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Various prostanoids and peroxisome proliferator-ac-
tivated receptor � (PPAR�) ligands play an important
role in gastric cancer. Previously, we demonstrated
that prostaglandin reductase 2 (PTGR2) catalyzes the
reduction of the PPAR� ligand 15-keto-PGE2 into
13,14-dihydro-15-keto-PGE2. Here, we present func-
tional data and clinical relevance for the role of
PTGR2 in gastric cancer. Using lentiviral technology
in AGS and SNU-16 gastric cancer cell lines, we either
down-regulated or overexpressed PTGR2. In vitro
analysis showed that PTGR2 knockdown resulted in
decreased proliferation rate and colony formation,
and in vivo xenograft models showed slower growth
of tumors. Mechanistically, PTGR2 knockdown in-
duced cell death, altered mitochondrial function, and
increased reactive oxygen species production, which
led to activation of ERK1/2 and caspase 3, with in-
creased Bcl-2 and suppressed Bax expression. PTGR2
overexpression showed the opposite outcomes. Clin-
ically, immunopathological staining showed strong
PTGR2 expression in the gastric tumor portion, rela-
tive to nearby nontumor portions, and its expression
negatively correlated with survival of patients with
intestinal-type gastric cancer. Finally, in contrast to
PTGR2-overexpressing cells, PTGR2-knockdown cells
were more sensitive to cisplatin and 5-fluorouracil.

Taken together, our findings not only provide func-

1316
tional and mechanistic evidence of the involvement of
PTGR2 in gastric cancer, but also provide clinical obser-
vations affirming the significance of PTGR2 in gastric
cancer and suggesting that PTGR2-target based therapy
is worth further evaluation. (Am J Pathol 2012, 181:1316–
1326; http://dx.doi.org/10.1016/j.ajpath.2012.07.006)

Gastric cancer is one of the leading causes of cancer-
related death, especially in Asia. Given that patient prog-
nosis remains poor, and because of chemoresistance,
the need for new therapeutic targets is obvious.1–3 Vari-
ous prostaglandins and prostaglandin synthases are
known to play distinct roles in tumor progression and
cancer metastasis.4,5 Peroxisome proliferator-activated
receptor � (PPAR�) ligands, either independently or
through PPAR� activation, are also known to influence
cancer progression. In particular, a number of reports
have proposed that PPAR� ligands in general suppress
gastric cancer cell growth and induce apoptosis.6–11 A
recent genome-wide association study identified the region
encoding prostaglandin E receptor 4 as a novel suscepti-
bility locus for gastric cancer.12 Thus, enzymes regulating
prostaglandin metabolism and the related PPAR� activity
might be involved in gastric carcinogenesis.

Prostaglandin reductase 2 (PTGR2) catalyzes the NADPH-
dependent reduction of 15-keto-PGE2 into the downstream
metabolite 13,14-dihydro-15-keto-PGE2.13,14 We have pre-
viously demonstrated that 15-keto-PGE2 acts as a natural
ligand of PPAR� and that overexpressing PTGR2 results in
the suppression of PPAR�-mediated adipocyte differentia-
tion.13 Recently, 15-keto-PGE2 was proposed to trigger the
translocation of the proapoptotic protein Bax to mitochon-
dria, thereby inducing apoptosis. A stable docking model of
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15-keto-PGE2 with Bax was also suggested.15 Given the
link between 15-keto-PGE2 and other prostanoids with cel-
lular processes that dictate cell fate, we hypothesized that
PTGR2 may play a role in gastric cancer and may be in-
volved in the regulation of cancer cell death.

Apoptosis and necrosis are two different major pathways
for cell death,16,17 and mitochondria are one of the most
important organelles that play an essential role in the regu-
lation of cell death processes.18,19 Extensive research has
shown that mitochondria are involved in cell death pro-
cesses at several levels, and that cancer cells are often
adapted to avert mitochondria-mediated cell death. In ad-
dition to the regulation of Bcl-2 family proteins,15,20 an im-
portant mitochondria-mediated mechanism of cell death is
through the generation of reactive oxygen species (ROS),
which can result in both apoptosis and necrosis.

Under normal conditions, ROS are generated as a
consequence of aerobic metabolism; 1% to 2% of elec-
trons usually leak from the mitochondria during the elec-
tron-transport steps of ATP production to form superox-
ide free radicals. When the endogenous antioxidant
defense systems fails to counteract the potentially injuri-
ous actions of ROS, the cellular redox homeostasis is
altered because of excess ROS; the resulting oxidative
stress could trigger the JNK/ERK-dependent apoptotic
cell death cascade, as well as necrosis.21–25 Cancer
cells often display a distinctive adaptation, known as the
Warburg effect, reducing the use of mitochondrial respi-
ration by switching from aerobic to anaerobic glucose
metabolism (glycolysis) even in the presence of normal
oxygen levels. Thus, generation of ATP in cancer cells is
not a mitochondria- and oxygen-dependent process, and
the cells evade both ATP depletion and cell death sig-
naling induced by excess ROS generation.26,27

In the present study, we investigated the hypothesis
that PTGR2 may be involved in modulating the onco-
genic characteristics of gastric cancer cells. We report
not only functional and mechanistic insights into the
oncogenic role of PTGR2 in modulating gastric cancer
cell death and tumor transformation, but also clinical
validation and potential chemotherapeutic benefits of
targeting PTGR2.

Materials and Methods

Cell Culture

Human gastric carcinoma cell lines AGS and SNU-16 cells
were purchased from the Bioresource Collection and Re-
search Center (BCRC, Hsinchu, Taiwan). AGS and SNU-16
cells were cultivated in RPMI 1640 medium supplemented
with 10% fetal bovine serum (Gibco; Life Technologies-
Invitrogen, Carlsbad, CA), 2 mmol/L glutamine, and 100
units/mL of penicillin and streptomycin. The cellular environ-
ment was maintained at 5% CO2 and 37°C in an incubator.
The lentiviral-transduced stable cell lines were cultured in
growth medium containing 2 �g/mL puromycin (InvivoGen,

San Diego, CA).
Lentiviral Transduction

The lentiviral expression vector pLKO.1shLuc was used
as a cloning vector for constructing pLKO.1-shPTGR2
containing 5=-GAAAGCAGATAGTTTGCATTT-3=. pSIN-
MCS28 was used as the cloning vector for constructing
PTGR2 overexpression plasmid pSIN-PTGR2. Virus was
harvested after cotransfecting pLKO.1-Luc or pLKO.1-
shPTGR2, or pSIN or pSIN-PTGR2 plasmid, with pMDG
and pCMV-�R8.91 into 293T cells using Lipofectamine
2000 transfection agent (Life Technologies-Invitrogen).
At 48 hours after transfection, lentiviral supernatants were
harvested and a QuickTiter lentivirus titer kit (Cell Biolabs,
San Diego, CA) was used for quantifying lentiviral titer.
Using multiplicity of infection (MOI) � 2, the AGS and
SNU-16 gastric cancer cell lines were infected with len-
tiviral vector particles to generate PTGR2-knockdown or
PTGR2-overexpressing cell lines.

Generation of Anti-PTGR2 Antibody

Three 6- to 8-week-old male BALB/c mice were immu-
nized with 50 mg recombinant human PTGR2, followed
by three rounds of boost. At 3 days after the final boost,
spleen cells of the immunized mice were fused with
mouse myeloma cell P3X63Ag8.653 (CRL-1580; ATCC,
Manassas, VA). Growing hybridoma clones were
screened by enzyme-linked immunosorbent assay for
binding to human PTGR2, as well as to mouse PTGR2.
Antibody from hybridoma clone P9/G11-17 was used.

Western Blot Analysis

Whole-cell lysates were prepared with radioimmunopre-
cipitation assay buffer (BioVision, Mountain View, CA)
containing protease and phosphatase inhibitor cocktail
tablets (Roche Applied Science, Indianapolis, IN). Equiv-
alent amounts of protein were resolved by SDS-PAGE
and transferred to polyvinylidene fluoride microporous
membrane (Millipore, Billerica, MA). Nonspecific anti-
body binding sites were blocked with 5% nonfat milk in
PBS containing 0.1% Tween 20 (PBST), and membranes
were probed with the following antibodies: PTGR2,
Hsp70 (GeneTex, Irvine, CA), Bax (Millipore), Bcl-2,
caspase-3 (pro) and caspase-3 (active) (Epitomics, Bur-
lingame, CA), p44/42 MAPK (ERK1/2) (137F5), and phos-
pho-p44/42 MAPK (ERK1/2) (Thr202/Tyr204) (D13.14.4E)
XP (Cell Signaling Technology, Danvers, MA). Secondary
antibodies were conjugated to horseradish peroxidase or
alkaline phosphatase (Santa Cruz Biotechnology, Santa
Cruz, CA), and peroxidase activity or phosphatase activ-
ity was visualized using chemiluminescent horseradish
peroxidase substrate (Millipore) or BCIP/NBT phospha-
tase substrate (KPL, Gaithersburg, MD), respectively.

Quantification of 13,14-Dihydro-15-Keto-PGE2

Production

Equal numbers of cells were seeded in 24-well plates,
and the culture medium was collected to measure the

concentration of 13,14-dihydro-15-keto-PGE2 using a
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prostaglandin E metabolite enzyme immunoassay kit ac-
cording to the manufacturer’s instructions (Cayman Chem-
ical, Ann Arbor, MI). The absorbance was measured using
a microtiter culture plate reader at wavelength 405 nm. The
ratio of the absorbance of standard wells to that of the
maximum binding well (%B/B0) versus PGEM concentration
was plotted, and the equation y � mx � b from the standard
curve was used for obtaining the concentration for each
sample. The concentration for the control samples was set
as 1, and the relative levels of 13,14-dihydro-15-keto-PGE2

in PTGR2-knockdown or PTGR2-overexpressing cells were
calculated relative to the controls.

Cell Proliferation Assay

Cell proliferation was measured by MTS assay (CellTiter
96 aqueous one solution cell proliferation assay) (Pro-
mega, Madison, WI) according to the manufacturer’s in-
structions. Briefly, 1 � 103 cells were seeded in each well
of 96-well microtiter plates. At the indicated time points
(1 to 6 days after seeding), the percentage of viable cells
were quantified by measuring the absorbance at 490 nm
using a microtiter culture plate reader. The absorbance at
490 nm for day 1 was set as 1, and the relative prolifer-
ation rate for each day was calculated relative to day 1.

Soft Agar Colony Formation Assay

Using a hemocytometer, 5 � 103 lentiviral-transduced AGS
gastric cancer cells were counted and were suspended in
0.6% agarose (SeaPlaque low-temperature agarose;
Lonza, Rockland, ME) with RPMI 1640 medium containing
10% fetal bovine serum and plated into six-well plates on
top of an existing layer of 0.8% base agarose prepared with
the same medium. After the gel had solidified, 0.5 mL me-
dium was placed on top of the upper agarose layer. The
plates were incubated at 37°C in a 5% CO2 incubator. After
14 days, colonies were stained with 0.05% crystal violet for
30 minutes and then were photographed. The numbers of
colonies were quantified using GeneTools software version
4.01 (SynGene, Frederick, MD).

Xenograft Tumor Models

The nude mouse (BALB/c-nu/nu) xenografts were estab-
lished by subcutaneously inoculating 1 � 107 lentiviral-
transduced control (n � 5) or PTGR2-knockdown (n � 7)
AGS cells or control (n � 6) or PTGR2-overexpressing
(n � 5) AGS cells that were mixed with equal volume of
Matrigel matrix (BD Biosciences, San Jose, CA) into the
flanks of 4-week-old female nude mice. The sizes of the
resulting tumors were measured with calipers; volume
was calculated as �/6 � length � (width)2. All animal
experiments were performed in accordance with proto-
cols approved by the National Taiwan University Institu-
tional Animal Care and Use Committee.

Flow Cytometric Cell Cycle and Cell Death Analysis

To analyze cell cycle, cells (control or 24-hour serum star-

vation) were collected and fixed with ice-cold 70% ethanol
in PBS and stored at �20°C until use. Cells were resus-
pended in PBS containing 3 �g/mL RNase A (Qiagen, Va-
lencia, CA) and 50 �g/mL propidium iodide (Sigma-Aldrich,
St. Louis, MO) and were incubated at 37°C in the dark for 30
minutes before flow cytometric analysis. Flow cytometry
was performed on a FACSCalibur system (BD Biosci-
ences). Apoptosis was detected using a Cayman Chemical
multi-parameter apoptosis assay kit according to the man-
ufacturer’s instructions and was analyzed using FL1 (an-
nexin V-fluorescein isothiocyanate) and FL3 [7-aminoacti-
nomycin D (7-AAD)] detectors. Annexin V-positive cells
were defined as apoptotic, and annexin V-7-AAD-double
positive cells were defined as necrotic.

Assessment of OCR and ECAR

The metabolic activities of the cells were determined by
measuring the oxygen consumption rate (OCR; indicative
of mitochondrial oxidative respiration) and the extracel-
lular acidification rate (ECAR; a measure of extracellular
energy production indicative of glycolysis), using an
XF24 extracellular flux analyzer (Seahorse Bioscience,
North Billerica, MA) as described previously.26

Measurement of ROS Production

Cells without treatment or after treatment with dimethyl
sulfoxide control or 5 mmol/L N-acetyl-L-cysteine (NAC)
(Sigma-Aldrich) overnight were harvested in PBS and
incubated in the presence of 10 �mol/L 2=7=-dichlorodi-
hydrofluorescein diacetate (H2DCFDA) (Life Technolo-
gies-Invitrogen) in the dark at 37°C for 30 minutes before
analysis on a FACSCalibur flow cytometry system (BD Bio-
sciences) using the FL-1 detector. ROS production was
determined from histogram data using CellQuest software
version 3.3 (BD Biosciences).

Quantitative Real-Time PCR

Quantitative real-time PCR analysis was performed as de-
scribed previously, using the comparative cycle threshold
method (2���Ct) to quantify gene expression.29,30 The
mRNA levels were normalized to human cyclophilin expres-
sion (sense primer: 5=-GCATACGGGTCCTGGCATCTT-
GTCC-3= and antisense primer: 5=-ATGGTGATCTTCTT-
GCTGGTCTTGC-3=). The sequences for the specific sets of
primers for Bax and Bcl-2 were as previously reported.31

Human Tissue Immunopathological Studies and
Clinical Outcomes

From 1995 to 1997, 52 patients with gastric carcinoma
who received surgical gastrectomy, detailed pathological
assessment, and regular follow-up at the National Taiwan
University Hospital were recruited for the present study.
Clinical stage was defined according to the criteria of
American Joint Committee on Cancer (AJCC; 6th edition,
2002). Patient follow-up after the surgery averaged 8.75
years. Patient characteristics are summarized in Table 1.

The present study was conducted according to regula-
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tions of the Institutional Review Board of the National
Taiwan University Hospital; the specimens were ren-
dered anonymous and were analyzed in a masked
manner.

Immunohistochemistry was performed as described pre-
viously, using the avidin-biotin complex immunoperoxidase
method.32 Briefly, sections (5 �m thick) from formalin-fixed,
paraffin-embedded tumor specimens were prepared; im-
munohistochemical staining was performed using mouse
monoclonal antibody against human PTGR2 or nonimmune
IgG, and specimens were examined under a bright-field
microscope. PTGR2 staining positivity was meticulously ex-
amined by a pathologist (C.T.S.) and was classified into
grades 1, 2, 3, and 4 (from lower to higher stain intensity)
(Table 2). For the negative control, primary antibody was
replaced by normal saline.

Chemosensitivity Assay

For chemosensitivity assay, 5 � 103 cells were counted and
seeded in medium containing 5, 10, 25, or 50 �mol/L of
cisplatin [cis-diammineplatinum(II) dichloride] or 5-fluorou-
racil (Sigma-Aldrich). After 24 hours of incubation, chemo-
sensitivities were analyzed using an MTS assay (Promega)
according to the manufacturer’s instructions, measuring the
absorbance at 490 nm. The absorbance at 490 nm for cells
without drug treatment was set as 100. The percent survival
for cells treated with drugs was calculated in terms of ab-
sorbance relative to cells without drug treatment.

Statistical Analysis

For the clinical statistical analysis, data are expressed as
means � SD. PTGR2 immunopathological stain intensity
between tumor and nontumor portions of gastric cancer
tissue was compared using the nonparametric Wilcoxon
matched pairs test. The Kaplan-Meier method was used to
estimate the survival function of patients and the log-rank
test was used to compare survival of patients differing in
tumor-portion PTGR2 stain intensity. Cox proportional haz-
ard regression was used to analyze the association of tu-
mor-portion PTGR2 stain intensity with survival adjusted for
other clinical prognostic factors. Statistical analysis was
performed using SAS 8.0 software (SAS Institute, Cary, NC).
For all other experiments, data are expressed as means �
SE and are based on more than three independent exper-
iments. Groups were compared by Student’s t-test. Statis-
tical analyses were performed with GraphPad Prism 4
(GraphPad Software, La Jolla, CA). For all comparisons,

Table 1. Clinical Characteristics of Patients with Gastric Cancers

Characteristic Value (no.)

Age (average years � SD) 63 � 11.2
Male/female 35:20
Histology type I, D, O 25:28:1
Cancer stage 1, 2, 3, 4 16:14:23:2
Tumor size T1, T2, T3, T4 7:24:23:1
Lymph node status N0, N1, N2, N3 19:23:12:1

D, diffuse type; I, intestinal type; O, other.
P � 0.05 was used as the criterion of significance.
Results

PTGR2 Levels Affect the Oncogenic Potency of
Gastric Cancer Cells in Vitro and in Vivo

To determine the role of PTGR2 in gastric cancer, a
lentiviral-based shRNA approach was used to knock
down or to overexpress PTGR2 in AGS and SNU-16 gas-
tric cancer cell lines (Figure 1, A and B). Because PTGR2
catalyzes the reduction of 15-keto-PGE2 into 13,14-di-
hydro-15-keto-PGE2,13,14 we performed further quantifi-
cation and showed that PTGR2 knockdown resulted in
reduced production of 13,14-dihydro-15-keto-PGE2,
whereas PTGR2 overexpression resulted in elevated pro-
duction (Figure 1, C and D). In vitro proliferation analysis
showed that PTGR2 knockdown greatly suppressed and
PTGR2 overexpression increased the proliferation rate of
AGS (Figure 1E) and SNU-16 (Figure 1F) gastric cancer
cell lines. Similar results were obtained using different
shRNAi targeting different sequence of PTGR2 (data not
shown). Furthermore, PTGR2 knockdown resulted in sub-
stantial reduction in the number of colonies formed,
whereas PTGR2 overexpression greatly increased the
transformation potential of the cells, as judged by the
increased colony numbers (Figure 2, A and B).

To confirm the oncogenic potential of PTGR2 and to
ascertain it in vivo, we subcutaneously inoculated nude
mice with PTGR2-knockdown or PTGR2-overexpressing
AGS cells. PTGR2-knockdown cells showed reduced tu-
morigenicity in vivo, as indicated by the significantly smaller
sizes of the tumors developed (Figure 2C), whereas mice
receiving PTGR2-overexpressing cells showed enhanced
tumorigenicity in vivo (Figure 2D). These results showed that
suppression of PTGR2 could negatively influence the tu-
morigenic potential of gastric cancer cells.

PTGR2 Affects Gastric Cancer Cell Growth by
Altering the Susceptibility toward Cell Death

To investigate the mechanisms through which PTGR2
takes part in gastric cancer, we first performed cell cycle
analysis to clarify the cause for the modulating effect of
PTGR2 on growth rate. The observed effects of PTGR2
knockdown on cell proliferation were not associated with
alterations in driving cell cycle progression, because no
significant differences were observed in the distribution of
cell populations in G1, S, or G2/M phases. However, accu-

Table 2. PTGR2 Immunopathological Stain Intensity between
Tumor Portion and Nontumor Portion of Gastric
Cancer

Group

PTGR2 Stain intensity
(no.)

P valueNontumor Tumor

All patients 43:5:1:0 8:11:10:23 �0.0001
Intestinal type 20:1:1:0 3:5:4:12 �0.0001
Diffuse type 21:4:0:0 5:6:5:10 �0.001
Data are expressed as the frequency distribution of samples with
grade 1, 2, 3, and 4 PTGR2 stain, from lower to higher intensity of staining.
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mulations of sub-G1 cells were induced (Figure 3A). Be-
cause this population contains dead cells, we further veri-
fied the role of PTGR2 in apoptosis or necrosis by annexin
V-7AAD binding assay. PTGR2 knockdown indeed induced
cell death, with significant accumulation in the percentage
of both apoptotic and necrotic cells (Figure 3B), whereas
PTGR2 overexpression rendered cells less prone to apop-
tosis and necrosis (Figure 3C). These findings prompted
the question of what role PTGR2 has in mitochondrial func-
tion, because mitochondrial dysfunction is frequently the
leading cause of both apoptotic and necrotic cell death.18

PTGR2 Affects Cell Death by Modulating
Mitochondrial Function and ROS Production

Because metabolic transformation is a distinct feature of
cancer cells and because activation of the cell death
pathway is tightly linked to the regulation of mitochondrial
function,24,25,33 we first measured the flux of oxygen [ox-
ygen consumption rates (OCR)] and of protons [extracel-

Figure 1. PTGR2 levels affect gastric cancer cell proliferation. A and B:
Efficiency of lentiviral shRNA-mediated PTGR2 knockdown and overexpres-
sion. PTGR2 protein expression in AGS (A) and SNU-16 (B) cells was de-
tected by Western blot analysis. HSP70 served as loading control. C and D:
Relative production of 13,14-dihydro-15-keto-PGE2 in PTGR2-knockdown
(C) or PTGR2-overexpressing (D) AGS cells, compared with control cells.
The concentration for the control samples was set as 1, and the relative levels
of 13,14-dihydro-15-keto-PGE2 in PTGR2-knockdown or PTGR2-overex-
pressing cells were presented as values relative to the control. E and F:
Relative proliferation rates of PTGR2 knockdown or overexpression in AGS
(E) and SNU-16 (F) cells. Cell proliferation was evaluated by MTS assay at the
indicated time points. Data are expressed as means � SE. *P � 0.05, **P �
0.01, Student’s t-test. n � 3.
lular acidification rates (ECAR)] to detect changes in the
rate of mitochondrial respiration and glycolysis, using
extracellular flux technology.26 Over the course of 3 days,
we found that PTGR2 knockdown resulted in a lower
ECAR/OCR ratio, compared with the control cell line (Fig-
ure 4A), indicating induced oxidative phosphorylation
leading to increased utilization of mitochondrial respiration.
On the other hand, the more oncogenic PTGR2-overex-
pressing cell line exhibited a significantly higher ECAR/OCR
ratio (Figure 4B), indicating increased utilization of glycoly-
sis, which is a metabolic characteristic of tumors.34

The production of ROS is a physiological process de-
pendent on the cellular activity of mitochondrial respira-
tion, and induced oxidative phosphorylation should gen-
erate more ROS by-products.18,35 Under normal cellular
condition, elevated ROS production was observed in
PTGR2-knockdown cells (Figure 4C) and reduced ROS
production was observed in PTGR2-overexpressing cells
(Figure 4D). This is consistent with the finding showing
that the apparently more oncogenic PTGR2-overexpress-
ing cells relied less on the ROS-generating aerobic res-
piration. We further treated cells with antioxidant NAC to
eliminate the excess ROS produced in PTGR2-knock-
down cells. After NAC treatment, PTGR2-knockdown

Figure 2. Oncogenic potency of PTGR2 in vitro and in vivo. A and B:
Images of colony growth and numbers of colonies formed in soft agar assay
of PTGR2-knockdown (A) and PTGR2-overexpressing (B) AGS cells, com-
pared with controls. Colonies were stained with 0.05% crystal violet and
photographed and counted after 14 days. C and D: Down-regulation of
PTGR2 reduced tumorigenicity of AGS cells and overexpression of PTGR2
enhanced tumorigenicity of AGS cells in nude mice. Tumor volumes in mice
receiving PTGR2-knockdown (C) and PTGR2-overexpressing (D) AGS cells
were monitored over the course of the experiment. Data are expressed as
means � SE. *P � 0.05, Student’s t-test. n � 3 (A and B); n � 5 (C, control

AGS cells; D, PTGR2-overexpressing AGS cells); n � 6 (D, control AGS cells);
n � 7 (C, PTGR2-knockdown AGS cells).
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cells produced levels of ROS similar to those in control
cells (Figure 5A). Moreover, elimination of ROS signifi-
cantly reduced the percentage of dead cells in PTGR2-
knockdown cells (Figure 5C). In control cells, however,
the effect of cell death prevention after ROS elimination
was not observed (Figure 5B). Taken together, our results
suggest that PTGR2 affects cell death by modulating the
mitochondria-ROS-dependent pathway.

PTGR2 Modulates Mitochondrial Apoptotic
Signaling through Both the ERK1/2-Caspase 3
Pathway and Bcl-2-Family Proteins

Extracellular signal-regulated protein kinases 1 and 2
(ERK1/2)-specific phosphatases are sensitive to ROS,
and ROS-induced ERK1/2-mediated cell death is asso-
ciated with the intrinsic apoptotic pathway characterized
by the activation of caspase 3.23,36–38 We therefore in-
vestigated further and found that induced ERK1/2 activa-
tion followed by the activation of caspase 3 activities
(indicated by the induction of ERK1/2 phosphorylation
and the cleavage of caspase 3) was observed in PTGR2-
knockdown cells. In contrast, PTGR2-overexpressing
cells exhibited suppressed ERK1/2 and caspase 3 activ-
ities (Figure 6A). Another major mitochondria-mediated
apoptotic pathway involves Bcl-2 family proteins. We
therefore also investigated the possible involvement of
PTGR2 in regulating Bcl-2 family protein expression. In-
deed, quantitative real-time PCR and Western blotting
analysis showed induced proapoptotic Bax and sup-
pressed Bcl-2 oncogene expression in PTGR2-knock-

Figure 3. Effect of PTGR2 on the susceptibility of gastric cancer cells to cell
death. A: Distribution of cell cycle phases in PTGR2-knockdown versus
control AGS cells under normal growth conditions (control) or after 24 hours
of serum starvation. Cells were stained with propidium iodide and analyzed
by flow cytometry. B and C: The percentage of dead cells was evaluated by
annexin V and 7-AAD staining of PTGR2-knockdown (B) and PTGR2-over-
expressing (C) AGS cells, compared with control cells. The flow cytometry
plots show annexin V-FITC binding (FL1-H) and 7-AAD staining (FL3-H). The
bar graphs distinguish dead cells as apoptotic or necrotic cells. Data are
expressed as means � SE. *P � 0.05 Student’s t-test. n � 3.
down cells (Figure 6, B and C), whereas PTGR2-overex-
pressing cells exhibited elevated Bcl-2 expression and
reduced Bax protein expression (Figure 6D). Our data
indicate that the apoptotic pathway induced by the loss
of PTGR2 is mediated through its effect on mitochondrial
function, followed by activation of the ERK1/2-caspase 3
pathway and modulation of Bcl-2 family proteins.

Clinical Significance and Immunopathological
Analysis of PTGR2 Expression in Human Gastric
Cancer Tissues

To validate clinical relevance of PTGR2 in gastric cancer,
tumor tissue sections from patients with gastric cancer
were subjected to immunohistochemical staining for
PTGR2 expression. PTGR2 staining was significantly
stronger in the tumor portion of the tissue, compared with
adjacent nontumor portions (Figure 7; Table 2). More-
over, higher PTGR2 stain intensity in the tumor portion
was significantly associated with lower survival in pa-

Figure 4. PTGR2 modulates mitochondrial function and ROS production. A
and B: Ratio of extracellular acidification rate (ECAR) to oxygen consumption
rate (OCR) of PTGR2-knockdown (A) and PTGR2-overexpressing (B) AGS
cells, compared with control cells, on day 3 of cultivation. C and D: ROS
production in PTGR2-knockdown (C, red profile) or PTGR2-overexpressing
(D, red profile) AGS cells, compared with control cells (black profile), was
detected using H2DCF dye and flow cytometry. Data are expressed as means �

SE. Data represent one of three independent experiments with similar results.
*P � 0.05, **P � 0.01, and †P � 0.005 Student’s t-test. n � 6.
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tients with intestinal-type gastric cancer (P � 0.03 log-
rank test) (Figure 8). The association remained significant
after adjustment for other clinical predictors (hazard ratio
per stain grade, 2.47 [95% confidence interval 1.27 to

Figure 5. Elimination of ROS prevents cell death induced in PTGR2-knockd
treatment with dimethyl sulfoxide control (�NAC) or after treatment with 5 m
flow cytometry. The black peak represents control cells and the red peak rep
or necrotic was evaluated by annexin V and 7-AAD staining of control (B) an
(�NAC) or 5 mmol/L NAC (�NAC) overnight. Data are expressed as mean

Figure 6. Knockdown of PTGR2 induced ERK1/2-caspase 3-mediated apop-
totic signaling and altered Bcl-2 family protein expression. A: Western blot
analysis of expression levels of ERK1/2 phosphorylation and caspase 3
cleavage of PTGR2-knockdown (left) or PTGR2-overexpressing (right) AGS
cells. B: Expression levels of Bcl-2 and Bax in PTGR2-knockdown AGS cells
as measured by quantitative real-time PCR. The mRNA levels were normal-
ized to human cyclophilin expression level. C and D: Western blot analysis
of Bcl-2 and Bax protein expression in PTGR2-knockdown (C) or PTGR2-

overexpressing (D) AGS cells. HSP70 served as loading control. Data are
expressed as means � SE. **P � 0.01, Student’s t-test. n � 3.
4.81], P � 0.007). However, the association was not
significant in patients with diffuse-type gastric cancer
(Table 3). The negative correlation between PTGR2 ex-
pression and patient survival further supports the notion
that PTGR2 is involved in gastric cancer biology.

Involvement of PTGR2 in Chemotherapeutic
Response

Based on the clinical relevance of PTGR2 in gastric can-
cer, we further explored whether PTGR2 affects the che-
mosensitivity of the gastric cancer cells to two commonly
used chemotherapeutic drugs, cisplatin and 5-fluoroura-
cil. For both drugs, PTGR2-knockdown cells were more
susceptible to drug-induced cell death (Figure 9A), com-
pared with overexpressing PTGR2 cells, which exhibited
reduced sensitivity toward cisplatin- and 5-fluorouracil-

ls. A: ROS production in PTGR2-knockdown versus control AGS cells under
AC (�NAC) overnight. ROS production was detected using H2DCF dye and
TGR2-knockdown cells. B and C: The percentage of dead cells as apoptotic

2-knockdown (C) AGS cells under treatment with dimethyl sulfoxide control
*P � 0.05, †P � 0.005 Student’s t-test. n � 3 (A); n � 4 (B and C).

Figure 7. PTGR2 protein expression in human gastric cancer tissue. Repre-
sentative tissue sections (selected from paraffin-embedded specimens of
various types of gastric cancers obtained from 52 patients) for dysplasia,
intestinal-type gastric cancer, and diffuse-type gastric cancer, with adjacent
normal tissues. Immunohistochemical staining was performed using a spe-
cific anti-PTGR2 antibody. Tumor cells were clearly positive for PTGR2 (dark
brown) in dysplastic mucosa, intestinal-type gastric cancer, and diffuse-type
gastric cancer, whereas the majority of the adjacent normal tissue cells were
negative for PTGR2. Insets: PTGR2-positive regions at higher magnification.
own cel
mol/L N

resents P
Scale bar � 100 �m. Original magnification, �100 (main images); �400
(insets).
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induced cell death (Figure 9B). This finding supports the
negative correlation between PTGR2 expression and sur-
vival of gastric cancer patients from our clinical data.

Discussion

In the present study, we have demonstrated through in
vitro and in vivo analysis that PTGR2 modulates the on-
cogenic potency of gastric cancer cells by impeding
mitochondria- and ROS-mediated cell death involving
both ROS-ERK1/2-caspase 3 signaling and Bcl-2-family
proteins. Importantly, we have also presented clinical
evidence showing the specific negative correlation be-
tween PTGR2 and survival of patients with intestinal-type
gastric cancer. These findings, together with our chemo-
sensitivity study, further substantiate the significance of
PTGR2 in gastric cancer.

Previously, the only known biological role of PTGR2
was to catalyze the reduction of the natural PPAR� ligand
15-keto-PGE2 into the downstream metabolite 13,14-di-
hydro-15-keto-PGE2, which in turn suppresses PPAR�
activation.13,14 Based on the present results, we propose
a novel functional importance of PTGR2 in gastric cancer
and cell death execution. Various roles for prostaglandins
in cancer biology have been extensively studied, espe-
cially the prostaglandin E2 pathway.4,5 A recent genome-
wide association study identified the region encoding
prostaglandin E receptor 4 as a novel susceptibility locus
for gastric cancer.12 Thus, it is not surprising that PTGR2
plays a role in cancer biology, possibly by modulating the
metabolism of 15-keto-PGE2. The level of 15-keto-PGE2 is
in part dependent on PTGR2 activity, and previous stud-
ies demonstrating the prevention of gastric carcinogen-

Figure 8. Relationship between PTGR2 expression and survival in patients
with intestinal-type gastric cancer. Kaplan-Meier overall survival curves were
plotted based on PTGR2 stain intensity. *P � 0.03, log-rank test.

Table 3. Cox Proportional Hazards Analysis of Mortality in
Patients with Intestinal-Type Gastric Cancer

Variable
Hazard ratio

(95% CI) P value

PTGR2 stain, per grade 2.47 (1.27–4.81) 0.007
Age, per year 1.13 (1.04–1.23) 0.003
Male sex 1.56 (0.36–6.72) 0.55
Tumor size, per grade 3.51 (1.04–11.82) 0.04
Lymph-node involvement,

per node
1.29 (1.10–1.59) 0.001
CI, confidence interval.
esis by both the anti-inflammatory protein PPAR� and its
ligands7–11 are in accord with the present results and
provide further support for our concept. We speculate
that PTGR2 knockdown results in the induction of PPAR�
activation.

Previous studies have also demonstrated that the in-
flammatory microenvironment favors promotion of tumor
growth.39–41 Moreover, structural study of PTGR2 dem-
onstrated that the anti-inflammatory drug indomethacin,
which induces apoptosis and exerts anti-cancer activity
by inhibiting the prostaglandin synthesis enzymes, can
bind to and inhibit PTGR2 activity by causing its sub-
strate-binding pocket to become less compact.14,42,43 In
light of these studies, a PTGR2-involved oncogenic path-
way may be associated with PPAR� activation status and
with changes in prostaglandin metabolism and the in-
flammatory microenvironment.

The significance of the present study is further estab-
lished by the clinical findings showing the negative cor-
relation of PTGR2 expression level with survival of pa-
tients with intestinal-type gastric cancer. It was peculiar
that this correlation was not observed in those with dif-
fuse-type gastric cancer, even though PTGR2 expression
in both intestinal- and diffuse-type gastric cancer tumor
tissue was similar. This could be explained in part by the
absence or low expression level of Bcl-2 in diffuse-type
gastric cancer. Our present results show that PTGR2
deficiency increases cell apoptosis through the modula-
tion of Bcl-2 family proteins. Specifically, suppressed
Bcl-2 expression and induced Bax expression were ob-
served in PTGR2-knockdown cells, but the opposite was
observed in PTGR2-overexpressing cells. Bcl-2 expres-
sion is negatively correlated with apoptosis index in gas-
tric cancers, as well as with the depth of invasion and
lymph node metastasis.44–48 Two independent studies
also found a much lower expression of Bcl-2 in diffuse-

Figure 9. Knockdown PTGR2 showed enhanced sensitivity in response to
cisplatin and 5-fluorouracil (5-FU). PTGR2-knockdown (A) and PTGR2-over-
expressing (B) AGS cells were treated with 5, 10, 25, or 50 �mol/L of cisplatin
or 5-fluorouracil for 24 hours. The survival rate was determined using an MTS
assay. Data are expressed as means � SE and represent one of three inde-
pendent experiments with similar results. *P � 0.05, Student’s t-test.
type gastric cancer, compared with intestinal-type gas-
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tric cancer.49,50 Thus, differences in Bcl-2 expression
may explain why the correlation between PTGR2 expres-
sion and patient survival was not observed in diffuse-type
gastric cancer.

The biological effects of ROS are complex. High levels
of ROS may induce oxidative stress, which inhibits cell
proliferation and induces cell death. Low or intermediate
levels, however, induce mutation and promote cell prolifer-
ation, leading to the induction of carcinogenesis.22 Because
the level of ROS is in part dependent on mitochondrial
function, decreased OCR (an indication of decreased mi-
tochondrial respiration) has been documented as the
mechanism underlying the resistance of glycolytic cancer
cells to ROS-mediated apoptosis.35 Nonetheless, the re-
quirement of oxidative phosphorylation for the execution of
cell death is still a matter of debate.51,52 Our data show that
the more oncogenic PTGR2-overexpressing cells exerted
a higher ECAR/OCR ratio (indicative of attenuated mito-
chondrial respiration) and were more resistant to ROS-
mediated cell death, whereas PTGR2-knockdown cells,
which exerted a lower OCR than the control cells (data
not shown), had lower ECAR/OCR ratios, compared with
control cells. Taken together, these data suggest that the
mitochondrial network is associated with the efficiency of
cell death execution mediated by ROS and that elevated
ROS in PTGR2-knockdown cells may damage mitochon-
dria, leading to a degradation in the efficiency of the
mitochondrial respiratory chain enzymes and thus a de-
cline in OCR.

Cancer cells overexpressing Bcl-2 proteins could har-
bor induced mitochondrial oxygen consumption under
basal conditions, which is in accord with our data. When
exposed to excessive oxidative stress, Bcl-2 reduced
mitochondrial ROS production to prevent a lethal
build-up of ROS; thus, Bcl-2 also helps maintain a pro-
oxidant environment that ameliorates survival and cancer
progression.20,53,54 On the other hand, in the oncogenic
PTGR2-overexpressing cells we observed suppressed
Bax expression. Interestingly, Lalier et al15 proposed that
both PGE2 and 15-keto-PGE2, the substrate of PTGR2,
could induce Bax activation. The elevated production of
13,14-dihydro-15-keto-PGE2 in PTGR2-overexpressing
cells is consistent with the notion that PTGR2 overexpres-
sion implies higher PTGR2 activities and therefore de-
creased levels of 15-keto-PGE2 and Bax.

In addition to mitochondrial respiration and Bcl-2 fam-
ily proteins, the activities of antioxidant enzymes such as
manganese superoxide dismutase (MnSOD) and cata-
lase are also important in fine tuning cellular ROS levels.
By preventing excess ROS build up, antioxidant enzymes
exert an inhibitory effect on apoptosis.55 Several studies
have demonstrated induced expression and activity of
antioxidant enzymes in gastric adenocarcinoma tis-
sues.56–58 We therefore speculate that the more onco-
genic PTGR2-overexpressing cells could also exert ele-
vated antioxidant defense activity, leading to reduced
ROS levels.

We have previously reported that Y259 is a critical
conserved residue for PTGR2 activity.14 In addition to
clarifying the involvement of the modulation on PPAR�

pathway, overexpression of the PTGR2 enzymatic mutant
could help decipher whether the oncogenic potency of
PTGR2 is dependent on its catalytic activity. This would
further substantiate the importance of the prostaglandin
pathway in cancer biology. We also showed that PTGR2
affects both apoptotic and necrotic cell death (although
we focused mainly on delineating the apoptotic path-
way). Because ROS is a major mediator in necrotic cell
death irrespective of the stimulus,17,59 we proposed that
the effect of PTGR2 on necrotic cell death may be in part
due also to ROS levels. Recently, necrotic cell death was
proposed to be well controlled and programmed through
signaling cascades like the caspase-dependent apopto-
sis.17 It would be interesting to explore and to clarify the
necrotic cell death signaling regulated by PTGR2.

The present findings from functional and mechanistic
analyses provide novel insights into the effects of PTGR2
in gastric cancer. In addition, our findings identify PTGR2
as a potential therapeutic target for the treatment of gas-
tric cancer. Given that chemoresistance is a major ob-
stacle in treating gastric cancer patients, research has
been focusing on finding small-molecule inhibitors for
chemotherapy in combination with existing anticancer
drug, to enhance therapeutic efficacy.2 Because PTGR2
expression negatively correlated with survival of intesti-
nal-type gastric cancer patients and because PTGR2
affects the chemosensitivities of gastric cancer cells,
PTGR2 target-based therapy warrants further investiga-
tion and clinical evaluation.
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