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ABSTRACT 

 

15-Deoxy-△12,14
-prostaglandin J2 upregulates  

the expression of 15-hydroxyprostaglandin 

dehydrogenase through DNA methyltransferase 1 

inactivation  
 

 

Hye-Ok Jang 

Under the supervision of professor Young-Joon Surh 

Department of Molecular Medicine and Biopharmaceutical Sciences 

The Graduate School 

Seoul National University 

 

15-Hydroxyprostaglandin dehydrogenase (15-PGDH) is the key enzyme that 

catalyzes the degradation of prostaglandin E2. The expression of 15-PGDH is 

ubiquitously down-regulated in various cancers, and hence considered as a 

tumor suppressor. Hypermethylation of CpG islands in the gene promoter 

region is an important mechanism to silence the expression of tumor 

suppressor genes and contributes to cancer formation. 15-Deoxy-△12,14
-

prostaglandin J2 (15d-PGJ2), one of the terminal products of cyclooxygenase-

2, has been reported to have anti-inflammatory and anti-carcinogenic 

activities. The aim of this study is to investigate the effect of 15d-PGJ2 on 
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DNA methylation. In the present study, we demonstrated that 15d-PGJ2 up-

regulated 15-PGDH expression by decreasing the level of CpG methylation 

in 15-PGDH promoter regions in human breast cancer MDA-MB-231 cells. 

15d-PGJ2 inhibited the activity of DNA methyltransferase 1 (DNMT1) which 

is the major enzyme responsible for maintaining DNA methylation. However, 

15d-PGJ2 showed no effects on expression of either mRNA or protein of 

DNMT1. We notably found that 15d-PGJ2 directly interacted with DNMT1, 

thereby reducing its catalytic activity. However, a non-electrophilic analogue 

9,10-dihydro-15d-PGJ2 failed to suppress the methylation of CpG islands 

present in 15-PGDH promoter, suggesting that the α,β-unsaturated carbonyl 

group is essential for 15d-PGJ2-mediated inactivation of DNMT1 and 

subsequent up-regulation of 15-PGDH expression. Chromatin-

immunoprecipitation (ChIP) analysis revealed that 15d-PGJ2 significantly 

attenuated DNMT1 binding to the 15-PGDH promoter regions. Taken 

together, these findings suggest that 15d-PGJ2 increases 15-PGDH 

expression by suppressing DNMT1-mediated hypermethylation of 15-PGDH 

promoter. 

 

Keywords : 15-Deoxy-△12,14
-prostaglandin J2, 15-Hydroxyprostaglandin 

Dehydrogenase, DNA methyltrasferase 1 

Student Number : 2012-22853 
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INTRODUCTION 

 

Prostaglandin E2 (PGE2), one of the major prostanoids produced by 

epithelial-derived tumor cells, plays a stimulatory role in proliferation, 

angiogenesis, invasion and resistance to apoptosis [1, 2]. The intracellular 

level of PGE2 is regulated not only by its production, but also by degradation 

[3]. Nicotinamide adenine dinucleotide (NAD
+
)-dependent 15-

hydroxyprostaglandin dehydrogenase (15-PGDH) catalyzes the oxidation of 

the 15(S)-hydroxyl group of prostaglandins including PGE2 and produces 

15-keto metabolites which are biologically inactive [4, 5]. There are several 

lines of evidence supporting the potential role of 15-PGDH as a tumor 

suppressor in colon, gastric, lung as well as breast cancers. Also, it has been 

reported that 15-PGDH is down-regulated or lost in many human 

malignancies [6-9]. Up-regulation of 15-PGDH expression in breast cancer 

cells resulted in decreased clonal growth, finally leading to reduced 

tumorigenesis [10, 11].  

In several cancers, the expression of 15-PGDH is repressed by an 

epigenetic regulation including DNA methylation and histone modification 

[9, 12, 13], and the loss of 15-PGDH expression may confer resistance to 

anticancer drug [14]. In many cases, methylation of CpG islands in gene 

promoter regions leads to gene silencing and contributes to carcinogenesis. It 
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has been revealed that the promoter region of 15-PGDH is hypermethylated 

in breast cancer MDA-MB-231 cells and approximately 30% of primary 

breast tumors. Treatment with demethylating agent 5-aza-2’-deoxycytidine 

restored 15-PGDH expression and subsequently attenuated the malignancy 

of human breast cancer MDA-MB-231 cells [9]. Thus, epigenetic regulation 

such as DNA methylation and histone deacetylation, is remarkably 

considered as an important factor involved in 15-PGDH suppression. 

Drugs which target the enzymes responsible for DNA methylation such 

as DNA methyltransferases (DNMTs) could be useful in cancer prevention 

and treatment [15]. DNMT1, one of the major forms of DNMTs, is 

responsible for maintaining DNA methylation during DNA replication, while 

DNMT3a/b isoforms are related to de novo DNA methylation. It has also 

been reported that the inhibition of DNMT1 blocks the hypermethylation of 

the newly synthesized DNA strand, resulting in hypomethylation and the re-

expression of silenced genes [16-18].  

15-Deoxy-△12,14
-prostaglandin J2 (15d-PGJ2) is one of the terminal 

products of cyclooxygenase-2 (COX-2)-mediated metabolism. First, 

membrane phospholipid is converted to arachidonic acid which, in turn, 

forms other prostaglandins via several dehydration reactions, and then finally 

the cyclo-pentenone prostaglandin 15d-PGJ2 is produced [19]. 15d-PGJ2 has 

been shown to exert anti-inflammatory, anti-proliferative and cytoprotective 
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effects [20]. In this study, we notably demonstrate that 15d-PGJ2 induces 15-

PGDH expression through epigenetic regulation in human mammary cancer 

MDA-MB-231 cells. 
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MATERIALS AND METHODS 

 

Materials 

15d-PGJ2 and 9,10-dihydro-15d-PGJ2 were purchased from Cayman 

Chemical Co. (Ann Arbor, MI, USA). Biotinylated 15d-PGJ2 and 9,10-

dihydro-15d-PGJ2 were kindly provided by Dr Y-G Suh (Seoul National 

University, Seoul, Korea). 5-Aza-2’-deoxycytidine and dithiothreitol (DTT) 

were obtained from Sigma-Aldrich (St Louis, MO, USA). Dulbecco’s 

Modified Eagle Medium (DMEM), fetal bovine serum (FBS), 

penicillin/streptomycin/fungizone mixtures and TRIzol
®
 were obtained from 

Gibco BRL (Grand Island, NY, USA). Primary antibodies against DNMT1 

and DNMT3a were purchased from Abcam (Cambridge, UK), and antibodies 

against actin and lamin B were purchased from Santa Cruz Biotechnology 

(Santa Cruz, CA, USA). Antibody against 15-PGDH was the product of 

Cayman Chemical Co. (Ann Arbor, MI, USA). The anti-rabbit and anti-

mouse horseradish peroxidase-conjugated secondary antibodies were 

purchased from Zymed Laboratories (San Francisco, CA, USA).  

 

Cell culture 

MDA-MB-231 breast cancer cells were purchased from American Type 
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Culture Collection (ATCC, Manassas, VA, USA). Cells were cultured in 

DMEM with 10% FBS, 100 μg/ml streptomycin and 100 U/ml penicillin in 

humidified 5% CO2 at 37 ℃. 

 

Western blot analysis 

Cell extracts were prepared by suspending the cells directly in the 

radioimmunoprecipitation assay (RIPA) buffer [20 mM Tris– HCl (pH 7.5), 

150 mM NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM 

sodium pyrophosphate, 1 mM b-glycerophosphate, 1 mM Na3VO4, 1 mg/ml 

leuptin, 1 mM phenylmethanesulphonyl- fluoride (PMSF)] for 1 h on ice, 

followed by centrifugation for 15 min at 12,000 x g. Protein lysates (20 µg) 

were electrophoresed by sodium dodecyl sulphate (SDS)-polyacrylamide gel 

electrophoresis (PAGE) and the separated proteins were transferred to 

polyvinyl difluoride (PVDF) membrane (0.22 µm thickness; Gel-man 

Laboratory, Ann Arbor, MI, USA). To block the non-specific binding of 

proteins with primary antibodies, the blots were incubated in a 5% non-fat 

dry milk-PBST buffer [PBS containing 0.1% Tween-20] for 1 h at room 

temperature. The membranes were then incubated with the primary antibody 

suspended in 3% non-fat milk PBST buffer overnight at 4 °C. This was 

followed by washing with 1X PBST and incubation using appropriate 

secondary antibody coupled to horseradish peroxidase. Proteins tagged with 
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specific primary antibodies were visualized with an enhanced 

chemiluminescence detection kit (Amersham Pharmacia Biotech, 

Buckinghamshire, UK). 

 

Preparation of cytosolic and nuclear extracts  

After treatment with 15d-PGJ2, cells were washed with ice-cold phosphate-

buffered saline (PBS), scraped in 1 ml PBS and centrifuged at 13000 x g for 

15 min at 4 °C. Pellets were suspended in 100 l of hypertonic buffer A [10 

mM HEPES (pH 7.8), 1.5 mM MgCl2, 10 mM KCl, 0.5 mM DTT, 0.2 mM 

PMSF] for 15 min on ice, and 1 l of 10% Nonidet P-40 solution was added 

for 5 min. The mixture was centrifuged at 12,000 x g for 5 min. The 

supernatant containing cytosolic proteins was collected and stored at -70 °C. 

The pellets were washed with hypotonic buffer and resuspended in 

hypertonic buffer C [20 mM HEPES (pH 7.8), 20% glycerol, 420 mM NaCl, 

1.5 mM MgCl2, 0.2 mM EDTA, 0.5 mM DTT, 0.2 mM PMSF] for 1 h on ice 

and centrifuged at 12,000 x g for 7 min. The supernatant containing nuclear 

proteins was collected and stored at -70 °C after determination of the protein 

concentration. The protein concentration of the cytosolic and nuclear extracts 

was determined by using the BCA protein assay kit (Pierce; Rockford, IL, 

USA).  

 



 

 7 

Reverse transcriptase-polymerase chain reaction (RT-PCR) 

Total RNA was isolated from MDA-MB-231 cells using TRIzol. Total RNA 

(1.5 g) was used for cDNA synthesis by using reverse transcriptase of 

murine leukemia virus (Promega, Madison, WI, USA). PCR was performed 

following standard procedures. The primer pairs were as follows (forward 

and reverse, respectively): DNMT1; 5’-AAG CAG GCA TCT CTG ACA 

CG-3’and 5’-CAC AGC ATC TCC ACG TCT CC-3’, DNMT3a; 5’-TGA 

CGA GCC AGA GTA CGA GG-3’ and 5’-CTG CTT GTT GTA CGT GGC 

CT-3’, GAPDH; 5’-AAG GTC GGA GTC AAC GGA TTT-3’ and 5’-GCA 

GTG AGG GTC TCT CTC CT-3’, TET1; 5’-CTG GCT CAA ACG AGG 

TCC AT-3’ and 5’-TGC CAT CAC GTT AGC ACA CT-3’, TET2; 5’-CAT 

TGC GGT GCA GAA AAC CA-3’ and 5’-TGC AAA TTG CTG CTG GAA 

CC-3’, TET3; 5’-ATC CGG GAA CTC ATG GAG GA-3’ and 5’-CTG GTA 

GAG GGT GTC TCC GA-3’. 

 

Transfection  

siRNA oligonucleotides targeting for DNMT1 and DNMT3a were purchased 

from Genolution Pharmaceuticals (Seoul, Korea). The strands of DNMT1 

and DNMT3a siRNA were as follows: DNMT1; 5’-CCG TAG CCC TGG 

AAA CAA A-3’ and DNMT3a; 5’-CTA CTA CAT CAG CAA GCG CAA-3’. 

MDA-MB-231 cells (6 x 10
5
/60-mm dish) were transfected with 25 nM of 
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specific or scrambled siRNA oligonucleotides using Lipofectamine 

RNAiMAX according to manufacturer’s instruction (Invitrogen). 

 

Immunocytochemical analysis 

MDA-MB-231 cells (3 x 10
4
 cells per well in an 8 chamber plate) were 

washed in PBS three times and fixed with 10% buffered formalin solution 

(20 min). After a rinse with PBS, cells were permeabilized with 0.2% triton 

X- 100 (5 min) and blocked with 10% BSA in PBST (30 min). Anti-DNMT1 

or DNMT3a antibodies, diluted 1:50 in 1% bovine serum albumin (BSA) in 

PBST, were applied overnight at 4 °C. This was followed by washing cells in 

PBS (twice for 5 min each) and incubation for 1 h at room temperature with 

FITC-goat anti-rabbit IgG secondary antibody or PE-conjugated anti-mouse 

IgG secondary antibody (Invitrogen) diluted at 1:1000 in 1% BSA-PBST. 

After washing (twice for 5 min each), cells were treated with DAPI. The 

signals were detected using an inverted microscope Eclipse Ti-U (Nikon, 

Tokyo, Japan). 

 

Immunoprecipitation  

Cells were washed with ice-cold PBS and lysed in RIPA buffer for 1 h on ice, 

followed by centrifugation for 15 min at 12,000 x g. 400 µg of pre-cleared 

lystates were incubated with 10 µl of anti-DNMT1 antibodies for overnight. 
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20 µl of protein G-agarose beads (Santa Cruz Biotech) was then added to the 

mixture and rotated for 4 h at 4 °C. The beads were washed with ice-cold 

PBS prior to Western blot analysis.  

 

DNA methyltransferase 1 activity assay 

DNA methyltransferase activity was measured using EpiQuik DNA 

Methyltransferase 1 Activity/Inhibition Screening Assay Kit (Epigentek, 

Brooklyn, NY, USA) according to the manufacturer’s instructions. 

 

Chromatin immunoprecipitation (ChIP) assay 

MDA-MB-231 grown on 150-mm dishes were treated with 10 µM of 15d-

PGJ2 for 48 h. DNA and proteins of the treated cells were cross-linked by 

incubating cells in 37% formaldehyde for 10 min in room temperature. After 

washing twice with PBS containing protease inhibitor cocktail tablets (Roche 

Molecular Biochemicals, Mannheim, Germany), cells were scraped, pelleted 

and then resuspended in SDS Cell lysis buffer [1% SDS, 10mM EDTA, 

50mM Tris (pH 8.1)] containing protease inhibitor cocktail tablets. The 

samples were sonicated in ice cold water using a Vibra Cell sonicator (model 

VCX130, Sonics & Materials, NEWTOWN, CT) to shear the cross-linked 

DNA to an average length of 200–500 bp and centrifuged at 12,000 x g to 
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remove insoluble material and each sample was separated for input control, 

immunoprecipitating with specific DNMT1 or c-Fos (Santa Cruz 

Biotechnology, CA, USA)  or nonspecific IgG. The chromatin solutions were 

then diluted using 100 µl of dilution buffer containing protease inhibitor 

cocktail tablets. Diluted chromatin solutions were then incubated overnight 

at 4 °C with 5 µg of specific antibodies against DNMT1 or c-Fos or 

nonspecific Rabbit IgG. Immune complexes were precipitated with Protein G 

Agarose beads for 4 h at 4 °C with rotation. Protein G Agarose beads were 

washed once with Low Salt Immune Complex Wash Buffer [0.1% SDS, 1% 

Triton X-100, 2 mM EDTA, 20 mM Tris-HCl (pH 8.1), 150 mM NaCl], once 

with High Salt Immune Complex Wash Buffer [0.1% SDS, 1% Triton X-100, 

2 mM EDTA, 20 mM Tris-HCl (pH 8.1), 500 mM NaCl], once with LiCl 

Immune Complex Wash Buffer [0.25 M LiCl, 0.5% NP40, 1% deoxycholic 

acid, 1mM EDTA, 10mM Tris-HCl (pH 8.1)], and twice with TE Buffer 

[10mM Tris-HCl (pH 8.1), 1mM EDTA]. DNA-protein complexes were 

eluted from Protein G Agarose beads with an elution buffer [0.1 M NaHCO3, 

1% SDS]. Cross-linking was reversed at 65 °C overnight and DNA was 

extracted using AccuPrep®  Genomic DNA Extraction Kit (Bioneer, Daejeon, 

Korea) according to the manufacturer’s protocol for cultured cells. Each 

purified DNA was used as template for regular PCR amplification using the 

primers: 15-PGDH (AP-1); 5’-GGG AGG AAA CTG TCA AGC CA-3’ and 
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5’-TCT GCT CCG CTC TCC TTC TA-3’, 15-PGDH (Ets); 5’-CTT CTG 

TCA GCT GCC TGC CA-3’and 5’-GAG CGT TCT GGA GCG CCA A-3’. 

The PCR products were then analyzed by 2% agarose gel electrophoresis and 

visualized using SYBR Green staining. 

 

DNA methylation analysis 

Genomic DNA was isolated from MDA-MB-231 cells using AccuPrep®  

Genomic DNA Extraction Kit (bioneer, Daejeon, Korea). Two microgram of 

genomic DNA was bisulfite modified using EpiTect Bisulfite kit (Qiagen, 

Valencia, CA) according to manufacturer’s protocol. For methylation-

specific PCR (MSP), specific oligonucleotides were synthesized to amplify 

methylated or unmethylated 15-PGDH promoter regions. The primer pairs 

were as follows (forward and reverse, respectively): Methylation; 5’-GTT 

TAG GGG GTA GGT GAT ATA GTC-3’and 5’-ACT ACT AAA ACG AAC 

GAT AAA CGA A-3’, Unmethylation; 5’-TTT AGG GGG TAG GTG ATA 

TAG TTG T-3’ and5’-ACT ACT AAA ACA AAC AAT AAA CAA A-3’. The 

amplification products were confirmed by electrophoresis on 2% agarose gel. 

For pyrosequencing, 15-PGDH promoter region (-163 to +140 bp) was 

amplified using bisulfate modified DNA and analyzed using PyroMark ID 

(Qiagen) according to manufacturer’s protocol. Briefly, the double-stranded 

PCR products were denatured in NaOH and washed before a sequencing 
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primer was annealed. The pyrosequencing reaction was carried out using the 

methylation reagent kit (Qiagen) including DNA polymerase, ATP 

sulfurylase, luciferase, apyrase, adenosine 5’ phosphosulfate and luciferin 

according to manufacturer ’ s protocol. Methylation status in 15-PGDH 

promoter region was measured using the PSQ96MA software (Qiagen). 

 

Statistical analysis 

Values were expressed as the mean ± S.D. of at least three independent 

experiments. Statistical significance was determined by Student’s t test. The 

criterion for statistical significance was *p<0.05, **p<0.01 and ***p<0.001. 
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RESULTS 

 

15d-PGJ2 up-regulates 15-PGDH expression by decreasing the level of 

CpG methylation in the 15-PGDH promoter region. 

In 15d-PGJ2-treated MDA-MB-231 cells, expression of 15-PGDH was 

elevated (Fig. 1A). Similar to 15d-PGJ2, a demethylating agent 5-aza-2’-

deoxycytidine up-regulated the 15-PGDH expression (Fig. 1A), indicating 

that hypermethylation leads to suppression of 15-PGDH expression. As 

expected, the 15-PGDH promoter region (-163 to +140 bp) was highly 

hypermethylated in MDA-MB-231 cells. However, when cells were treated 

with 10 µM of 15d-PGJ2, the level of methylation was reduced (Fig. 1C). 

Methylation-specific PCR also revealed that 15d-PGJ2 increased the level of 

unmethylated DNA similar to that attained with 5-aza-2’-deoxycytidine (Fig. 

1D). These results suggested that 15d-PGJ2 up-regulates 15-PGDH 

expression by regulating the DNA methylation. 

 

15d-PGJ2 suppresses the activity of DNA methyltransferases and the 

expression of DNMT3a 

DNA methylation, which involves the addition of a methyl group at the 

carbon-5 position of cytosine residues in the DNA, is mediated by DNMTs 

[21]. To investigate the mechanism underlying 15d-PGJ2–mediated 
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suppression of DNA methylation, the activity of DNMTs was examined. Our 

result shows that 15d-PGJ2 inhibited DNMTs catalytic activity (Fig. 2A), 

suggesting that 15d-PGJ2 suppressed the methylation of CpG islands present 

in the 15-PGDH promoter region by reducing DNMT activity. Consistent 

with this, the protein expression of DNMT3a was down-regulated by 15d-

PGJ2 as well as 5-aza-2’-deoxycytidine treatment. However, 15d-PGJ2 failed 

to reduce the expression of DNMT1 (Fig. 2B). These findings suggest that 

15d-PGJ2 suppresses the methylation of CpG islands present in the 15-

PGDH promoter region by reducing DNMT activity. 

 

15d-PGJ2 inhibits the activity of DNMT1, thereby inducing 15-PGDH 

expression 

Next, we examined whether decreased DNMT3a expression could lead to 

suppression of DNA methylation in 15d-PGJ2-treated MDA-MB-231 cells. 

Opposite to our expectation, however, DNMT3a was mainly localized in the 

cytoplasm, whereas DNMT1 was observed in the nucleus (Fig. 3A), 

indicating that DNMT3a might not be involved in hypermethylation of the 

15-PGDH promoter region. To find out the essential enzyme responsible for 

regulation of 15-PGDH expression, we utilized siRNA against DNMT1 and 

DNMT3a. As shown in Fig. 3B, 15-PGDH expression was up-regulated in 

DNMT1 knockdown cells, but not in DNMT3a knockdown cells. These 
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results suggest that 15d-PGJ2-mediated suppression of DNA methylation 

might be independent of down-regulation of DNMT3a expression. Rather, it 

seems that 15d-PGJ2 modulates DNMT1-mediated DNA methylation. Since 

15d-PGJ2 failed to down-regulate the expression of DNMT1, we examined 

whether 15d-PGJ2 changes the localization of DNMT1, thereby inhibiting 

DNMT1-induced methylation in the nucleus. However, 15d-PGJ2 did not 

induce the translocation of nuclear DNMT1 into the cytoplasm (Fig. 3C).  

Next, we determined whether 15d-PGJ2 has the effect on inhibiting DNMT1 

activity. When nuclear extracts were incubated with 15d-PGJ2 or 5-aza-2’-

deoxycytidine, the catalytic activity of DNMT1 was significantly reduced 

(Fig. 3D). These findings suggest that DNMT1 is the key enzyme involved 

in silencing 15-PGDH expression, and 15d-PGJ2 restores 15-PGDH 

expression through DNMT1 inactivation in MDA-MB-231 cells.  

 

15d-PGJ2 suppresses DNMT1 activity through direct binding. 

It has been reported that 15d-PGJ2 has an α,β-unsaturated carbonyl moiety, 

so it is able to directly bind to the thiol group of cysteine residues [22]. There 

are some important cysteine residues in catalytic and DNA binding regions 

of DNMT1 [23]. Treatment of MDA-MB-231 cells with biotinylated 15d-

PGJ2 resulted in its binding to DNMT1 (Fig. 4A). To determine whether 

15d-PGJ2 induces 15-PGDH expression through thiol modification of critical 
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cysteine residues of DNMT1, MDA-MB-231 cells were pretreated with DTT, 

a thiol reducing agent that is expected to keep cysteine thiol residues of 

DNMT1 in a reduce state. In the presence of DTT, 15d-PGJ2-induced 15-

PGDH expression was abrogated (Fig. 4B). In addition, when purified 

recombinant DNMT1 was incubated with DTT prior to 15d-PGJ2 treatment, 

15d-PGJ2 lost its ability to suppress DNMT1 catalytic activity (Fig. 4C). 

These results indicate that 15d-PGJ2 inactivates DNMT1 through covalent 

modification of cysteine residues of DNMT1. 

 

The cyclopentenone ring on 15d-PGJ2 is critical for 15d-PGJ2-induced 

DNMT1 inactivation and 15-PGDH expression 

The cyclopentenone structure containing the α,β-unsaturated carbonyl 

moiety is an important  determinant of the biological activities of 15d-PGJ2  

[22]. In contrast to 15d-PGJ2, 9,10-dihydro-15d-PGJ2 (H2-15d-PGJ2) lacks 

such an electrophilic α,β-unsaturated carbonyl group as depicted in Fig. 5A. 

To verify the role of α,β-unsaturated carbonyl moiety of 15d-PGJ2 in up-

regulation of 15-PGDH expression as well as DNMT1 inactivation, we 

compared the biological effects of 15d-PGJ2 and 9,10-dihydro-15d-PGJ2. As 

a result, the expression of 15-PGDH was enhanced by 15d-PGJ2, but less 

induced by 9,10-dihydro-15d-PGJ2 (Fig. 5B). Furthermore, the biotinylated-

9,10-dihydro-15d-PGJ2 interacted with DNMT1 to a much lesser extent than 
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15d-PGJ2 (Fig. 5C) and failed to suppress DNMT1 activity (Fig. 5D). 

Consistent with this finding, the band intensity of unmethylated DNA 

increased by 15d-PGJ2, but not by 9,10-dihydro-15d-PGJ2 (Fig. 5E). These 

data imply that the electrophilic carbon center that resides in the 

cyclopentenone ring may play a pivotal role in 15d-PGJ2-mediated 

inactivation of DNMT1 and subsequent up-regulation of 15-PGDH 

expression in MDA-MB-231 cells. 

 

15d-PGJ2 attenuates DNMT1 binding to AP-1 binding site in the 15-

PGDH promoter region, thereby increasing DNA binding of AP-1 to its 

binding site.  

DNMT can inhibit DNA binding of other transcription factors, resulting in 

gene silencing. To further verify the role of DNMT1 in the 15-PGDH 

suppression, we determined whether DNMT1 binds directly to the 15-PGDH 

promoter regions. AP-1 and Ets binding sites in the human 15-PGDH 

promoter are depicted in Fig.  6A. The AP-1 binding site is located within 

the CpG islands, whereas the Ets binding site is found at the non-CpG 

islands region in 15-PGDH promoter region. In order to determine whether 

15d-PGJ2 up-regulates 15-PGDH expression by inhibiting the binding of 

DNMT1 to AP-1 binding site in the 15-PGDH promoter, a ChIP assay was 

carried out using primers specific for the AP-1 binding site at -165 bp 
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upstream of the transcription start site. The ChIP assay revealed that 15d-

PGJ2 attenuates binding of DNMT1 to the AP-1 binding site whereas the 

binding of c-Fos to the same site was enhanced (Fig. 6B). However, the 

binding of DNMT1 to the Ets binding site, which is not located in CpG 

islands, was not observed at all in the absence or presence of 15d-PGJ2 (Fig 

6C). These findings suggest that 15d-PGJ2 attenuates DNMT1 binding and 

subsequently activates AP-1 binding to AP-1 binding site in the 15-PGDH 

promoter region. 

 

Ten-eleven translocation (TET) has no influence on 15d-PGJ2-induced 

DNA demethylation. 

Recently, it has been reported that Ten-Eleven Translocation (TET) 

dioxygenase is involved in DNA demethylation. The discovery of TET 

family and their biological function provides new insights in DNA 

demethylation mechanisms [24]. We investigated the possible involvement 

of TET proteins in 15d-PGJ2–mediated suppression of DNA methylation. As 

a result, 15d-PGJ2 showed no influence on the mRNA expression of TET1, 2, 

and 3 (Fig. 7). 
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Figure 1. 15d-PGJ2 decreases the level of methylation of CpG islands 

present in the 15-PGDH promoter region. (A) Total lysates were prepared 

from MDA-MB-231 cells treated with DMSO, 15d-PGJ2 (10 μM) or 5-aza-

2’-deoxycytidine (5 μM) for 48 h. The expression level of 15-PGDH was 

measured by Western blot analysis. Actin was used as an equal loading 

control for normalization. (B) Schematic representation of CpG islands in the 

15-PGDH promoter region.  MDA-MB-231 cells were treated with either 

DMSO or 15d-PGJ2 (10 μM) for 24 h, followed by bisulfite genome 

sequencing of the 15-PGDH promoter and analysis of methylation status. 

The number indicates the percentage of cytosine methylation in the 15-

PGDH promoter region. (C) MDA-MB-231 cells were treated with DMSO, 

15d-PGJ2 (10 μM), 5-aza-2’-deoxycytidine (5 μM) for 48 h followed by 

isolation of genomic DNA. After bisulfite treatment, genomic DNA was 

subjected to methylation-specific PCR analysis with primers specific for the 

indicated genes. The PCR-products labeled with ‘‘M’’ were generated by 

methylation-specific primers, and those labeled with ‘‘U’’ by primers specific 

for unmethylated DNA. The data are expressed as the mean ± S.D. (n=3). 

*p<0.05.  
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Figure 2. 15d-PGJ2 down-regulates the activity of DNA 

methyltransferases and the expression of DNMT3a. (A) DNMT activity 

was measured with purified DNMT. DMSO, 15d-PGJ2 (10 μM) or 5-aza-2’-

deoxycytidine (5 μM) was added to the purified DNMT enzyme and 

A 
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incubated for 2 h. (B) MDA-MB-231 cells were treated with 10 μM of 15d-

PGJ2 in the indicated time periods (left), or with DMSO, 15d-PGJ2 (10 μM) 

or 5-aza-2’-deoxycytidine (5 μM) for 48 h. Nuclear extracts (10 μg) were 

prepared, and subjected to immunoblot analysis for the measurement of 

DNMT1, DNMT3a and 15-PGDH. Actin was used as an equal loading 

control for normalization. The data are expressed as the mean ±SD (n=3). 

**p<0.01, *p<0.05 
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Figure 3. 15d-PGJ2 inhibits the activity of DNMT1, thereby inducing 15-

PGDH expression. (A) The localization of DNMT1 and DNMT3a were 

detected by immunocytochemistry. (B) MDA-MB-231 cells were transfected 

with scrambled or DNMT1 or DNMT3a siRNA for 16 h. The expression of 

15-PGDH, DNMT1 and DNMT3a was detected by Western blot analysis. 

Actin was used as an equal loading control for normalization. (C) Nuclear 

extracts (10 μg) were prepared from MDA-MB-231 cells treated with DMSO, 

15d-PGJ2 (10 μM) or 5-aza-2’-deoxycytidine (5 μM) in the indicated time 

periods. Expression of DNMT1 and DNMT3a were measured by Western 

blot analysis. α-Tubulin and Lamin B1 was used as an equal loading control 

for normalization. (D) DNMT activity was measured with purified DNMT1. 

The purified DNMT1 enzyme was incubated with 15d-PGJ2 or 5-aza-2’-

deoxycytidine for 1 h. DNMT1 activity was measured by the DNMT1 

activity/inhibitor screening assay. Results are the means ± S.D. (n=3), 

***p<0.001 
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Figure 4. 15d-PGJ2 suppresses DNMT1 activity through direct binding. 

(A) MDA-MB-231 cells were treated with 10 μM of biotinylated 15d-PGJ2 

for 48 h. Protein lysates were immunoprecipitated with DNMT1 antibody 

and analyzed by Western blot analysis followed by detection with 

horseradish peroxidase (HRP)-conjugated streptavidin. (B) MDA-MB-231 

cells were exposed to 15d-PGJ2 for 48 h in the absence or presence of DTT 

(500 μM). The expression of 15-PGDH and DNMT1 was detected by 

Western blot analysis. Actin was used as an equal loading control for 

normalization. (C) The purified DNMT1 enzyme was incubated with 15d-

PGJ2 (10 μM) in the absence or presence of DTT (500 μM) for 1 h. DNMT1 

activity was measured by the DNMT1 activity/inhibitor screening assay. The 

data are expressed as the mean ±SD (n=3). ***p<0.001, **p<0.01, *p<0.05 
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Figure 5. The cyclopentenone ring on 15d-PGJ2 is critical for 15d-PGJ2-

induced 15-PGDH expression. (A) 15d-PGJ2 possesses the cyclopentenone 

ring structure, which habours a chemically reactive electrophilic carbon 

center, wherease H2-15d-PGJ2 lacks the α,β-unsaturated carbonyl moiety. (B) 

MDA-MB-231 cells were treated with 15d-PGJ2 (10 μM) or H2-15d-PGJ2 

(10 μM) for 48 h, and the expression level of 15-PGDH was measured by 

Western blot analysis. (C) Cells were treated with biotinylated 15d-PGJ2 or 

biotinylated H2-15d-PGJ2 for 48 h. Protein lysates were immunoprecipitated 

with DNMT1 antibody and analyzed by Western blot analysis followed by 

detection with horseradish peroxidase (HRP)-conjugated streptavidin. (D) 

DMSO, 15d-PGJ2, or H2-15d-PGJ2 was added to the purified DNMT1 

enzyme and incubated for 1 h. DNMT1 activity was measured by the 

DNMT1 activity/inhibitor screening assay. (E) Cells were treated with 

DMSO, 15d-PGJ2 or H2-15d-PGJ2 for 48 h followed by isolation of genomic 

DNA. After bisulfite treatment, genomic DNA was subjected to methylation-

specific PCR analysis with primers specific for the indicated genes. The 

PCR-products labeled with ‘‘M’’ were generated by methylation-specific 

primers, and those labeled with ‘‘U’’ by primers specific for unmethylated 

DNA. The data are expressed as the mean ±SD (n=3). ***p<0.001, **p<0.01, 

*p<0.05 
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Figure 6. 15d-PGJ2 attenuates DNMT1 binding and induces AP-1 

binding to AP-1 binding site in 15-PGDH promoter region. (A) A 

schematic representation of the AP-1 and Ets transcription factor binding 

sites in the human 15-PGDH promoter. (B,C)  MDA-MB-231 cells were 

treated with 15d-PGJ2 (10 μM) for 48 hr. Total lysates were subjected to 

ChIP analysis using an antibody against DNMT1 and c-Fos. ChIP-enriched 

DNA was amplified by PCR with specific primers for AP-1 binding site (B) 

and Ets binding site (C) in the 15-PGDH promoter. 
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Figure 7. 15d-PGJ2 has no effect on demethylase ten-eleven 

translocation (TET) expression. MDA-MB-231 cells were treated with 10 

μM of 15d-PGJ2 for 3, 6, 12, 24 or 48 h. The mRNA levels of Tet1, Tet2, Tet3 

and GAPDH were determined by quantitative RT-PCR.  
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Figure 8. A proposed mechanism underlying 15d-PGJ2-mediated 

modulation of 15-PGDH DNA methylation  

 

  



 

 32 

DISCUSSION 

 

Abnormal overexpression of COX-2 is associated with pathogenesis and 

progression of cancers. Up-regulation of COX-2 expression leads to 

increased production of prostaglandin E2 (PGE2) which is known to stimulate 

angiogenesis, invasion and tumor cell proliferation [25, 26]. In cancer cells, 

PGE2 levels can be increased not only by uncontrolled synthesis, but also by 

failure in its catabolism. 15-PGDH is the key enzyme responsible for the 

biological inactivation of PGE2. It accelerates the conversion of PGE2 to 15-

keto-PGE2. In this regard, tumor suppressor 15-PGDH can be a promising 

target for cancer prevention and treatment. 15d-PGJ2, one of the terminal 

products of the cyclooxygenase-2 (COX-2) pathway, has physiological 

activities such as anti-inflammatory, anti-proliferative and cytoprotective 

effects. It has been suggested that this lipid mediator regulates function of 

target proteins by direct interaction [22]. In the previous study from our 

laboratory, it has been observed that 15d-PGJ2 up-regulates 15-PGDH 

expression in human breast cancer MDA-MB-231 cells. In addition, it has 

been revealed that the inhibitory effect of 15d-PGJ2 on MDA-MB-231 cell 

migration is mediated through 15-PGDH induction.  

Epigenetic regulation which includes DNA methylation and histone 

modification plays an important role in cancer progression. DNA 
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methylation is the most abundant epigenetic modification that directly affects 

DNA assembly. DNA methylation in mammals occurs in the dinucleotide 

CpG in gene promoter and is regulated by DNA Methyltransferases (DNMTs) 

family that serves as a methyl donor for methylation of the carbon 5 of the 

cytosine, thereby promoting conversion of cytosine to 5-methylcytosine 

(5mC). In various cancers, aberrant hypermethylation of CpG islands in gene 

promoter region (>55% CG content) leads to silencing of tumor suppressor 

genes [27]. Treatment with demethylating agents has been reported to be 

effective in restoring the expression of tumor suppressor gene in malignant 

cells [28]. Using a genome-wide screening for epigenetically silenced genes, 

Wolf et al. has revealed that demethylating agent 5-aza-2’-deoxycytidine up-

regulates 15-PGDH expression in MDA-MB-231 cells, indicating that the 

15-PGDH promoter region is hypermethylated in breast cancer [9]. 

Consistent with this, we found hypermethylation in 15-PGDH promoter 

region. To the best of our knowledge, this is the first report demonstrating 

that 15d-PGJ2 has the inhibitory effect on DNA methylation. 

Among several kinds of DNMTs, DNMT1 is responsible for maintaining 

DNA methylation during DNA replication, while DNMT3a and DNMT3b 

enzymes are responsible for de novo DNA methylation. Dysregulation of 

DNMT expression is related to cancer progression [29, 30]. It has been 

reported that PGE2 increases global DNA methylation by regulating DNMT 
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expression in colorectal cancer (CRC), suggesting that PGE2 levels are 

positively correlated with DNMT expression in CRC specimens. PGE2 

promotes intestinal adenoma growth which is attributable to its silencing of 

certain tumor suppressor and DNA repair genes through induction of DNMT. 

And also treatment with 5-aza-2’-deoxycytidine reversed the effect of PGE2 

on promoting adenoma growth in Apc
Min/+

 mice  [30]. In this regards, 15d-

PGJ2-induced inhibition of CpG island methylation may suppress PGE2-

induced pro-inflammatory signs through either inactivation of DNMT1 or 

restoration of 15-PGDH gene, suggesting that demethylating agents could 

serve as anti-tumor gents in PGE2-driven cancer progression. Our data shows 

that 15d-PGJ2 down-regulates DNMT3a expression, but not DNMT1 

expression (Fig. 2B). However, we observed that 15d-PGJ2-mediated 

suppression of DNA methylation was mainly caused by DNMT1 inactivation. 

5-Aza-2’-deoxycytidine decreased both DNMT1 and DNMT3a protein 

expression, indicating that 15d-PGJ2 and 5-aza-2’-deoxycytidine work 

through the different mechanisms. The nucleoside analog 5-aza-2’-

deoxycytidine inhibits DNA methylation by covalent trapping of DNMT1. 

Because of general toxicity and strong possibility of DNA mutation that can 

be caused by 5-aza-2’-deoxycytidine, other compounds are favored as 

therapeutics [31]. On the other hands, 15d-PGJ2 epitomizes the Micheal 

reation acceptor that is strong and electrophile capable of reacting with the 
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nucleophilic cysteine thiol located within proteins by undergoing the 

nucleophilic substitution reaction [22]. This might result in the modification 

of protein functions. There are some important cysteine residues in catalytic 

regions of DNMT1 [23]. It has been reported that curcumin has the potential 

to inhibit the catalytic activity of DNMT1 by blocking the catalytic cysteine 

(C1226) of DNMT1 [32, 33]. Similar to curcumin, 15d-PGJ2 which contatins 

α,β-unsaturated carbonyl moieties is expected to covalently bind to DNMT1 

at the active site, thereby inhibiting its catalytic activity. The inhibitory 

mechanism of 15d-PGJ2 also appears to be direct and specific for DNMT1.   

Drugs targeting DNMTs suppress DNA methylation passively, but 

activation of demethylase can more effectively induce DNA demethylation. 

Recently, TET has been reported to catalyze the hydroxylation of 5-

methylcytosine (5-mC) [34] producing 5-hydroxymethyl cytosine (5hmC), 

which may be converted further to cytosine through unknown enzymatic 

mechanisms [35]. We investigated the possible involvement of TET on 15d-

PGJ2–mediated suppression of DNA methylation. However, 15d-PGJ2 

showed no effect on the mRNA expression of TET1, 2 and 3 in human breast 

cancer MDA-MB-231 cells (Fig. 7). Therefore, it is likely that 15d-PGJ2–

mediated suppression of DNA methylation is mediated by inhibiting 

DNMT1 during DNA replication rather than by directly targeting the TET 

family proteins. 
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 In summary, in cancer cells, DNMT1 maintains DNA hypermethylation 

in 15-PGDH gene promoter, resulting in suppression of 15-PGDH gene 

transcription. 15d-PGJ2 directly binds to DNMT1 and subsequently inhibits 

the catalytic activity of DNMT1. It is speculated that DNMT1 covalently 

modified by 15d-PGJ2 loses the DNA binding affinity, thereby promoting 

transcription of 15-PGDH. 
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국문초록 

 

염증에 의해 유도되는 Cycolooxygease-2 (COX-2)의 산물인 prostaglandin E2는 

다양한 신호 전달경로들을 통해 종양 세포의 증식을 촉진 하며 세포 사멸에 저

항을 갖게 하고, 혈관 형성과 침습을 통해 발암 과정을 매개한다. 세포 내 PGE2

의 발현은 PGE2의 생성뿐 만 아니라, 분해과정에 의해서도 조절된다. 15-

hydroxyprostaglandin dehydrogenase (15-PGDH)는 PGE2를 15-keto-PGE2 로 전환 

시키는 효소로서, 활성화된 PGE2를 비활성화 형태인 15-keto-PGE2로 전환시켜 

PGE2의 생물학적 활성을 크게 줄인다고 알려져 있다. 종양억제유전자로 알려

진 15-PGDH의 발현이 대장암, 위암, 폐암 그리고 유방암 등의 암에서 현저하

게 감소되어있다는 보고가 있으며, 15-PGDH가 증가하면 암세포의 성장을 억

제한다는 연구 결과가 있다. 종양억제유전자의 프로모터 부분에 존재하는 

CpG island가 과메틸화되어 유전자 발현이 억제되는 것은 암화 과정을 촉진하

는데 큰 영향을 끼친다고 알려져 있다. 15-PGDH 유전자 프로모터 부분이 과메

틸화 되어 유전자의 발현이 억제되어 있다는 연구 결과가 있다. 15-deoxy-

prostaglandin J2 (15d-PGJ2)는 α,β-unsaturated carbonyl moiety를 가지고 있는 

COX-2의 최종 산물 중 하나로서, 항 염증과 항암 효과가 있다고 알려져 있다. 

본 연구에서는 MDA-MB-231 유방암 세포에 15d-PGJ2 처리시 DNA 과메틸화 

억제 효과를 통해 15-PGDH 유전자 발현이 회복되었음을 확인하였다. 세포 내

에서 DNA 메틸화를 유지시키는 주요한 효소인 DNMT1과 15d-PGJ2의 직접적

인 결합을 biotin이 결합된 15d-PGJ2를 MDA-MB-231 세포에 처리하여 확인하
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였다. 또한 효소 활성 측정 실험을 통해 15d-PGJ2가 DNMT1의 효소 활성을 감

소시킴으로서 DNA 메틸화를 억제시킴을 확인할 수 있었다. MDA-MB-231 세

포에서 DNMT1 유전자에 대한 siRNA를 이용해 단백질의 합성을 억제시켰을 

때, 15-PGDH의 발현이 현저히 증가하는 것을 관찰하였다. 하지만 non-

elecrtopilic 유사체인 9,10-dihydro-15d-PGJ2에서는 이러한 효과를 관찰하지 못

하였고 α,β-unsaturated carbonyl group이 DNMT1 비활성화를 통한 과메틸화 억

제에 필수적임을 알 수 있었다. Chromatin-immunoprecipitation (ChIP) 분석법을 

통해 15d-PGJ2가 15-PGDH 프로모터에 존재하는 AP-1 binding site에서 

DNMT1 결합을 현저히 줄이는 것을 알 수 있었고, AP-1 전사인자의 발현을 통

해 15-PGDH의 발현이 증가됨을 알 수 있었다. 결론적으로 15d-PGJ2는 암세포

에서 과메틸화를 일으키는 효소인 DNMT1을 억제함으로서 15-PGDH의 발현

을 증가시키는 것으로 사료된다. 
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