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Introduction

Gastric cancer is a commonly observed malignant tumor and 
the most common cause of cancer-related mortality worldwide. 
New approaches for the treatment of gastric cancer are needed. 
Prostaglandin E2 (PGE2) has a predominant function in promoting 
carcinogenesis and cancer progression, including tumor cell 
proliferation, invasion, immunosuppression and angiogenesis. PGE2 
and other prostaglandins are rapidly degraded and largely inactivated 
by the initial oxidation of their 15(S)-hydroxyl group catalyzed by 
NAD+-linked 15-hydroxyprostaglandin dehydrogenase (15-PGDH) 
. 15-PGDH is a prostaglandin-degrading enzyme which is highly 
expressed in gastrointestinal tract, lung and prostate mucosa in humans 
and other mammals [1]. Recent studies have shown that the reduction 
or loss of 15-PGDH expression may lead to tumor progression. 15-
PGDH expression is significantly low in many malignant tumors 
such as colon cancer, non-small cell lung cancer, breast carcinoma, 
esophageal squamous cell carcinoma and adenocarcinoma, gastric 
cancer [2-8] and some precancerous lesions, such as atrophic gastritis 
[6]. 15-PGDH was significantly down regulated in H.pylori–infected 
gastric human tissues and it may be a useful marker and a potential 
therapeutic target in H. pylori–induced gastric carcinogenesis 
[7]. COXs are the rate-limiting enzymes in the overall synthesis of 
prostaglandins. Two isoforms of COX have been recognized. COX-
1 is expressed constitutively to carry out housekeeping functions, 
whereas COX-2, the rate-limiting enzyme in the synthesis of PGE2, 
is highly inducible by growth factors, proinflammatory cytokines, 
carcinogenic substances, tumor promoters and has been regarded as 
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an oncogenesis factor through the accumulation of PGE2 [9]. Ying 
Li et al found downregulated 15-PGDH expression in human non-
small cell lung cancer tissues and 15-PGDH and COX-2 reciprocally 
regulate cancer angiogenesis, which may affect the prognosis of 
patients with NSCLC [10]. Our previus studies showed that 15-PGDH 
inhibitors could promote the proliferation of human gastric cancer 
cells and COX-2 inhibitors could inhibit the growth of gastric cancer 
cells by promoting the expression of 15-PGDH [11-12]. Together, 
these studies suggest that reduction or loss of 15-PGDH expression 
may be an early event in tumorigenesis and may be closely related to 
the occurrence and development of tumors. Therefore, deeper studies 
on the effect of 15-PGDH on gastric cancer and related mechanisms 
are necessary.

In this study, we constructed a SGC7901 cell line with stable 
expression of 15-PGDH gene and investigated the effect of 15-PGDH 
on the growth, proliferation and migration of gastric cancer, and we 
also examined the association of 15-PGDH with gastric cancer cell
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Objective: To investigate the effect of stable transfection with NAD+-linked 15-hydroxyprostaglandin 
dehydrogenase (15-PGDH) on the growth, proliferation and migration of gastric cancer cells. 
Methods: The levels of 15-PGDH in four kinds of gastric cancer cells with different differentiation rates 
were compared by RT-PCR measurements, and the poorly differentiated gastric cancer cells SGC7901 
were chose to perform follow-up experiments. SGC7901 cells were transfected with recombinant plasmid 
pcDNA3/15-PGDH and empty plasmid pcDNA3 as a control by using lipofectamine 2000. Cells with 
steady expression capability were sorted out by G418. RT-PCR and Western blot were used to confirm 
the transfection and expression of 15-PGDH in SGC7901 cells. MTT, cell scratch assay, soft-agar colony 
formation assays were used to determine the proliferation, migration and cell clone formation activities 
of SGC7901 with stable transfection of 15-PGDH. Flow cytometry assay was used to examine the effect 
of 15-PGDH on cell cycle and apoptosis. RT-PCR was used to analyze the levels of cell cycle-related genes 
(p53, p21 and p16) and apoptosis-related genes (Survivin, BCL-2 and Caspase3). 
Results: Both recombinant plasmid pcDNA3/15-PGDH and empty vector plasmid pcDNA3 were 
successfully transfected into human gastric cancer SGC7901 cell line. Proliferation, migration and 
cell clone formation capabilities of pcDNA3/15-PGDH groups were significantly inhibited compared 
with other two control groups (P<0.05). Flow cytometry results demonstrated an increased fraction of 
sub-G1 phase and the increase of apoptotic cells for pcDNA3/15-PGDH groups compared with other 
two control groups (P<0.05). The levels of p16, p21 and p53 mRNA for pcDNA3/15-PGDH groups were 
higher than those in other two control groups (p<0.05). pcDNA3/15-PGDH groups exhibited a higher 
level of caspase3 mRNA but lower levels of survivin and BCL-2 mRNA in SGC7901 cells compared with 
other two control groups (P< 0.05). 
Conclusion: The gene transfection of 15-PGDH has negative effects on the growth, proliferation and 
migration of gastric cancer SGC7901 cells by inducing apoptosis and cell cycle arrest. 
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apoptosis and cell cycle. The results will provide the necessary 
theoretical basis for future applications of 15-PGDH in the prevention 
and treatment of gastric cancer.

Materials and Methods

Cell culture and stable transfections

The pcDNA3/15-PGDH and pcDNA3 plasmids were obtained from 
Hsin-Hsiung Tai (Department of Pharmaceutical Sciences, College of 
Pharmacy, University of Kentucky). Human gastric carcinoma cell 
lines AGS, BGC823, SCG7901 and MGC803 (obtained from Shanghai 
Institute of Biochemistry and Cell Biology) were maintained in 
RPMI-1640 (Gibco, United States) medium supplemented with 10% 
fetal calf serum, 100 U/mL penicillin and 100 μg/mL streptomycin 
in a 5% CO2 atmosphere at 37°C. All transfections were carried out 
using Lipofectamine 2000 (Invitrogen, Carlsbad, CA). Stable clones 
were generated by selection in complete culture medium containing 
500 mg/L G418 (Gibco Corp, USA). Ten days later the concentration 
of G418 changed to 200 mg/L in order to maintain screening pressure. 
G418-resistant clones were visible approximately 2 weeks after the 
selection. Then the G418-resistant clones were picked up and cultured. 
After 4 weeks of cloning we got 2 cell lines with stable expression 
of pcDNA3/15-PGDH. Cells were divided into four groups: Blank, 
pcDNA3, pcDNA3/15-PGDH-1 and pcDNA3/15-PGDH-2.

mRNA analysis by Real-time RT-PCR

The β-actin gene was used as an internal reference. The 15-PGDH 
primers and probes were designed using the Primer Express 2.0 
software and synthesized by the Shanghai Bioengineering Company. 
Total RNA was isolated from the cells using the TRIzol extraction kit 
according to the manufacturer’s protocol. RT-PCR was performed 
according to the manufacturer’s instructions (Bio-Rad, Richmond, 
CA). The quantitative relative expression was calculated as the ratio 
of gene copies detected to the copies of β-actin. The experiments were 
performed independently in triplicate. The polymerase chain reaction 
primers sequences are listed in Table 1.

Protein analysis by Western blot

Cells were lysed and prepared for total protein extraction. The 
protein concentration was determined by the BCA method (KeyGEN, 
China), and 30 µg of protein lysates were subjected to SDS-PAGE. 
The electrophoresed proteins were transferred to nitrocellulose 
membranes (Whatman, USA), which were blocked in 5% non-fat 
milk and incubated overnight at 4°C with diluted primary antibodies 
(1:200, Santa Cruz Corp, USA). Membranes were then incubated with 
HP-conjugated secondary antibody (1:2,500, Cayman, USA). After

washing with PBST buffer (PBS containing 0.05% Tween-20), the 
membranes were probed using ultra-enhanced chemiluminescence 
Western blotting detection reagents. β-actin was used as the internal 
reference.

Cell toxicity and proliferation assay by MTT

The experimental groups of cells in the logarithmic phase of growth 
were seeded in 96-well plates at a cell density of 1.0 × 104/well. For 
three consecutive days, 20 µL of MTT (5 mg/mL) were added to the 
corresponding well, and cells were incubated at 37°C for an additional 
4 h. The reaction was stopped by lysing the cells with 150 µL of DMSO 
(Sigma-Aldrich Corp, USA), followed by low turbulence for 10 min. 
Optical density was measured at 490 nm. The experiments were 
performed independently three times.

Cell migration assay by cell scratch assay

Cell migration was examined using the cell scratch assay. SCG7901 
cells were seeded in six-well plates in culture medium containing 
10% FBS to reach 90% confluence. After 4 h incubation in serum-
free culture medium, pcDNA3 and pcDNA3/15-PGDH plasmids 
were added to transfect the cells. After 24 h, the cell monolayer was 
wounded by scratching with a 200-µL pipette tip. After rinsing three 
times with PBS, the cells were allowed to migrate into the scratched 
area. A computer-based microscopy imaging system was used to 
take photographs (10× or 4×) in the same field at 0, 24, 48, 72 h, 
respectively. The Image-pro plus 6.0 software was used to assess the 
scratch-wound healing areas, and migration areas (Aream) at each 
time point were calculated as follows: Aream = Area0 − Areatimepoint. 
The experiments were performed independently in at least triplicate. 

Cell clone formation by soft-agar colony formation assay

A layer of agar containing 2 mL of 0.6% low melting agar dissolved 
in growth media was poured into wells of a six-well cell culture dish 
and allowed to set at 4°C for 5 min. A second layer (2 mL) containing 
0.4% low melting agar dissolved in growth medium containing cells 
(1×103 cells/well) was placed on top of the first layer and allowed to 
set at 4°C for 10 min. Each cell type was seeded in triplicate. Growth 
medium was added on top of the second layer, and the cells were 
incubated in a humidified incubator at 37°C for 14 days. The medium 
was changed twice per week. Two independent experiments were 
performed. At the end of the experiment, colonies were stained for 
1 h with 0.005% crystal violet, and incubated with PBS overnight to 
remove excess crystal violet. The colonies were photographed, and 
colonies with a diameter of at least 100 µm were counted. The mean 
number of colonies per well was calculated.
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Gene forword reserse

15-PGDH GCAGCCGGTTTATTGTGCTT CCTGGACAAATGGCATTCAGT

β-actin CCATCATGAAGTGTGACGTGG TCTGCATCCTGTCGGCAAT

p16 ACGCCCTAAGCGCACATTC GGTTCTGCCATTTGCTAGCA

p21 AGCAGAGGAAGACCATGTGGA AGAAGATCAGCCGGCGTTT

p53 AGAGCTGAATGAGGCCTTGGA TGAGTCAGGCCCTTCTGTCTT

Caspase3 TGGCATTGAGACAGACAGTGG GGCATACTGTTTCAGCATGGC

survivin CCAGCACCTGAAAGCTTCCT GCCTCATTCACAACCCTTCC

Bcl-2 GGTGCCACCTGTGGTCCACCT CCTCACTTGTGGCCCAGATAGG
Table 1: The primers sequences of the polymerase chain reaction.
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Flow cytometry analysis of cell cycle progression

The cell cycle was analyzed by flow cytometry. Cells in the 
logarithmic phase of growth were harvested by trypsinization 
without EDTA, washed with PBS, and centrifuged at 2000 g for 5 
min to remove the supernatant. The cells were resuspended in 500-
µL binding buffer. After mixing with 5-µL Annexin V-EGFP, nuclei 
were stained with propidium iodide for 15 min and then examined 
in a FACSCalibur flow cytometer. The experiments were performed 
independently in quadruplicate.

Flow cytometry analysis of cell apoptosis

Cells were harvested and diluted with PBS twice. Then, 5 µL of 
Annexin V-EGFP and 5 µL of propidium iodide (20µg/mL) were 
added to 100 µL of cells. Upon incubation in the dark for 15 min 
at room temperature, samples were diluted with 400-µL PBS. Flow 
cytometry was carried out using a FACS instrument, and the results 
were analyzed using software. The experiments were performed 
independently in triplicate.

Statistical analysis

The data are expressed as the mean ± S.D. Statistical analysis 
was assessed by Student’s t test (between two groups) or Student-
Newman-Keuls test (among three or more groups), with SPSS 17.0 
software (Univariate Analysis of Variance). P-values less than 0.05 
were considered significant.

Results

Selection of human gastric cancer cell line and identification of 
SCG7901 cells stably transfected with 15-PGDH plasmid

From Figure 1a, it could be found that 15-PGDH mRNA levels 
of measured four human gastric cancer cell lines: MGC803>AGS>

BGC823>SGC7901. Accordingly, we performed the following 
experiments using the SGC7901 cell line. To study the expression 
pattern of the 15-PGDH in SGC7901 cells, 15-PGDH mRNA and 
protein were quantified by real time RT-PCR and Western blot 
analysis. Two cell lines with stable expression of pcDNA3/15-PGDH 
were obtained. Cell experiments were divided into four groups: 
Blank, pcDNA3, pcDNA3/15-PGDH-1 and pcDNA3/15-PGDH-2. 
The 15-PGDH mRNA expression levels of blank group, pcDNA3 
group, pcDNA3/15-PGDH-1 and pcDNA3/15-PGDH-2 group 
were 1.00±0.09, 0.98 ± 0.13, 8.91±0.25 and 9.10±0.21, respectively 
(Figure 1b). The levels of 15-PGDH in pcDNA3/15-PGDH-1 and 
pcDNA3/15-PGDH-2 groups were remarkably higher than those in 
pcDNA3 and blank groups (Figure 1c).

The effect of 15-PGDH on the proliferation, migration and colony 
formation ability of SCG7901 gastric cancer cells

Compared with the blank and pcDNA3 groups, the cellular viability 
in pcDNA3/15-PGDH-1 and pcDNA3/15-PGDH-2 groups obviously 
decreased (the inhibition rate increased). This inhibitory effect could 
be observed after 24hr of treatment (inhibition ratio 48.72 ± 3.1%, 
P < 0.05), and their inhibition ratios were closed at 24 hr, 48hr and 
72hr (47.56±4.2% and 53.72± 5.0%, P <0.05) (Figure 2a, blue bars). 
The densities of migration cells in pcDNA3, pcDNA3/15-PGDH-1, 
pcDNA3/15-PGDH-2 and blank groups were 79.84 ± 14.21, 21.32 
± 5.24, 22.46 ± 5.98, 98.69 ± 16.05 cells/mm2, respectively (p<0.05, 
Figure 2b). The number of migrated cells in the pcDNA3/15-PGDH 
transfection groups was remarkably lower compared with blank and 
pcDNA3 groups. Cell colony formation was inhibited significantly 
in the pcDNA3/15-PGDH-1 and pcDNA3/15-PGDH-2groups, 
compared to blank and pcDNA3 groups (55±5.29 and 65±10.26 vs 
293±10.07 and 283±6.24, (p<0.05, Figure 2c).
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Figure 1: (a)Comparison of 15-PGDH mRNA expression in four gastric cancer cell lines (MGC803, AGS, 
BGC823, SGC7901).(b)Comparison of 15-PGDH mRNA expression in SGC7901 cells in four experiment 
groups. (c) Comparison of 15-PGDH protein expression in SGC7901 cells in four experiment groups. The 
expressions of 15-PGDH mRNA and 15-PGDH-1 protein were much higher in pcDNA3/15-PGDH-1 and 
pcDNA3/15-PGDH-2 groups than in blank and pcDNA3 groups (P<0.05). β-actin (~43 kDa) expression was 
used as an internal control to quantify 15-PGDH expression (~29 kDa).

(a) (b)

(c)
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Groups Number of cells Number of colony formation units/well Mean

1 2 3

Blank 1×103 288 294 302 293±10.07

pcDNA3 1×103 290 278 281 283±6.24

pcDNA3/15-PGDH-1 1×103 49 59 57 55±5.29

pcDNA3/15-PGDH-2 1×103 76 56 62 65±10.26
Figure 2: (a) The effect of 15-PGDH expression on the growth of gastric cancer cells (MTT method) (pcDNA3/15-
PGDH-1 and pcDNA3/15-PGDH-2 groups vs. other groups, p<0.05).  (b) The effect of 15-PGDH gene transfection 
on the migration of human gastric cancer SGC7901 cells (light micrographs).   ,   ,    and   represent blank, pcDNA3, 
pcDNA3/15-PGDH-1, pcDNA3/15-PGDH-2 groups with scratch-wounds at 48h, respectively (×4). (c) The effect of 15-
PGDH on the colony formation of SGC-7901 cells ( p<0.05).

Figure 2: (a) The effect of 15-PGDH expression on the growth of gastric cancer cells (MTT method) (pcDNA3/15-
PGDH-1 and pcDNA3/15-PGDH-2 groups vs. other groups, p<0.05).  (b) The effect of 15-PGDH gene transfection 
on the migration of human gastric cancer SGC7901 cells (light micrographs).    ,     ,   and   represent blank, 
pcDNA3, pcDNA3/15-PGDH-1, pcDNA3/15-PGDH-2 groups with scratch-wounds at 48h, respectively (×4). (c) 
The effect of 15-PGDH on the colony formation of SGC-7901 cells ( p<0.05).

(a)

(b)

(c)

(b)

(a)
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The effect of 15-PGDH expression on the cell cycle of SCG7901 
gastric cancer cells

Compared with pcDNA3 and blank groups, an effective transfection 
of 15-PGDH with pcDNA3/15-PGDH resulted in a significantly 
decreased proportion of SCG7901 cells in the S and G2/M phases 
(p<0.05); however, the proportion of cells in the G0/G1 phase 
increased significantly (p<0.05, Figure 3a). As shown in Figure 3B, the 
levels of p16 mRNA, p21 mRNA and p53 mRNA in the pcDNA3/15-
PGDH-1 and pcDNA3/15-PGDH-2 groups were higher than those in 
the blank and pcDNA3 groups (p<0.05).

The effect of 15-PGDH expression on the apoptosis of SCG7901 
cells

15-PGDH induced the apoptosis of SCG7901 cells, as evaluated 
by flow cytometry (Figure 4a). The proportion of apoptotic cells in 
pcDNA3, pcDNA3/15-PGDH-1, pcDNA3/15-PGDH-2 and blank 
groups were 3.56% ± 0.82%, 13.74% ± 1.02%, 15.76% ± 1.10%, 3.52% 
± 0.88%, respectively. The mean number of apoptotic SCG7901 
cells in pcDNA3/15-PGDH-1 and pcDNA3/15-PGDH-2 groups 
were significantly higher compared to blank and pcDNA3 groups 
(p<0.05, Figure 4a). As shown in Figure 4b, caspase3 mRNA in 
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Figure 4: (a) Flow cytometry analysis of gastric cancer cell apoptosis. (b) levels of p53, caspase3 and survivin mRNA expression in 
SGC7901(pcDNA3/15-PGDH-1 and pcDNA3/15-PGDH-2 groupsvs. other groups, p<0.05).  

(a)

(b)
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pcDNA3/15-PGDH-1 and pcDNA3/15-PGDH-2 groups was 
more than blank and pcDNA3 groups. BCL-2 and Survivin 
mRNA in the pcDNA3/15-PGDH-1 and pcDNA3/15-PGDH-2 
groups were less than those in blank and pcDNA3 groups (p<0.05.                                                                                                                                         
                                                                                                                                                                                                                                                                                                           
Results

15-PGDH, a prostaglandin-degrading enzyme, is a natural 
candidate as tumor suppressor. Previous studies have shown that 15-
PGDH functions as a potent inhibitor of carcinogenesis and that the 
expression of 15-PGDH is reduced or absent in a variety of malignant 
tumors, such as non-small cell lung cancer, breast cancer and prostate 
cancer. Our previous study showed that the expression of 15-PGDH 
was related to the degree of malignancy, TNM staging, distant 
metastasis and prognosis of gastric cancer. Lower expression level of 
15-PGDH might lead to higher degree of malignant gastric cancer, 
suggesting that the reduced or lost expression of 15-PGDH indicates 
the presence of gastric cancer. In this study, we investigated the effect 
of 15-PGDH on the SGC7901 gastric cancer cell line, and our results 
clearly demonstrated that 15-PGDH can effectively inhibit the cell 
growth, proliferation, and migration of SGC7901 cells. 15-PGDH also 
induced cell cycle arrest and apoptosis in SGC7901 cells. It may be a 
suppressor of gastric cancer through these pathways.

Yeon-Mi reported that 15-PGDH was significantly downregulated 
in H. pylori–infected gastric human tissues, which suggested that 
15-PGDH inhibition may be an early event in tumor carcinogenesis 
[7,13-15]. It had also been reported that reduction in the expression of 
15-PGDH was associated with tumor differentiation [6], lymph node 
metastasis, clinical stage [16] and prognosis[17] in gastric cancer. In 
this study, we also found that the 15-PGDH expression was associated 
with gastric cancer cell differentiation, which was consistent with these 
previous reports. 15-PGDH mRNA was lower in poorly differentiated 
gastric cancer cell line than that in well differentiated gastric cancer 
cell line, and 15-PGDH mRNA decreased markedly in the poorly 
differentiated gastric cancer cell line SGC7901.

Some studies have demonstrated that 15-PGDH suppresses some 
tumors. The overexpression of 15-PGDH by transfection with 
plasmid or adenovirus vectors encoding 15-PGDH reduced the 
occurrence and growth of tumor[16,17], whereas the silencing of 
15-PGDH using siRNA enhanced the proliferation and growth of 
cancer cells [16]. 15-PGDH gene knockout increased the colon tumor 
incidence in the APC+/Min mouse model [18].The restoration of 
15-PGDH expression inhibited the proliferation of mouse murine 
forestomach carcinoma cancer cells[19]. However, the effect of 15-
PGDH on the growth and migration of human gastric cancer cell is 
not clear. In order to evaluate the effect of 15-PGDH on the growth 
and migration of human gastric cancer cell, we established SGC7901 
cell lines which were stably transfected with the 15-PGDH gene, and 
discovered significantly decreased proliferation of SGC7901 cells 
after being transfected with the 15-PGDH gene, which was consistent 
with the previous observation that 15-PGDH inhibited cancer cell 
proliferation [19,20]. The cell migration assay showed that 15-PGDH 
could inhibit the migration of SGC7901 cells. The soft-agar colony 
formation assay showed a smaller number of gastric cancer cell 
colonies after transfection with 15-PGDH compared to blank groups. 
These results suggested that 15-PGDH played an important role in 
inhibiting the development, invasion and metastasis of gastric cancer, 
which further confirmed the close relationship between 15-PGDH 
and the development of gastric cancer [21–23].

15 PGDH is a gastric cancer suppressor, however, the related 
mechanism is not clear. Our previous study showed that 15-PGDH 
may induce the apoptosis of SGC-7901 gastric cancer cells and inhibit 
the cell cycle by transient transfection with 15-PGDH genes[6]. Can 
we get the same results if we stably transfect SGC7901 cells with 15-
PGDH gene? Here, we observed that gastric cancer cells could remain 
in the G0-G1 phase after being stably transfected with pcDNA3/15-
PGDH plasmids. Furthermore, we analyzed genes-associated cell 
cycle. There were increases in expression of p16, p21 and p53 genes 
which were known to regulate the tumor cell cycle [24-26]. We also 
found that the number of apoptotic SGC7901 cells after transfection 
with 15-PGDH was larger compared to those transfected with 
empty plasmid. There was a reduction in expression of antiapoptotic 
genes (BCL-2 and Survivin) but an increase in expression of 
proapoptotic genes (caspase3). Caspase is a key molecule of cell 
apoptosis and  morphological changes of apoptosis is the results of 
a series of caspase activation and the hydrolysis of substrate, while 
the Caspase3 is considered to be the main effector proteins. Ding 
found that When lung cancer cells A549 overexpress 15-PGDH by 
transfection with Ad-15-PGDH, they become apoptotic, as shown by 
DNA fragmentation, activation of procaspase-3 and cleavage of poly 
ADP ribose polymerase[27]. Our results were consistent with the 
previous reports. Therefore, 15-PGDH can block the cell cycle and 
inhibit gastric cancer cell growth. Upregulation of p16, p21 and p53 
gene expression is a possible mechanism by which 15-PGDH makes 
gastric cancer cells to remain in the G0-G1 phase [28]. 15-PGDH also 
induced gastric cancer cell apoptosis BCL-2, caspase3 and survivin 
genes may participate in this process [29-33].

In conclusion, our study provides evidences that the restoration 
of 15 PGDH expression inhibits the proliferation and migration of 
human gastric cancer cells, and 15-PGDH induces cell cycle arrest and 
apoptosis of gastric cancer cells in vitro, and it may be the mechanism 
by which it suppresses human gastric cancer. These results suggest 
that 15-PGDH plays an important role in inhibiting the growth, 
proliferation, migration and colony formation of gastric cancer cells 
and 15-PGDH may have potential as a novel and effective drug for the 
treatment of gastric cancer.
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