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Prostaglandin (PG) E2 promotes gastrointestinal carcinogenesis
and tumor progression. We determined the correlations between
pattern of expression of 15-hydroxyprostaglandin dehydrogenase
(15-PGDH), a catabolic enzyme for biological inactivation of PGE2,
in gastric adenocarcinoma and various clinicopathological factors
and patient outcome in an attempt to elucidate its biological sig-
nificance. In 35 of 71 cases of gastric adenocarcinoma, expression
of 15-PGDH protein was reduced in tumor tissues. Multivariate
analysis revealed reduction of 15-PGDH expression to be an inde-
pendent predictor of poor survival. The proportion of Ki67-positive
cells in 15-PGDH-negative adenocarcinoma was higher than that in
15-PGDH-positive adenocarcinoma. No differences were found in
clinicopathological parameters between patients with cyclooxy-
genase-2 (COX-2)-positive tumors and those with COX-2 negative
tumors. In an in vitro study, use of specific siRNA to silence 15-
PGDH or a specific inhibitor of 15-PGDH enhanced cell proliferation
in the gastric cancer cell line AGS, which expresses 15-PGDH. These
findings suggest that reduction of 15-PGDH is an independent pre-
dictor of poor survival associated with enhancement of cell prolif-
eration in gastric adenocarcinoma. (Cancer Sci 2010; 101: 550–558)

P rostaglandin (PG) E2 is a bioactive eicosanoid synthesized
from arachidonic acid liberated from membrane phospho-

lipids. PGE2 plays important roles in multiple physiological pro-
cesses, including renal function, vascular homeostasis, bone
remodeling, gastrointestinal function, pregnancy, and acute
inflammatory responses.(1) Accumulating evidence suggests that
PGE2 promotes carcinogenesis and cancer progression by stimu-
lating cell proliferation and angiogenesis and by inhibiting apop-
tosis.(2) Previous studies of the involvement of PGE2 in
gastrointestinal cancer have focused on cyclooxygenase-2
(COX-2), an inducible isoform of the late-limiting enzyme for
synthesis of PGs. COX-2 is overexpressed in gastrointestinal
cancer,(3) and epidemiological studies have shown that chronic
intake of nonsteroidal anti-inflammatory drugs and aspirin,
which inhibit COX activity, reduces the risk of colon, gastric,
and esophageal cancer.(4–7) However, the total amount of bio-
logically active PGE2 in tumor tissue is regulated by the balance
of PGE2 synthesis and degradation.

15-hydroxyprostaglandin dehydrogenase (15-PGDH), which
catalyzes the oxidation of the 15(S)-hydroxyl group of PGs,
resulting in the production of 15-keto-PGs, greatly reduces the
biological activity of PGE2.(8) Increasing evidence has recently
been obtained for the involvement of reduction of 15-PGDH in
carcinogenesis and cancer progression. Reduced expression of
15-PGDH has been demonstrated in colorectal,(9) breast,(10)
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prostate,(11) lung,(12) and medullary thyroid cancer.(13) Experi-
mental studies have revealed that genetic disruption of
15-PGDH results in increased tumorigenicity in ApcMin ⁄ + mice,
an animal model of intestinal neoplasia,(14) while overexpression
of 15-PGDH by transfection with the wild-type 15-PGDH gene
in non-small-cell lung carcinoma cells decreased tumor
growth.(12) These findings suggest that 15-PGDH may have
tumor suppressive properties.

A few clinical studies on the expression of 15-PGDH in gas-
tric cancer have been reported,(15–18) although the correlations
of this expression with prognosis and patient outcome have not
been evaluated.

In this study, we determined the correlations between pattern
of expression of 15-PGDH protein and various clinicopathologi-
cal factors and patient outcome in gastric cancer. We also exam-
ined the association of expression of 15-PGDH with cell
proliferation in both clinical samples and gastric cancer cell
lines.

Materials and Methods

Patients. Tumor specimens were obtained from 71 patients
with gastric adenocarcinoma who underwent surgical resection
from 2000 to 2003 at the Department of Surgical Oncology in
Osaka City University Hospital. Forty-nine were males and 22
were females, with a median age of 67 (range 31–87) years.
None of the patients received chemotherapy or radiation therapy
before surgery. Follow-up time ranged from 1 to 72 months,
with a median of 52 months. Patient characteristics are summa-
rized in Table 1. The specimens were subjected to detailed path-
ologic examination, with determination of depth of invasion,
nodal status, involvement or margins, and histological type of
tumor. Pathological tumor staging was performed according to
the American Joint Committee on Cancer TNM classification.
Informed consent was obtained from every patient, and the Eth-
ics Committee of Osaka City University Hospital approved this
study.

Antibodies. Antihuman COX-2 mouse-monoclonal antibody
and antihuman 15-PGDH rabbit-polyclonal antibody were
purchased from Cayman Chemical (Ann Arbor, MI, USA).
Antihuman Ki67 mouse-monoclonal antibody and 5-Bromo-2¢-
deoxyuridine (BrdU) antibody were purchased from DakoCyto-
mation (Kyoto, Japan). Antihuman COX-2 mouse-monoclonal
doi: 10.1111/j.1349-7006.2009.01390.x
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Table 1. Relationships between immunohistochemical expression of COX-2 and 15-PGDH and clinicopathological parameters

Clinicopathological

parameters

Total cases

(n = 71)

Expression of 15-PGDH

P-values

Expression of COX-2

P-valuesNegative (n = 35) Positive (n = 36) Negative (n = 23) Positive (n = 48)

n (%) n (%) n (%) n (%)

Age

< 60 years 12 7 (58.3) 5 (41.7) 0.711 3 (25.0) 9 (75.0) 0.739

3 60 years 59 28 (47.5) 31 (52.5) 20 (33.9) 39 (66.1)

Gender

Male 49 24 (49.0) 25 (51.0) 0.937 17 (34.7) 32 (65.3) 0.537

Female 22 11 (50.0) 11 (50.0) 6 (27.3) 16 (72.7)

Differentiation

Tubular 39 14 (35.9) 25 (64.1) 0.013 9 (23.1) 30 (76.9) 0.204

Poorly 32 21 (65.6) 11 (34.4) 14 (43.8) 18 (56.3)

Depth of invasion

mp 13 6 (46.2) 7 (53.8) 0.269 6 (46.2) 7 (53.8) 0.775

ss 16 4 (25.0) 12 (75.0) 5 (31.3) 11 (68.8)

se 41 24 (58.5) 17 (41.5) 11 (26.8) 30 (73.2)

si 1 1 (100.0) 0 (0.0) 1 (100.0) 0 (0.0)

Lymph node metastasis

Negative 69 34 (49.3) 35 (50.7) 0.984 22 (31.9) 47 (68.1) 0.546

Positive 2 1 (50.0) 1 (50.0) 1 (50.0) 1 (50.0)

Disease stage

I 16 3 (18.8) 13 (81.3) 0.025 6 (37.5) 10 (62.5) 0.79

II 15 7 (46.7) 8 (53.3) 4 (26.7) 11 (73.3)

III 19 13 (68.4) 6 (31.6) 5 (26.3) 14 (73.7)

IV 21 12 (57.1) 9 (42.9) 8 (38.1) 13 (61.9)

15-PGDH, 15-hydroxyprostaglandin dehydrogenase; COX-2, cyclooxygenase-2; poorly, poorly differentiated adenocarcinoma; tubular, tubular
adenocarcinoma.
antibody, antihuman 15-PGDH rabbit-polyclonal antibody, and
antihuman Ki67 mouse-monoclonal antibody were diluted to
1:100 with AntibodyDiluent (DakoCytomation) when used for
immunohistochemical staining and double-immunofluorescence
staining. Donkey antimouse IgG labeled with AlexaFluor 594
and donkey antirabbit IgG labeled with AlexaFluor 488 were
purchased from Invitrogen (Carlsbad, CA, USA). Each antibody
was diluted to 1:200 with phosphate-buffered saline. Antihuman
15-PGDH goat polyclonal antibody was purchased from Santa
Cruz Biotechnology (Santa Cruz, CA, USA) for use in Western
blotting.

Immunohistochemistry. Immunohistochemical staining for 15-
PGDH, COX-2, and Ki67 was performed using the EnVision+
system (DakoCytomation). Four-lm-thick tissue sections from
formalin-fixed, paraffin-embedded tissue specimens were incu-
bated in Target Retrieval Solution (pH 6.0; DakoCytomation)
heated at 95�C for 40 min. After endogenous peroxidase activity
was quenched with 3% hydrogen peroxide, the sections were
treated with ProteinBlock (DakoCytomation). They were incu-
bated with primary antibody overnight at 4�C. The sections were
then incubated with peroxidase-labeled polymer conjugated with
goat antimouse or antirabbit immunoglobulins for 30 min. The
sections were finally treated with 0.03% 3,3¢-diaminobenzedine
(Wako Pure Chemical Industries, Osaka, Japan) containing
0.005% hydrogen peroxide. Counterstaining was performed with
Mayer’s hematoxylin.

To evaluate co-localization of 15-PGDH protein with Ki67
protein, double labeling by immunofluorescence was performed
according to our previous procedure.(19) In brief, sections were
incubated overnight with anti-15-PGDH antibody and anti-Ki67
antibody. Primary antibody were reacted with donkey antimouse
IgG labeled with Alexa Fluor 594 (Invitrogen) for detection of
Ki67 and donkey antirabbit IgG labeled with Alexa Fluor 488
(Invitrogen) for detection of 15-PGDH. The sections were
examined with a confocal microscope.
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Scoring system. For assessment of the patterns of expression
of 15-PGDH and COX-2, staining intensity and percentage
stained tumor area were determined. Staining intensity was
scored as 0 (absent), 1 (weak), 2 (moderate), or 3 (strong). Per-
centage stained tumor area was estimated (0, none; 1, <10%; 2,
10–50%; 3, >50% of total tumor area). The scores for intensity
of staining and scores for percentage stained area were multi-
plied, and results were classified into four groups: absent (0),
weak (1–3), moderate (4–6), and strong (7–9) expression.
Tumors exhibiting moderate or strong expression of 15-PGDH
or COX-2 were considered positive, while those exhibiting
absent or weak expression of 15-PGDH or COX-2 were consid-
ered negative.

For assessment of cell proliferation in tumor tissue, numbers
of Ki67-positive tumor cells and of all tumor cells in five ran-
domly selected representative tumor fields containing at least
250 tumor cells were counted in each section. Ki67 labeling
index was expressed as the number of Ki67-positive tumor cells
in a total of 1000 tumor cells.

For analysis of the association of cell proliferation in tumors
and cumulative survival rates, the patients were divided into two
groups according to the Ki67 labeling index: ‡500 and <500;
this cut-off point corresponded to the 25% percentile, which is
optimal for assessment of cell proliferation for highly prolifera-
tive tumors(20) The former was considered to have high Ki67
expression, while the latter was considered to have low Ki67
expression, respectively.

Cell lines and cell culture. Human gastric carcinoma cell lines
AGS and NCI-N87 (American Type Culture Collection, Manas-
sas, MD, USA) and MKN7, MKN45, and NUGC3 (RIKEN Bio
Resource Center, Tsukuba, Japan) were routinely cultured in
RPMI-1640 (Wako Pure Chemical Industries) containing 10%
heat-inactivated fetal bovine serum (FBS).

Western blotting. Gastric cancer cells were harvested and
lysed on ice with lysis buffer containing 0.5% NP-40, 40 mM
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Fig. 1. Expression of 15-hydroxyprostaglandin dehy-
drogenase (15-PGDH) and cyclooxygenase-2 (COX-2)
protein in gastric adenocarcinoma. (a,b) In noncancer-
ous gastric epithelial cells, immunoreactivity for
15-PGDH protein was observed mainly in the cyto-
plasm of epithelial cells and inflammatory cells in the
lamina propria. (c,d) In case immunoreactivity for
15-PGDH was observed in tumor tissue, 15-PGDH
protein was also observed in cytoplasm in cancer cells.
(e,f) Immunoreactivity for 15-PGDH protein was very
weak in some cancer tissues. (a, c, e) H&E staining;
(b, d, f) immunostaining for 15-PGDH. N, noncancer-
ous epithelium; T, tumor tissue. (g) COX-2 protein was
observed in cancer cells. (h) Immunoreactivity for
COX-2 protein was very weak in some cancer tissues
(original magnification, ·200).
Tris HCl (pH 8.0), 120 mM NaCl, and a protease cocktail
inhibitor (Complete Mini, Pierce, Rockford, IL, USA). After
centrifugation, the supernatant was collected and subjected to
SDS-PAGE followed by Western blotting according to our pre-
vious procedure.(21) In brief, proteins were denatured with SDS
sample buffer and subjected to SDS–polyacrylamide gel electro-
phoresis, and then transferred to a PVDF membrane. Mem-
branes were then blocked with blocking buffer containing 5%
skim-milk and incubated with antihuman 15-PGDH antibody
diluted to 1:250 overnight at 4�C. The bound antigen–antibody
complexes were detected with antigoat IgG-HRP using
enhanced chemiluminescence in accordance with the manufac-
turer’s instructions (Amersham, Arlington Heights, IL, USA).

Determination of expression of 15-PGDH mRNA in gastric
cancer cell lines by real-time quantitative RT-PCR. Total RNA
was isolated from gastric cancer cell lines using an ISOGEN kit
(Nippon Gene, Tokyo, Japan) according to the manufacturer’s
protocol. After precipitation, the RNA was resuspended in
RNase-free Tris-HCl EDTA buffer. PCR primers and TaqMan
probes for human 15-PGDH were designed using Primer
552
Express, a software program (PE Applied Biosystems, Foster
City, CA, USA). For human 15-PGDH, the sense primer was
5¢-AAGCAAAATGGAGGTGAAGGC-3¢ and the antisense
primer was 5¢-TGGCATTCAGTCTCACACCAC-3¢. Real-time
quantitative RT-PCR analyses were performed using an ABI
Prism 7700 Sequence Detection System instrument and software
(PE Applied Biosystems).

The reaction mixture was prepared according to the manufac-
turer’s protocol using the Platinum qRT-PCR ThermoScript
One-Step System (Invitrogen). Thermal cycling conditions were
50�C for 15 min and 95�C for 2 min, followed by 40 cycles of
amplification at 95�C for 15 s and 60�C for 30 s. Total RNA
was subjected to real-time quantitative RT-PCR for measure-
ment of target genes and GAPDH as an internal standard using
TaqMan GAPDH control reagents (PE Applied Biosystems).
Expression of mRNA for 15-PGDH in gastric cancer cell lines
was standardized to GAPDH mRNA.

Silencing of 15-PGDH gene expression. AGS and MKN7 cells
were seeded at a density of 1.0 · 105 cells ⁄ mL in RPMI-1640
containing 10% FBS and cultured overnight. Medium was then
doi: 10.1111/j.1349-7006.2009.01390.x
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Table 2. Determination of predictive factors for long-term survival

of gastric adenocarcinoma patients with curative surgical resection by

univariate analysis

Valuables n Relative risk (95% CI) P-values

Age

< 60 years 12 1

3 60 years 59 1.00 (0.97–1.04) NS

Gender

Female 22 1

Male 49 1.18 (0.54–2.58) NS

Histological type

Tubular 39 1

Poorly 32 1.38 (0.68–2.79) NS

Gastric cancer stage

Stage I 16 1

Stage II 15 1.16 (0.07–18.46) NS

Stage III 19 13.10 (1.67–102.92) <0.01

Stage IV 21 49.26 (6.40–379.41) <0.01

Expression of 15-PGDH in tumor tissue

Positive 36 1

Negative 35 3.50 (1.59–6.63) 0.02

Expression of COX-2 in tumor tissue

Positive 48 1

Negative 23 1.69 (0.81–3.52) NS

15-PGDH, 15-hydroxyprostaglandin dehydrogenase; CI, confidence
interval; COX-2, cyclooxygenase-2; NS, not significant; poorly, poorly
differentiated adenocarcinoma; tubular, tubular adenocarcinoma.
removed and replaced with fresh RPMI-1640 without FBS.
After 24-h incubation, 15-PGDH-specific siRNA or negative
control siRNA was transfected according to the manufacturer’s
instructions (Qiagen, Valencia, CA, USA).

Assessment of cell proliferation by Water-soluble Tetrazolium
Salt (WST-1) assay. AGS and MKN7 cells were seeded in
96-well plates at a density of 1.0 · 105 cells ⁄ mL in 150 lL of
RPMI-1640 containing 10% FBS and cultured for 24 h. Medium
was then removed and replaced with 150 lL of fresh RPMI-
1640 without FBS. After 24-h incubation, addition or not of
PGE2 at 1 or 10 lM (Sigma, St. Louis, MO, USA), 16,16-
dimethyl PGE2 at 1 or 10 nM (Sigma), or 10 lM of CAY10397,
a specific 15-PGDH inhibitor (Cayman Chemical, Ann Arbor,
MI, USA), was performed and incubation continued for 24 h.
Finally, 10 lL of WST-1 (Roche, Mannheim, Germany) was
added to the medium for the last 2 h of incubation. The absor-
bance of the formazan product formed was detected at 450 nm
using a 96-well spectrophotometric plate reader. In another
series of experiments, AGS and MKN7 cells were transfected
with 15-PGDH-specific siRNA, and at 24 h after transfection
Table 3. Determination of predictive factors for long-term survival

of gastric adenocarcinoma patients with curative surgical resection by

multivariate analysis

Valuables Relative risk (95% CI) P-values

Gastric cancer stage

Stage I 1

Stage II 0.94 (0.58–16.10) NS

Stage III 8.75 (1.09–70.60) 0.04

Stage IV 42.60 (5.42–334.35) <0.01

Histological staining of 15-PGDH

Positive 1

Negative 2.81 (1.21–6.56) 0.02

15-PGDH, 15-hydroxyprostaglandin dehydrogenase; CI, confidence
interval; COX-2, cyclooxygenase-2; NS, not significant.
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cell proliferation was determined by WST-1 assay. Absorbance
in the control cells was considered 100%. Eight experiments
were performed for each study group.

Assessment of cell proliferation assay by BrdU staining. AGS
cells were cultured in LAB-TEK chamber slide glasses (Nalge
Nunc International, Rochester, NY, USA) for 24 h, and medium
was then removed and replaced with fresh RPMI-1640 without
FBS. After 24 h incubation, addition or not of 10 lM of
CAY10397 (Cayman Chemical) was performed. To label the
cells in the DNA synthetic phase, 1 mM of BrdU (Sigma) was
added to the medium for the last 1 h of incubation. BrdU stain-
ing was performed according to our previous report.(22) In brief,
cells were fixed in 4% paraformaldehyde followed by cold ace-
tone. Endogenous peroxidase was quenched using 3% H2O2 for
20 min, and slides were then incubated in 4N HCl for 20 min
and rinsed with 0.1M sodium tetraborate buffer (pH 8.5) for
5 min to neutralize acid. After washing, slides were incubated
with monoclonal anti-BrdU antibody (1:100 dilution) overnight
at 4�C. Immunohistochemical staining for BrdU was performed
using the EnVision+ system (DakoCytomation). Finally, count-
erstaining of nuclei was performed using Mayer’s hematoxylin.
The total number of BrdU-labeled cells and total number of cells
were counted in six fields in each experiment, with four experi-
ments performed for each study group.

Statistical analysis. Statistical analysis of the relationships
between expression of 15-PGDH and COX-2 and clinicopatho-
logical parameters was performed using the v2-test for indepen-
dence. Cumulative survival rates stratified by disease stage,
Ki67 labeling index, and COX-2 or 15-PGDH immunoreactivity
were calculated by the Kaplan–Meier method, and the signifi-
cance of differences in them between groups was determined
using the log-rank test. Univariate and multivariate survival
analyses were performed with Cox’s proportional hazards
model. In the in vitro study, between-group differences were
examined using the nonparametric Mann-Whitney U-test. Val-
ues are expressed as means ± SD, with findings of P < 0.05
considered significant.

Results

Expression of 15-PGDH and COX-2 in gastric cancer
tissue. Immunoreactivity for 15-PGDH protein was observed
mainly in the cytoplasm of epithelial cells and inflammatory
cells in the lamina propria in noncancerous epithelium
(Fig. 1a,b). Of the 71 cases, 36 (50.7%) had 15-PGDH-positive
cancerous tissue. In 15-PGDH-positive cases, immunoreactivity
for 15-PGDH protein was observed in the cytoplasm of cancer
cells as well as noncancerous epithelial cells (Fig. 1c–f).

Of the 71 cases, 48 (67.6%) had COX-2-positive cancerous
tissue. In adenocarcinoma cells, COX-2 protein was located in
the cytoplasm (Fig. 1g,h).

Relationships between immunohistochemical expression of
15-PGDH and COX-2 and clinicopathological parameters in gastric
cancer. The percentage of 15-PGDH-positive tumors was signi-
ficantly higher in tubular adenocarcinoma than in poorly differ-
entiated adenocarcinoma (35.9% vs 65.6%; P = 0.013). There
was significant difference in pattern of expression of 15-PGDH
between the pathological tumor stages (Table 1).

In contrast to 15-PGDH expression, there were no significant
relationships between expression of COX-2 and any clinicopath-
ological parameters examined (Table 1).

Univariate and multivariate analyses of prognosis of patients
with advanced gastric cancer. On univariate analysis, disease
stage, and 15-PGDH immunoreactivity were prognostic factors
significantly influencing survival (Table 2).

On multivariate analysis using Cox’s proportional hazards
model, disease stage and expression of 15-PGDH were indepen-
dent predictive factors for long-term survival (Table 3).
Cancer Sci | February 2010 | vol. 101 | no. 2 | 553
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Fig. 2. Kaplan–Meier analysis of survival according to (a) disease
stage, (b) 15-hydroxyprostaglandin dehydrogenase (15-PGDH) expres-
sion, (c) cyclooxygenase-2 (COX-2) expression, (d) 15-PGDH expression
in a subgroup of patients with COX-2-positive tumors, and (e) in a
subgroup of patients with COX-2-negative tumors. (f) Ki67 labeling
index in all patients and (g) Ki67 labeling index in a subgroup of
patients with tubular adenocarcinoma.
On univariate analyses, no significant differences in any clini-
copathological parameters were found between patients with
COX-2-positive tumors and those with COX-2-negative tumors
(Table 2).

Cumulative survival rate of patients with advanced gastric
cancer by expression of 15-PGDH, expression of COX-2, Ki67
labeling index, and disease stage. There was significant differ-
ence in survival among patients with pathological tumor stages
(Fig. 2a). Cumulative survival was significantly shorter for
patients with 15-PGDH-negative tumors than for those with
15-PGDH-positive tumors (Fig. 2b). There was no significant
difference in survival rate between patients with COX-2-positive
tumors and those with COX-2-negative tumors (Fig. 2c). By
subgroup analysis according to the pattern of expression of
COX-2 in tumor tissue, in patients with COX-2-positive tumors
cumulative survival tended to be shorter for patients with
15-PGDH-negative tumors than for those with 15-PGDH-
positive tumors, although this was statistically not significant
(P = 0.062) (Fig. 2d,e).

Kaplan–Meier analyses of all patients revealed that high Ki67
expression was not associated with an increased probability of
gastric cancer–specific mortality (Fig 2f). Regarding histologi-
cal subtypes, in the subgroup of patients with tubular adenocar-
cinoma, Ki67 was significantly correlated with cancer-specific
554
mortality (Fig 2g), with risk ratio of 3.07 (95% CI, 1.13–8.37)
by univariate analysis. In multivariable Cox proportional hazard
regression analyses of patients with tubular adenocarcinoma,
Ki67 was not an independent prognostic factor associated with
cancer-specific mortality (data not shown).

Distribution of 15-PGDH protein and Ki67-positive cells in
gastric cancer. Double-immunofluorescence staining for 15-
PGDH and Ki67 revealed that expression of 15-PGDH protein
was decreased in cancer tissue compared with noncancerous
mucosa, while the proportion of Ki67-positive cells was much
higher in cancer tissue than in noncancerous mucosa (Fig. 3a–d).
In tumors, the number of Ki67-positive cells was larger in areas
exhibiting negative immunoreactivity for 15-PGDH than in
areas exhibiting positive immunoreactivity for 15-PGDH
(Fig. 3e–h).

Relationships between Ki67 labeling index and expression of
15-PGDH and COX-2 in gastric cancer. The Ki67 labeling index
in the group with 15-PGDH-negative tumors was significantly
higher than that in the group with 15-PGDH-positive tumors
(Fig. 4a). In contrast, there was no difference in Ki67 labeling
index between the group with COX-2-positive tumors and that
with COX-2-negative tumors (Fig. 4b). Combined analysis of
the pattern of expression of 15-PGDH and COX-2 showed that
either in the group with COX-2-positive tumors or in the group
with COX-2-negative tumors, the Ki67 labeling index in the
subgroup with 15-PGDH-negative tumors was significantly
higher than that in the subgroup with 15-PGDH-positive tumors
(Fig. 4c).

Expression of 15-PGDH mRNA and protein in gastric cancer cell
lines. As shown in Figure 5, 15-PGDH mRNA was expressed in
AGS and MKN45, but was undetectable in MKN7, NUGC3,
and NCI-N87 cells by real-time RT-PCR (Fig. 5a). Consistent
with this, 15-PGDH protein was also expressed in AGS and
MKN45 cells, but was not detected in MKN7, NUGC3, or NCI-
N87 cells by Western blotting (Fig. 5b).

Effects of PGE2, 16,16-dimethyl PGE2, CAY10397, and 15-PGDH-
specific siRNA on proliferation of gastric cancer cells. Because
AGS cells constitutively expressed 15-PGDH mRNA and pro-
tein, we examined the effects of inhibition and reduction of
15-PGDH on proliferation of AGS cells. Treatment with PGE2

did not enhance cell proliferation (Fig. 6a). In contrast, treat-
ment with 16,16-dimethyl PGE2, which is not catabolized by
15-PGDH, enhanced cell proliferation (Fig. 6b).

Inhibition of 15-PGDH by treatment with CAY10397
enhanced cell proliferation (Fig. 6c). Because the results of the
WST-1 assay reflect rates of metabolism in the cytoplasm as
well as cell proliferation, BrdU incorporation in the nucleus was
also determined to assess DNA synthesis. Consistent with the
results of WST-1 assay, treatment of AGS cells with CAY10397
increased the number of cells with BrdU incorporation
(Fig. 6d).

Transfection with 15-PGDH-specific siRNA markedly reduced
the expression of 15-PGDH mRNA and protein (Fig. 6e) and
enhanced the proliferation of AGS cells (Fig. 6f). In contrast,
transfection with 15-PGDH-specific siRNA did not affect the cell
proliferation of MKN7 cells, which exhibited no expression of
15-PGDH (Fig 6g).

Discussion

In the present study, we found that 15-PGDH expression was
reduced in half of the gastric adenocarcinomas examined, and
that reduction of 15-PGDH protein expression was correlated
with differentiation, disease stage, and prognosis of gastric can-
cer. We also showed that reduced expression of 15-PGDH is
associated with enhanced cancer cell proliferation in tumor tis-
sue, as also demonstrated in an experimental study on a gastric
cancer cell line by silencing of gene expression or enzymatic
doi: 10.1111/j.1349-7006.2009.01390.x
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Fig. 3. Distributions of 15-hydroxyprostaglandin
dehydrogenase (15-PGDH) protein- and Ki67-
positive cells in cancer tissue. (a) H&E staining of
noncancerous mucosa (N, noncancerous epithelium,
upper left) and gastric cancer tissue (T, tumor
tissue, lower right). (b) 15-PGDH protein (green
area). (c) Ki67-positive cells (red dots). (d) Merged
image of Fig. 2(b,c). (e) H&E staining of tumor
tissue. (f) Immunoreactivity for 15-PGDH protein
was observed in tumor tissue (green area). (g) Ki67-
positive cells (red dots) in tumor tissue. (h) Merged
image of Fig. 2(e,f). Ki67-positive cells show
negative or very weak immunoreactivity for 15-
PGDH.
inhibition of 15-PGDH. Together, our findings suggest that
reduction of 15-PGDH is a critical step in the acquisition of
aggressive phenotype and poor prognosis in gastric cancer via
enhancement of tumor cell proliferation.

PGE2 is an important chemical mediator in gastrointestinal
carcinogenesis and tumor progression. PGE2 levels are elevated
in intestinal adenoma and colon cancer tissues.(23,24) In an
experimental study of an animal model of intestinal neoplasia,
the antitumorigenic effect of NSAIDs was reversed by exoge-
nous administration of PGE2.(25) These findings indicate that the
amount of PGE2 in tumor tissue is the principal determinant of
promotion of carcinogenesis and tumor progression by PGE2.

Although evidence is accumulating that PGE2 is involved in
gastrointestinal carcinogenesis and tumor progression, the mech-
anisms responsible for modulation of the production and degra-
dation of PGE2 in tumor tissue are not completely understood.
The roles played by COX in the involvement of PGs in tumor
biology have been extensively investigated. In addition to COX,
the concentration of biologically active PGE2 is determined not
only by its synthetic enzyme but its catabolic enzyme, 15-
PGDH.(8) Recent studies have shown that reduction of 15-
PGDH occurs in association with aggressive phenotype and
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unfavorable prognostic factors in breast cancer,(10) prostate can-
cer,(11) lung cancer,(12) colorectal cancer(9,14) and medullary thy-
roid cancer.(13) Genetic silencing by methylation or histone
deacetylation of 15-PGDH promoter(8,10,26)and activation of the
epidermal growth factor receptor signaling pathway (27,28)have
been proposed as mechanisms by which expression of 15-PGDH
might be reduced in cancer. Experimental studies have demon-
strated the involvement of 15-PGDH in carcinogenesis and can-
cer progression. In breast, colon, and lung cancer cells,
overexpression of 15-PGDH by transfection with plasmid
encoding 15-PGDH reduces tumorigenicity, while silencing of
15-PGDH using siRNA enhanced the growth of breast can-
cer.(10) In addition, 15-PGDH gene knockout markedly increases
the number of colon tumors arising in the ApcMin ⁄ + mouse
model.(14) These findings thus suggest that 15-PGDH may func-
tion as a tumor suppressor.

Previously, it has been shown that 65 to 80% of gastric can-
cers exhibit down-regulation of 15-PGDH protein expression as
detected by immunohistochemistry. (15,17,18) Although in one
report 15-PGDH protein expression was lost only in 10% of the
gastric cancer samples,(16) it may be possible that immunoreac-
tivity for 15-PGDH in gastric cancer is overestimated, because
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Fig. 4. Ki67 labeling index in gastric adenocarcinoma according to
expression of (a) 15-hydroxyprostaglandin dehydrogenase (15-PGDH),
(b) cyclooxygenase-2 (COX-2), and (c) expression of 15-PGDH in
subgroups of patients with COX-2-positive and -negative tumors.
Values are the mean ± SD.

Fig. 5. Expression of 15-hydroxyprostaglandin dehydrogenase (15-
PGDH) mRNA and protein in gastric adenocarcinoma cell lines
detected by (a) real-time RT-PCR and (b) Western blotting.

Fig. 6. Involvement of 15-hydroxyprostaglandin dehydrogenase (15-
PGDH) in proliferation in gastric adenocarcinoma cells. (a) Effects of
prostaglandin (PG) E2 on proliferation of AGS cells. (b) Effects of 16,
16-dimethyl PGE2 on proliferation of AGS cells. Cell proliferation was
estimated by WST-1 cell proliferation assay. (c) Effect of 15-PGDH
inhibitor (CAY 10397) on proliferation of AGS cells. Cell proliferation
was estimated by WST-1 cell proliferation assay. (d) Effect of 15-PGDH
inhibitor (CAY 10397) on proliferation of AGS cells. Cell proliferation
was estimated by BrdU staining. (e) AGS cells were subjected to
Western blotting and real-time RT-PCR 24 h after transfection with
15-PGDH-specific siRNA. (f) Effect of transfection with 15-PGDH-
specific siRNA on proliferation of AGS cells. (g) Effect of transfection
with 15-PGDH-specific siRNA on proliferation of MKN7 cells. Cell
proliferation was estimated by WST-1 cell proliferation assay. Values
are the mean ± SD.
in the study tumors were interpreted as positive when at least
weak to moderate cytoplasmic staining was seen by immunohis-
tochemistry.

In regard to prognostic significance of expression of
15-PGDH in gastric cancer, previous studies have yielded
conflicting results. Liu et al.(15) and Jang et al.(17) reported that
556
expression of 15-PGDH is reduced and correlated with tumor
differentiation, lymph node metastasis, and clinical stage in
gastric cancer. Similar findings were obtained in a clinicopatho-
logical analysis of breast cancer by status of expression of
15-PGDH(10) and the present study. However, Thiel et al.
reported that no association with 15-PGDH immunostaining in
gastric cancer and clinicopathologic parameter or prognosis was
found.(18) The reason why such a discrepancy exists is possibly
because of genetic background difference and ⁄ or influence of
different environmental factors and status of Helicobacter pylori
infection. The present study clearly demonstrated that reduction
of 15-PGDH expression is positively correlated with disease
stage and differentiation. Univariate and multivariate analyses
revealed that reduction of 15-PGDH expression in gastric cancer
is associated with poorer prognosis than presence of such
expression, and is an independent prognostic factor. These find-
ings suggest that status of expression of 15-PGDH may be
useful as a prognostic biomarker in gastric cancer.
doi: 10.1111/j.1349-7006.2009.01390.x
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Several previous studies of the expression of COX-2 in gastric
cancer have shown a high frequency (43–100%) of COX-2
immunoreactivity in gastric cancer.(29) The correlations between
COX-2 expression and various clinicopathological characteris-
tics and patient outcome in gastric cancer have been controver-
sial. (30–37) In the present study, overexpression of COX-2 was
observed in 68% of the cases examined, and correlated with none
of a series of clinicopathological features and patient outcome.
Interestingly, in patients with COX-2-positive tumors, cumula-
tive survival tended to be shorter for patients with 15-PGDH-neg-
ative tumors than for those with 15-PGDH-positive tumors, and
the Ki67 labeling index in COX-2-overexpressing gastric adeno-
carcinomas negative for 15-PGDH expression was higher than
that in COX-2-overexpressing gastric adenocarcinomas positive
for expression of 15-PGDH. These findings suggest that reduc-
tion of 15-PGDH enhances tumor progression and aggressive
phenotype in cooperation with overexpression of COX-2 via
increase in amount of bioactive PGE2 in gastric adenocarcinoma.

Enhancement of cell proliferation is essential for the growth
of solid tumors and affects the clinical course. One possible
mechanism by which PGE2 promotes carcinogenesis is
enhancement of cancer cell proliferation.(2) Previous studies
have shown that Ki67 index is correlated with poor prognosis
in some types of cancer,(38–43) although in gastric cancer im-
munostaining with Ki67 has limited independent value for pre-
dicting prognosis, possibly because the prognostic value of
Ki67 labeling index in gastric cancer may vary depending on
histological type.(44) Our present study showed that high value
of Ki67 labeling index was not associated with an increased
probability of gastric cancer–specific mortality in all patients,
Tatsuwaki et al.
and in the subgroup of patients with tubular adenocarcinoma
Ki67 was associated with cancer-specific mortality, although it
was not independent prognostic factor for poor survival by
multivariate analysis. In regard to 15-PGDH, reduction of 15-
PGDH is associated with enhanced tumor cell proliferation in
gastric adenocarcinoma. Consistent with the findings of the
present immunohistochemical examination of human gastric
carcinoma tissue, an in vitro study clearly demonstrated that
inhibition of 15-PGDH and silencing of gene expression of
15-PGDH resulted in enhanced cell proliferation. Moreover, it
is reported that overexpression of 15-PGDH by transfection
with plasmid encoding 15-PGDH suppresses cell growth in
glioblastoma(45) and a breast cancer cell line.(10) Taken
together, these findings suggest that increase in biologically
active PGE2 in tumor tissue via reduction of 15-PGDH results
in enhancement of tumor cell proliferation.

In conclusion, our findings showed that reduction of 15-
PGDH is an independent prognostic factor in gastric cancer. In
addition, reduction of 15-PGDH was found to enhance cell pro-
liferation in gastric adenocarcinoma. Evaluation of the pattern
of expression of 15-PGDH in tumor tissues may be useful as a
diagnostic or prognostic marker for gastric adenocarcinoma.
Our findings also suggest that up-regulation or recovery of
expression of 15-PGDH could be targeted for treatment and
chemoprevention of gastric adenocarcinoma.
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