE2 and VEGF
expression in human gastric cancer has not been studied extensively. Here we provide evidence that PGE2
can up-regulate VEGF in human gastric cancer cells.
Recently, Leung et al. [22] reported that forced expression of COX-2 in gastric cancer cells results in increased
VEGF expression, strongly consistent with our results,
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indicating that PGE2 stimulates VEGF expression in
gastric cancer cells. These findings may explain, at least
in part, the observed phenomenon that COX-2 overexpression correlates with vascular endothelial growth
factor expression and tumor angiogenesis in gastric
cancer.
The present study also demonstrates for the first
time that PGE2-induced VEGF expression in gastric
cancer cells is via a PGE2/EGFR/ERK2 pathway and
that EGFR transactivated by PGE2 plays a critical role
in the PGE2-induced effects. Our finding is in agreement with a recent report showing that Helicobacter
pylori up-regulates VEGF expression in gastric cancer
cells through activation of EGFR and the mitogen-activated protein (MAP) kinase cascade [23]. Meanwhile,
Buchanan et al. [24] reported that the early effects of
COX-2 derived PGE2 in developing colonic carcinomas were in part mediated by EGFR. This transactivation was responsible for subsequent downstream effects including the stimulation of cell migration and invasion, and is again indicative of the important role of
EGFR in COX-2 related carcinogenesis.
Prostaglandins exert their biological actions via specific cell-surface receptors (EP1,-2,-3,-4) [25]. These
receptors are G protein-coupled receptors (GPCR), with
seven transmembrane domains. Diverse signaling
pathways have been implicated in GPCR mediated
transactivation of EGFR [26, 27]. Recently, Pai et al.
[16] reported that PGE2-mediated transactivation of
EGFR and downstream signaling in colon cancer cells
involves TGF-a, an EGFR ligand, which is likely released by the c-Src-activated matrix metalloproteinase pathway. More recently, Shao et al. [28] demonstrated that PGE2 transactivated EGFR through the induction of amphiregulin (AR) expression in colon cancer
cells. Taken together, these data indicate that
PGE2-mediated transactivation of EGFR in colon cancer cells may be through different mechanisms that
possibly act in a synergistic manner. Although a recent
report has shown that several gastric cancer cell lines
express all four EP receptors (EP1,-2,-3,-4) [29], the
exact mechanisms by which the GPCR transactivates
EGFR signaling pathways in gastric cancer have so far
not been identified. Future studies should be aimed at
examining the transcriptional regulation of gene expression through the PGE2/GPCR/EGFR pathway and the
synergistic cooperation among the multiple oncogenic
pathways involved in the PGE2-induced effects. Such
findings will be critical for the understanding of COX-2
proneoplastic activity in gastric carcinogenesis.
In conclusion, this study demonstrated for the first
time that PGE2-induced VEGF expression in gastric
cancer cells is mediated via EGFR transactivation.
These findings provide insight into the mechanism by
which COX-2/PGE2 promotes gastric carcinogenesis.
Recently, Torrance et al. [30] showed that the use of a
non-selective COX inhibitor in combination with an
EGFR inhibitor reduced polyp formation in APCMin/+ mice
much more effectively than either agent alone. In light
of these studies, our findings that PGE2-induced trans-
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activation of the EGFR is required for stimulation of
VEGF expression in MKN28 cells are quite intriguing.
One may therefore envision the combined use of COX-2
and EGFR inhibitors for gastric cancer prevention or
treatment. Therefore experimental and clinical studies
that would further evaluate the combination of agents
that target both the COX-2 and EGFR pathways should
be pursued.
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ÐÅÃÓËßÖÈß ÝÊÑÏÐÅÑÑÈÈ ÔÀÊÒÎÐÀ ÐÎÑÒÀ ÝÍÄÎÒÅËÈÀËÜÍÛÕ
ÊËÅÒÎÊ Â ÊËÅÒÊÀÕ ÐÀÊÀ ÆÅËÓÄÊÀ ×ÅËÎÂÅÊÀ ËÈÍÈÈ MKN28
Ñ Ó×ÀÑÒÈÅÌ ÏÐÎÑÒÀÃËÀÍÄÈÍÀ E2 È ÑÈÃÍÀËÜÍÎÉ ÑÈÑÒÅÌÛ
ÐÅÖÅÏÒÎÐÀ ÝÔÐ
Öåëü: 1) îöåíèòü âëèÿíèå ïðîñòàãëàíäèíà E2 (PGE2) íà ðåãóëÿöèþ ýêñïðåññèè VEGF â êëåòêàõ ðàêà æåëóäêà ÷åëîâåêà ëèíèè MKN28, 2) èçó÷èòü ðîëü ñèãíàëüíîãî êàñêàäà ñ ó÷àñòèåì ðåöåïòîðà ÝÔÐ (EGFR) â îïîñðåäîâàíèè
âëèÿíèÿ PGE2 íà ýêñïðåññèþ VEGF. Ìåòîäû: êëåòêè MKN28 èíêóáèðîâàëè ñ PGE2 èëè áåç íåãî (ãðóïïà êîíòðîëÿ)
â ïðèñóòñòâèè èëè â îòñóòñòâèå ñåëåêòèâíîãî èíãèáèòîðà òèðîçèí-êèíàçû EGFR AG1478 èëè ñåëåêòèâíîãî èíãèáèòîðà
êèíàçû, îòâåòñòâåííîé çà ôîñôîðèëèðîâàíèå ERK2, PD098059. Äëÿ îöåíêè óðîâíÿ ýêñïðåññèè VEGF íà óðîâíå
ìÐÍÊ è áåëêà èñïîëüçîâàëè ìåòîäû Rt-PCR è Âåñòåðí-áëîòòèíãà ñîîòâåòñòâåííî. Àêòèâíîñòü EGFR è ERK2 òàêæå
îïðåäåëÿëè ìåòîäîì Âåñòåðí-áëîòòèíãà. Ðåçóëüòàòû: èíêóáàöèÿ êëåòîê ñ PGE2 ïðèâîäèëà ê çíà÷èòåëüíîìó ïîâûøåíèþ ýêñïðåññèè VEGF íà óðîâíå ìÐÍÊ è áåëêà, à òàêæå àêòèâíîñòè EGFR è ERK2. Èíêóáàöèÿ êëåòîê ñ AG1478
îêàçûâàëà èíãèáèðóþùèé ýôôåêò íà PGE2-èíäóöèðîâàííóþ àêòèâíîñòü EGFR è ERK2, ðàâíî êàê è íà ýêñïðåññèþVEGF,
â òî âðåìÿ êàê PD098059 íå îêàçûâàë âëèÿíèÿ íà àêòèâíîñòü EGFR, íî ñíèæàë PGE2-èíäóöèðîâàííóþ àêòèâíîñòü
ERK2 è ýêñïðåññèþ VEGF. Âûâîäû: íàøè äàííûå ïîêàçûâàþò, ÷òî PGE2 óñèëèâàåò ýêñïðåññèþ VEGF â îïóõîëåâûõ
êëåòêàõ æåëóäêà ÷åëîâåêà ïóòåì òðàíñàêòèâàöèè ñèãíàëüíûõ êàñêàäîâ EGFR-MAPK, ÷òî ìîæåò ïîñëóæèòü îáúÿñíåíèåì ìåõàíèçìà ó÷àñòèÿ COX-2 â àíãèîãåíåçå îïóõîëåé æåëóäêà.
Êëþ÷åâûå ñëîâà: COX-2, PGE2, ðàê æåëóäêà, VEGF, EGFR, ERK2, MAPK.
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