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A B S T R A C T

Cyclooxygenase-2 (COX-2), a rate-limiting enzyme in arachidonic acid cascade, plays a key role in the

biosynthesis of prostaglandin E2 (PGE2) upon inflammatory insults. Overproduction of PGE2 stimulates

proliferation of various cancer cells, confers resistance to apoptosis of cancerous or transformed cells,

and accelerates metastasis and angiogenesis. Excess PGE2 undergoes metabolic inactivation which is

catalyzed by NAD+-dependent 15-hydroxyprostaglandin dehydrogenase (15-PGDH). In this context, 15-

PGDH has been speculated as a physiological antagonist of COX-2 and a tumor suppressor. Thus,

overexpression of 15-PGDH has been known to protect against experimentally induced carcinogenesis

and renders the cancerous or transformed cells susceptible to apoptosis by counteracting oncogenic

action of PGE2. In contrast, silence of 15-PGDH is observed in some cancer cells, which is associated with

epigenetic modification, such as DNA methylation and histone deacetylation, in the promoter region of

15-PGDH. A variety of compounds capable of inducing the expression of 15-PGDH have been reported,

which include the histone deacetylase inhibitors, nonsteroidal anti-inflammatory drugs, and

peroxisome proliferator-activated receptor-gamma agonists. Therefore, 15-PGDH may be considered

as a novel molecular target for cancer chemoprevention and therapy. This review highlights the role of

15-PGDH in carcinogenesis and its regulation.
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1. Introduction

Prostaglandins are produced by cyclooxygenase (COX) from
arachidonic acid, and regulate many biological functions including
homeostasis, reproduction, and immune response [1]. Aberrant
overexpression of COX-2 has been frequently observed in various
cancer tissues and transformed cells [2]. This leads to the
accumulation of specific prostaglandins, particularly prostaglan-
din E2 (PGE2). In most malignancies, the oncogenic effects of COX-2
have been attributed to excess accumulation of PGE2 [3]. PGE2 is
known to play a role in tumorigenesis by stimulating proliferation
and migration of transformed cells as well as angiogenesis. It also
confers resistance to cancer cell apoptosis [3].

The intracellular accumulation of PGE2 is controlled not only
by synthesis but also by degradation. One of the key enzymes
involved in prostaglandins catabolism is nicotinamide adenine
dinucleotide (NAD+)-dependent 15-hydroxyprostaglandin dehy-
drogenase (15-PGDH). This enzyme oxidizes the 15(S)-hydroxyl
group of PGE2 to generate 15-keto-prostaglandin, which exhibits
greatly reduced biological activity (Fig. 1) [4]. Therefore, 15-
PGDH plays an essential role in the biological inactivation of
PGE2. The enzyme is widely distributed in various mammalian
tissues [5].

Down-regulation of 15-PGDH has been observed in several
human cancer specimens together with up-regulation of COX-2
expression [6]. Genetic mutation or deletion of 15-PGDH can
contribute to carcinogenesis as a consequence of increased
accumulation of PGE2 [7–10]. Although the majority of studies
on 15-PGDH support the tumor suppressive function of this
enzyme, a high expression level of 15-PGDH as well as COX-2
was observed in a malignant as well as normal ovarian tissue,
and expression of 15-PGDH was induced by some cytokines, the
tumor promoter phorbol 12-myristate 13-acetate (PMA), and a
sex hormone, suggesting possible involvement of this enzyme in
the carcinogenic process as well [11,12]. This review highlights
the role of 15-PGDH as a putative tumor suppressor and
molecular mechanism underlying its regulation.
Fig. 1. The biosynthesis and degradation of PGE2 by COX-2 and 15-PGDH, respectiv

of arachidonic acid to PGH2 which is catalyzed by COX-2. Microsomal prostaglandin E

15-hydroxy group of PGE2 to 15-keto PGE2, thereby inactivating oncogenic PGE2. Ther
2. 15-PGDH as a putative tumor suppressor

Multiple lines of evidence from studies with various cell lines
and experimental animals provide mechanistic basis for the tumor
suppressor function of 15-PGDH. Down-regulation of 15-PGDH at
both mRNA and protein levels has been found in various
malignancies (Table 1) [9,10,13–19]. The level of 15-PGDH is high
in the normal tissue compared to the human cancer tissues, such as
breast, colon, stomach, lung, skin, kidney, small intestine, pancreas,
and liver [13]. The genetic disruption of 15-Pgdh completely blocks
production of the urinary PGE2 metabolite [13]. Knocking out the
murine 15-Pgdh gene markedly sensitizes normally resistant
C57BL/6J mice to colon tumor induction by carcinogen azox-
ymethane (AOM) [15]. In addition, the number of AOM-induced
aberrant crypt foci, which are the earliest neoplastic precursor
lesions, increased in 15-PGDH null mice compared to those formed
in the 15-PGDH wild type mice. Moreover, the loss of 15-PGDH
expression was observed in adenomas formed in patients with
familial adenomatous polyposis [15]. Based on these findings, it is
likely that inactivation of 15-PGDH is closely linked to the earliest
steps in the development of colonic dysplasia.

The tumor suppressor function of 15-PGDH was also supported
by genetic ablation of 15-PGDH in cancer cells. Small interfering RNA
(siRNA) knock down of 15-PGDH stimulated proliferation of human
medullary thyroid carcinoma [17] and breast MCF-7 cells [10],
increased the motility of bladder cancer cells [9], and enhanced the
cell cycle entry of MCF-7 cells [10]. The anchorage-independent
growth of MCF-7 and human medullary thyroid caricinoma cells was
also increased by siRNA-mediated suppression of 15-PGDH [10,17].
In contrast, optimal expression of 15-PGDH contributes to the
inhibition of malignant phenotypes, such as cancer cell proliferation,
invasion, and metastasis. When 15-PGDH was overexpressed in
cancer cells, including those of breast [10,20], colon [20], lung [21],
and glioma [22], the proliferation of these cells was decreased.
Moreover, mice bearing cancer cells transfected with 15-PGDH gene
showed marked retardation of xenograft tumor growth [10,20,21].
15-PGDH overexpression also led to suppression of angiogenesis
ely. The rate-limiting step in the prostaglandin biosynthesis is the conversion

 synthase (mPGES)-1 converts PGH2 to PGE2. 15-PGDH catalyzes oxidation of the

e is a reciprocal regulation between COX-2 and 15-PGDH expression.



Table 1
Role of 15-PGDH as a tumor suppressor in various cancer models.

Tumor types Experimental models/tissues Response Ref.

Colorectal 15-PGDH knock out mice Increased tissue level of PGE2 [15]

AOM-treated 15-PGDH knockout mice Increased tumor formation [15]

15-PGDH knock out mice crossed APC+/Min mice 7.6-fold increase in colon tumors [15]

Specimens from patients with familiar adenomatous polyposis Loss of 15-PGDH expression [15]

Human colorectal carcinoma Decreased 15-PGDH expression and activity [13]

ApcMin+/� mouse adenomas Decreased 15-PGDH expression [13]

Several colorectal carcinoma cell lines Decreased 15-PGDH expression [13]

SW480 cells transfected with 15-PGDH expression vector Suppression of migration and invasion [7]

Lung Athymic nude mice injected with A549 cells expressing

wild-type 15-PGDH

Decreased tumor growth [14]

Athymic nude mice injected with A549 expressing mutant

15-PGDH (Y151F)

Increased tumor formation [14]

Overexpression of 15-PGDH in A549 cells Enhanced apoptosis [14]

Human non-small cell lung carcinoma Decreased 15-PGDH expression [14]

Gastric MKN-28 cells transfected with 15-PGDH siRNA Increased PGE2 production and anchorage-independent

growth

[19,26]

Human gastric carcinoma Decreased expression of 15-PGDH [26]

Breast Human breast cancer tissue Decreased 15-PGDH mRNA expression [10]

MCF-7 cells transfected with 15-PGDH siRNA Enhancement of proliferation and colony formation [10]

MDA-MB-231 cells with 15-PGDH overexpression Decreased clonal growth and tumor formation [10]

Bladder Human bladder cancer tissues Complete loss of 15-PGDH expression [9]

RT4 cells transfected with 15-PGDH siRNA Increase of motility and anchorage-independent growth [9]

Thyroid Human medullary thyroid cancer TT cells transfected

with 15-PGDH siRNA

Increase of proliferation [17]

Pancreas Human pancreatic tumor Decreased 15-PGDH mRNA and protein expression [16]
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and invasion by modulating PGE2 production, vascular endothelial
growth factor expression, matrix metalloproteinase-2 synthesis,
and CD44 expression in lung [21] and colon cancer cells [7]. The
microvessel densities were significantly reduced in xenografts
derived from 15-PGDH overexpressing H358 lung cancer cells [21].
In addition, overexpression of 15-PGDH expedites induction of
apoptosis via proteolytic cleavage of pro-caspase3 and poly(ADP-
ribose) polymerase in lung cancer cells [23]. Furthermore, 15-PGDH
plays an important role in regulation of local antitumor immune
response [24]. Introduction of 15-PGDH gene in colon tumor tissue
attenuated tumor-induced immune suppression and substantially
reduced secretion of immunosuppressive mediators and cytokines,
such as PGE2, interleukin (IL)-10, IL-13, and IL-6 by intratumoral
CD11b cells [24].

15-PGDH expression status also influences the sensitivity to
chemotherapeutic agents. Wakimoto et al. demonstrated that
inhibition of 15-PGDH expression attenuated the antiproliferative
activity of the nonsteroidal anti-inflammatory drugs (NSAIDs) [22].
Adenoviral vector-mediated overexpression of 15-PGDH signifi-
cantly inhibited growth of human breast and colon xenografts in
athymic nude mice [20]. Moreover, the antitumor effect of 15-

PGDH gene therapy was augmented by coadministration of
avastin, an angiogenesis inhibitor [20]. In addition, the chemo-
therapeutic activity elicited by celecoxib requires the concomitant
presence of 15-Pgdh, and loss of 15-PGDH imparts resistance to the
anti-tumor effects of this selective COX-2 inhibitor [25]. In FVB
mice, celecoxib prevents 85% of AOM-induced tumors, but is
essentially inactive in suppressing tumor induction in 15-Pgdh-
null animals. In parallel with the loss of tumor suppressive activity,
the reduction of colonic PGE2 levels by celecoxib administration
was also markedly attenuated in 15-Pgdh knock out mice [25].
Notably, this phenomenon was also observed in a colon adenoma
prevention trial; individuals who further developed adenomas
while receiving celecoxib treatment were found to have relatively
low levels of colonic 15-PGDH [25]. Based on these findings, the
delivery of 15-PGDH gene into tumors is likely to confer
susceptibility to chemotherapeutic agents by decreasing excess
accumulation of oncogenic PGE2 and may hence be considered as a
novel anticancer strategy.
3. Reciprocal regulation of COX-2 and 15-PGDH

Increased expression of COX-2 appears to be inversely related
to the expression of 15-PGDH and vice versa. 15-PGDH has been
known as an endogenous COX-2 antagonist [23]. Down-regulation
of 15-PGDH was also observed in various cancer tissues with
concomitant overexpression of COX-2 [9,10,13–15,18,19]. In
gastric cancer specimens, there was a decreased expression of
15-PGDH and an elevated expression of COX-2 simultaneously
[26]. Thus, 15-PGDH expression was found to be inversely
correlated with the COX-2 level and lymph node metastasis of
gastric cancer [26]. Moreover, IL-1b, tumor necrosis factor-a (TNF-
a) and phorbol ester, which are well known inducers of COX-2
expression, significantly down-regulated the expression of 15-
PGDH in human lung adenocarcinoma cells [8]. Conversely, the
anti-inflammatory cytokines, IL-10, up-regulated the expression of
15-PGDH by antagonizing the 15-PGDH down-regulation induced
by pro-inflammatory cytokines, IL-1b and TNF-a, in villous and
chorionic trophoblasts [27]. It appears that there is an interplay
between COX-2 and 15-PGDH. It was speculated that COX-2-
derived products might mediate the inhibition of 15-PGDH
expression. However, down-regulation of 15-PGDH expression
by IL-b was affected by neither COX-2-derived products and its
mimetic compound, such as PGE2 and a thromboxane A2 analog,
nor any of the COX-2 inhibitors in lung adenocarcinoma cells [8]. It
appears that the amount of COX-2 expression determines the
extent of attenuation of 15-PGDH expression. Liu et al. found that
the expression of 15-PGDH was upregulated (128.57%) when COX-
2 expression was blocked by siRNA knock down, but down-
regulated (51.72%) as a consequence of COX-2 cDNA transfection in
gastric cancer cells [26]. Consistently, when IL-1b-induced COX-2
expression was abrogated by COX-2 siRNA, 15-PGDH was
significantly upregulated [8]. On the contrary, when the level of
15-PGDH expression was increased by transfection with pcDNA3
or adenovirus harboring 15-PGDH, the level of COX-2 expression
induced by IL-1b was decreased in a manner dependent on the
level of 15-PGDH expression [8]. This was further supported by the
finding that suppression of 15-PGDH expression by 15-PGDH-
siRNA led to a further increase in the IL-1b-induced expression of



H.-K. Na et al. / Biochemical Pharmacology 82 (2011) 1352–1360 1355
COX-2 but not that of COX-1 [8]. It seems that increased expression
of 15-PGDH may impede the expression of COX-2 induced by IL-
1b. In another experiment, siRNA knock down of 15-PGDH
resulted in a substantial increase of PGE2 production in gastric
cancer (MKN-28) cells and enhanced the anchorage-independent
growth of these cells by 31% [19]. The expression of COX-2 protein,
not the activity, is responsible for attenuation of 15-PGDH
expression. This is reminiscent of the situation in which it is the
expression of 15-PGDH protein that inhibits COX-2 expression [8].
Therefore, the expression of COX-2 itself may be responsible for the
attenuation of 15-PGDH expression.

Overexpression of COX-2 and repression of 15-PGDH may
coordinately increase levels of PGE2 in the tumor microenviron-
ment, and exacerbate the carcinogenic process. The molecular
mechanism underlying reciprocal relationship between COX-2
expression and 15-PGDH remains to be determined.

4. Oncogenic effects of 15-PGDH

Although the role of 15-PGDH as a tumor suppressor has been
observed in various malignances, it has recently been reported
that 15-PGDH is induced by some cytokines and tumor
promoters and overexpressed in certain cancer tissues. Andro-
gens are known to play a critical role in the promotion and
progression of prostate carcinogenesis by modulating specific
gene expression [28]. Androgens induce the expression of 15-
PGDH in hormone responsive human prostate cancer LNCaP cells
but not in hormone refractory PC-3 cells [29]. The expression of
IL-6 and its receptor has been consistently demonstrated not
only in human prostate carcinoma but also in benign prostate
hyperplasia. Furthermore, serum levels of IL-6 have been shown
to be elevated in patients with metastatic prostatic carcinoma
[30]. In prostate cancer cells, androgen-induced expression of
15-PGDH was synergistically enhanced by IL-6 and forskolin
[12]. IL-6 was shown to induce expression as well as activity of
the androgen receptor through activation of mitogen-activated
protein (MAP) kinases, such as extracellular-regulated protein
kinase (ERK), and signal transducers and activators of transcrip-
tion (STAT) 3 [12]. The inhibitors of MAP kinase and Janus kinase
(JAK) and casodex, an antagonist of the classical androgen
receptor, suppressed the IL-6-induced 15-PGDH activity [12]. It
has been known that STAT3 mediates IL-6-induced activation of
the androgen receptor as a coactivator of the receptor [31]. The
molecular mechanisms responsible for the synergistic stimula-
tion of 15-PGDH expression by IL-6 plus androgen and by
forskolin together with androgen are not clear. Increased
androgen receptor expression and STAT3 activation may in part
account for the synergism in 15-PGDH expression. The
oncogenic effects of 15-PGDH was suggested for other cancer
types. Thill et al. demonstrated that the protein levels of both
15-PGDH and COX-2 were even more significantly higher in the
malignant ovarian tissue specimens compared to the normal
tissue [11]. According to the above study, 15-PGDH is highly
expressed in breast cancer tissue as well. In addition, 15-PGDH
activity was found to be induced by PMA in human lymphoma
Fig. 2. Schematic representation of the human 15-PGDH promoter. The promoter region o

C/EBP, CREB, Ets, and AP-1.
U937 cells, and this was inhibited by the concurrent addition of
dexamethasone [32]. In another study, stable overexpression of
15-PGDH in A549 lung cancer cells appeared to induce
epithelial-mesenchymal transition as evidenced by the in-
creased expression of mesenchymal markers, morphological
changes, and the xenograft tumor growth in mice [18]. However,
the transient overexpression of 15-PGDH in A549 lung cells
attenuated cytokines-induced expression of COX-2 and induced
apoptosis.

It is intriguing that 15-PGDH metabolizes and inactivates anti-
inflammatory lipoxins as well as pro-inflammatory PGE2. The
lipoxins are lipid mediators that are generated and act locally at the
sites of inflammation, where they down-regulate polymorphonu-
clear leukocyte function and promote resolution [1]. 15-PGDH has
been known to catalyze the conversion of lipoxin A4 (LXA4) to 15-
oxo-LXA4, 13,14-dihydro-15-oxo-LXA4, and 13,14-dihydro-LXA4 in
a series of reactions. 15-PGDH has been known to be involved in
inactivation of lipoxins and 15-epi-lipoxins because these lipoxins
are excellent substrates of 15-PGDH [33,34]. The facilitated
catabolism of these anti-proliferative eicosanoids may enhance
tumorigenesis. Therefore, 15-PGDH expression by IL-6 or other
growth factors, and cytokines may contribute to the promotion and
growth of some types of cancer through stimulating the catabolism
of anti-proliferative eicosanoids.

5. Transcriptional Regulation of 15-PGDH expression

The 15-PGDH gene spans about 31 kb on chromosome 4 and
contains 7 exons. There are two regions for clustered putative
transcription factor binding sites within 2.4 kb of the 50-flanking
sequence [35]. The distal promoter element of 15-PGDH (positions-
2152/-1944) contains binding sites for Ets and activating protein-1
(AP-1) flanked by two cAMP-responsive element-binding proteins
(CREB1 and CREB2), whereas the proximal element of 15-PGDH

(�235/�153) contains Ets and AP-1 binding sequences [35] (Fig. 2).
The 50-untranslated region of 15-PGDH promoter contains several
E-boxes, which are bound by the Snail, Slug, and ZEB1 transcrip-
tional repressors (Fig. 3). Regulation of 15-PGDH expression at the
translational and post-transcriptional levels remains poorly
understood.

5.1. Epidermal growth factor (EGF) signaling

COX-2 has been identified as an epidermal growth factor (EGF)/
transforming growth factor (TGF)-a target gene in intestinal
epithelial cells, with robust enhancement of prostaglandin
production following EGF receptor (EGFR) activation [36]. PGE2

induced migration and invasion via rapid transactivation and
phosphorylation of the EGFR [37]. Simultaneous blockade of
prostaglandin and EGFR signaling by sulindac and the EGFR kinase
inhibitor EKl-569 abates tumor formation in ApcMin mice [38]. It is
noticeable that the expression of EGFR is inversely associated with
survival of patients with colorectal cancer [39].

Increased expression of Snail, Slug, and ZEB1 transcription
repressors has been shown in breast, ovarian, colon, skin and
f human 15-PGDH contains binding sites for several transcription factors, including



Fig. 3. Possible molecular mechanisms underlying 15-PGDH regulation. Snail and Slug transcriptional repressors may suppress the expression of 15-PGDH by recruiting

HDAC to E-box element in 15-PGDH promoter region. EGFR and Met signaling activate the expression of transcription repressors Snail and Slug through activation of their

upstream target molecules, such as ERK1/2, Akt, and PKC. The transcriptional repressors recruit the HDAC to the promoter of 15-PGDH and bind to the E-box, thereby

suppressing the expression of 15-PGDH. The chemotherapeutic and chemopreventive agents, such as PPAR-g ligands, HDAC inhibitors, glucocorticoids, and NSAIDs, may

suppress the activity of PKC, ERK1/2, and Akt or expression of transcriptional repressor, involved in expression of 15-PGDH.

Fig. 4. Involvement of TGF-b signaling in the expression of 15-PGDH. The TGF-b
signaling is initiated by type II receptor (TbR II), which recruits and phosphorylates

a type I receptor (TbR I). The activated type I receptor then phosphorylates

receptor-regulated Smad, which subsequently translocates into the nucleus where

it interacts with DNA binding partners to regulate the target gene expression.
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squamous cell carcinomas, which is correlated with poor
prognosis [40,41]. Mann et al. reported that EGF and Snail repress
15-PGDH expression, increase PGE2 and subsequently induce
cancer progression [42]. Elevated Snail expression correlates well
with down-regulation of 15-PGDH in human colon and breast
cancer tissues [42]. In addition, the adenomas formed in the
intestine of ApcMin mouse showed a relatively high level of Snail
expression, whereas expression of 15-PGDH was almost
completely absent [42]. Snail and Slug induced by EGF receptor
signaling recruit histone deacetylases (HDACs) which bind to
conserved E-box elements present in the promoter of 15-PGDH
and repress transcription of this gene [42,43] as illustrated in
Fig. 3.

EGF requires Snail to repress 15-PGDH in colon cancer [42]. The
cells transfected with wild type Snail construct showed suppres-
sion of 15-PGDH transcription in a manner similar to stimulation
with EGF, while the cells harboring mutant Snail could not
effectively repress transcription of 15-PGDH. In addition, erlotinib,
an EGFR kinase inhibitor, induced the expression of 15-PGDH
while it reduced the expression of Snail, Slug, and COX-2 in colon
and lung cancer [42,43].

Phosphatidylinositol-3 kinase (PI3K)/protein kinase B and the
Ras/MAP kinase signaling cascades which are the downstream
signaling pathways of EGFR play prominent roles in cell survival
and cell proliferation. Suppression of ERK activity by inhibiting the
upstream MEK kinase blocked the down-regulation of 15-PGDH
induced by EGF signaling [43]. Moreover, an MEK kinase inhibitor
also suppressed the expression of Slug and ZEB1.

5.2. Transforming growth factor (TGF)-b signaling

The anti-inflammatory cytokine TGF-b is well known to
mediate potent tumor suppressive effects in some cancers. The
TGF-b signaling is initiated by type II receptor, which recruits and
phosphorylates a type I receptor. The type I receptor then
phosphorylates receptor-regulated Smad, which subsequently
translocates into the nucleus where it interacts with DNA binding
partners to regulate gene expression (Fig. 4). TGF-b has been
shown to antagonize the proinflammatory cytokine-mediated
activation of NF-kB [44]. TGF-b signaling is commonly inactivated
in colon cancers via mutations of type II receptor or down-stream
Smad signaling element [45,46]. TGF-b has been known to induce
the expression of 15-PGDH in colon cancer cells [6] and lung
adenocarcinoma cells [47]. Treatment of nontransformed Vaco-330
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colon epithelial cells with TGF-b showed >12-fold induction of 15-
PGDH expression as determined by expression microarrays [6]. TGF-
b strongly induced expression of 15-PGDH in a colon cancer cell line
transfected with a wild type receptor II gene [6]. TGF-b1 increased
the luciferase activity of 388 bp-15-PGDH promoter construct in a
concentration dependent manner [47]. The type I receptor kinase
inhibitor SB431542 attenuated the 15-PGDH activity induced by
TGF-b1, suggesting that expression of 15-PGDH by TGF-b appears to
be mediated by TGF-b type I and II receptors [47]. Cycloheximide
fails to block the TGF-b-induced 15-PGDH transcript, suggesting
that 15-PGDH transcript is induced as a direct target of the TGF-b
signaling pathway without the need for intermediate protein
synthesis [6]. In addition, treatment of lung cancer A549 cells with
TGF-b and a HDAC inhibitor scriptaid together showed an additive
effect in inducing 15-PGDH expression [47].

Therefore, 15-PGDH expression is directly controlled and
strongly induced by activation of the TGF-b tumor suppressor
pathway. However, the molecular mechanism by which TGF-b
regulates 15-PGDH expression remains poorly understood.

5.3. Hepatocyte growth factor (HGF) signaling

HGF signaling via the Met receptor up-regulates COX-2
expression in different cell types [48,49]. In many solid tumors,
Met is frequently overexpressed as a result of deregulation in
growth factor or oncogenic signaling or stimulation by tumor
microenvironmental factors such as hypoxia [50,51]. Met expres-
sion is evident in a large proportion of colorectal tumors and
associated with a poor prognosis [52,53]. Thus, there is growing
interest in targeting HGF/Met signaling therapeutically. Moore
et al. have demonstrated that HGF/Met signaling plays an
important role in colon carcinogenesis via COX-2 up-regulation
and 15-PGDH down-regulation [52]. Notably, inhibition of Met
with the small molecule inhibitor SU11274 reduced COX-2
expression and increased 15-PGDH expression in high Met-
expressing cells. Both ERK and Akt are required for COX-2 protein
up-regulation and 15-PGDH down-regulation as downstream
molecules of Met (Fig. 3).

5.4. Ras/MAP kinase signaling

Other signaling enzymes that are likely to be implicated in 15-
PGDH expression are protein kinase (PKC) and Ras/MAP kinase.
PMA has been known to promote carcinogenesis through
activation of PKC signaling [54]. PMA down-regulates the
expression of 15-PGDH in human chorion trophoblast cells, which
is attenuated by inhibition of PKC [55]. However, contrary to the
above findings, Tong et al. reported that PMA induced 15-PGDH
activity in human lymphoma U937 cells, which was blocked by the
PKC inhibitor staurosporine or GF109203X [32]. The role of PKC in
regulation of 15-PGDH expression is controversial depending on
the cell type.

Constitutive activation of Ras signaling is thought to promote
overexpression of COX-2. COX-2-derived PGE2 constitutively
activates Ras/MAP kinase signaling via EP receptors in a positive
autocrine feedback loop [56]. Three distinct groups of well
characterized major MAP kinase subfamily members include
ERK, c-Jun NH2-terminal kinase/stress-activated protein kinase
and p38 MAP kinase which are serine/threonine protein kinases.
The activation of MAP kinases is involved in expression of many
inflammation- and oncogenic genes including COX-2. Bile acids, an
inducer of colorectal carcinogenesis, has been shown to inhibit the
transcription of 15-PGDH via PKC/ERK1/2 activation in the
colonocytes [57]. Suppression of bile acid-mediated activation of
ERK1/2 and PKC blocked the down-regulation of 15-PGDH [57].
Bile acids induced early growth response factor-1 (Egr-1) and Snail
that binds to the 15-PGDH promoter. Silencing Egr-1 or Snail
blocked chenodeoxycholate-mediated down-regulation of 15-
PGDH. Taken together, these data indicate that bile acids suppress
15-PGDH transcription via activation of PKC/ERK1/2/Egr-1/Snail
signaling pathways.

Oncogenic Ras mutations are early genetic events in colorectal
cancer that induce COX-2 expression and PGE2 biosynthesis. The
cell harboring K-Ras gene exhibited increased phosphorylation of
MAP kinases and CREB, proliferation rates, expression of COX-2
and mPGES-1 and PGE2 and PGI2 levels. Introduction of 15-Pgdh

gene into the cells harboring K-Ras gene increased the 15-PGDH
activity with decreased PGE2 production and COX-2 expression via
suppression of ERK or CREB [58]. When these cells were inoculated
onto athymic nu/nu mice, they delayed tumor formation and
induced apoptosis [58].

Several potential binding sites for CREB, Ets, and AP-1 transcrip-
tion factors are present within the 2368 bp of the 50-flanking region
of 15-PGDH (Fig. 2). It has been reported that the human 15-PGDH
promoter is controlled by AP-1 transcription factor in Jurkat
leukemic T cells treated with phorbol ester [59]. Induction of 15-
PGDH was reversed by coexpression of A-Fos, a dominant negative
to AP-1. The Ets family members Ets-1, Ets-2, and PEA3 potently
stimulated transcriptional activity of the 15-PGDH promoter in
primary cultures of myometrial smooth muscle cells (SMC). PEA3-
mediated transcriptional activation was partially repressed by A-
Fos, indicative of an involvement of AP-1 proteins. The forkhead
transcription factor hepatocyte nuclear factor 3beta (HNF3b) is
known as a candidate tumor suppressor in the lung, and the
expression of HNF3b leads to growth arrest and apoptosis in lung
cancer cells [21]. In a transcriptional profiling study, 15-PGDH was
identified as one of the major genes induced by HNF3b in lung
cancer [21]. HNF3b increases 15-PGDH gene transcriptional activity
by directly binding to two regions of the 15-PGDH promoter (�3793
to �3778 bp and �446 to �430 bp). Twenty-four percent of the
HNF3b-negative tumors and 50% of the HNF3b-positive tumors
were 15-PGDH positive. Therefore, 15-PGDH is considered as a
direct down-stream effecter of HNF3b.

5.5. Epigenetic modulation

Expression of 15-PGDH has been shown to be repressed by an
epigenetic mechanism involving histone deacetylation and
methylation. Histone deacetylation was associated with 15-
PGDH silencing in lung and breast cancer [10,47]. HDAC2
expression is inversely associated with 15-PGDH expression in
adenomas in ApcMin/+ mice and colorectal cancer [60]. 15-PGDH
and HDAC2 are reciprocally coexpressed within both normal and
tumor colon tissues and adenomas in ApcMin/+ mice [60]. The
transcriptional suppressors, such as Snail, Slug, and ZEB1, can
interact with HDACs (e.g., HDAC1 and HDAC2), thereby repressing
the transcription of target genes, such as BRCA2 and E-cadherin

[61,62]. Backlund et al. have reported that Snail can interact with
HDAC2 and the resulting HDAC2-Snail complex may suppress the
15-PGDH expression [60].

In many cases, silencing of gene expression by methylation of
CpG island in the target gene promoter contributes to carcinogen-
esis. The silence of the 15-PGDH gene has been associated with
methylation in the CpG island of the 15-PGDH promoter in the
colon, breast, prostate, and gastric cancers [10,19,60,63]. It has
been reported that the 15-PGDH promoter is methylated in breast
cancer MDA-MB-231 cells and about 30% of primary breast tumors
[10]. Treatment with the demethylating agent 5-Aza-20-deoxycy-
tidine restored expression of 15-PGDH in breast, colorectal, and
gastric cancer cells [10,19,60]. Therefore, DNA methylation as well
as histone deacetylation is also considered as one of factors
involved in 15-PGDH suppression.
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6. 15-PGDH as a potential molecular target of chemopreventive
agents

Inflammation has been implicated in the development and
progression of many cancers [64]. NSAIDs targeting COX-2 have
been reported to reduce the levels and biological activity of PGE2,
and consequently suppress the carcinogenesis. Likewise, a wide
variety of chemopreventive agents with anti-inflammatory prop-
erties suppress the COX-2 expression, PGE2 production, and HDAC
activity by targeting corresponding signaling pathways [65].
Expression of 15-PGDH has been known to be negatively regulated
by COX-2 expression and HDAC activity. 15-PGDH is considered as
one of the target molecules of HDAC inhibitors and COX-2
inhibitors. HDAC inhibitors, such as sodium butyrate, scriptaid,
apicidin and oxamflatin, have been shown to induce the expression
of 15-PGDH in lung adenocarcinoma cells [47]. Therefore,
chemopreventive agents with COX-2 and HDAC inhibitory activity
are expected to exert their chemopreventive activity through
induction of 15-PGDH expression. Some substances currently
identified to induce 15-PGDH as part of their chemopreventive/
chemoprotective activities are listed below.

6.1. NSAIDs

NSAIDs such as indomethacin, sulindac, and celecoxib primarily
target COX-2 activity, and also have been known to block, delay and
even reverse the carcinogenic processes [66]. Epidemiological
studies have shown that individuals taking NSAIDs exhibit a
significant reduction in colorectal cancer compared to those
individuals who do not intake these agents [66]. A non-COX inhibitor
sulindac sulfone has been shown to increase 15-PGDH activity and
decrease the PGE2 levels, which is associated with inhibition of
proliferation of human medullary thyroid carcinoma cells [17].
However, other studies revealed that chemotherapeutic and
chemopreventive activities of some NSAIDs are mediated through
COX-2-independent mechanisms. Diclofenac sodium and melox-
icam inhibited the growth of glioblastoma mutiforme cells through
induction of 15-PGDH and p21 expression, without suppression of
the COX-2 expression [22]. Overexpression of 15-PGDH suppressed
cell growth which was associated with increased expression of p21,
but the expression level of p21 was not affected in COX-2 siRNA
transfected cells. In addition, growth inhibition by NSAIDs was
partially reversed by knock down of either 15-PGDH or p21, but not
by COX-2 knock down [22]. These results suggest that up-regulation
of 15-PGDH and subsequently p21 induced by some NSAIDs may
contribute to the suppression of growth of some cancerous cells and
these effects are independent of COX-2 inhibition.

6.2. HDAC inhibitors

Several HDAC inhibitors have elicited anti-neoplastic activity
in preclinical studies [67]. Some of these inhibitors are currently in
phase I clinical trials. Histone deacetylation was observed in the
promoter region of 15-PGDH in several cancer tissues [10]. HDAC
inhibitors, such as sodium butyrate, scriptaid, and valproic acid,
have been reported to induce the expression of 15-PGDH in lung
adenocarcinoma and colon cancer cells [47,60]. Pretreatment of
colorectal carcinomas cells with sodium butyrate and valproic acid
blocked EGF-mediated or Snail-mediated transcriptional repres-
sion of 15-PGDH [60]. Snail interacts with HDACs that bind to the
15-PGDH promoter, thereby repressing the 15-PGDH expression
[60]. Upregulation of 15-PGDH by HDAC inhibitors is likely to be
mediated by blocking the EGF- or Snail-induced HDAC recruitment
to the Ets site [60]. Chromatin immunoprecipitation assays
examining the 15-PGDH promoter in colon cancer cells showed
loss of HDAC2 binding after treatment with an HDAC inhibitor [60].
Sodium butyrate and scriptaid induced significant accumulation of
acetylated histones H3 and H4, which were associated with the 15-
PGDH promoter [47,60]. In addition, scriptaid stimulated syner-
gistically TGF-b1-induced 15-PGDH expression in lung adenocar-
cinoma cells [47]. HDAC inhibitors may enhance the 15-PGDH
expression by reducing the binding of HDAC to the promoter of 15-
PGDH.

6.3. Calcitriol

Calcitriol (1,25-dihydroxyvitamin D3), an active metabolite of
vitamin D, has been well known as a major regulator of calcium
homeostasis and bone mineralization [68]. Calcitriol is an FDA-
approved drug and it is currently being evaluated in clinical trials as
an anti-cancer agent in prostate cancer patients. Calcitriol has been
reported to inhibit invasion, metastasis and tumor angiogenesis and
to induce apoptosis in breast [69] and prostate cancer cells [70].
Calcitriol suppresses COX-2 expression while upregulates 15-PGDH,
thereby reducing the levels and biological activity of oncogenic
prostaglandins, such as PGE2 [70–72]. The anti-proliferative effects
of calcitriol are mediated via the vitamin D receptor (VDR) [69]. It
was reported that the VDR protein levels were inversely correlated
to the 15-PGDH protein levels in benign and malignant breast cell
lines, suggesting a possible link between VDR-associated target
genes and prostaglandin metabolism [69]. Calcitriol induces the
expression of MAP kinase phosphatase 5 (MKP5), a member of a
family of phosphatases that are negative regulators of MAP kinases,
causing inactivation of the stress-activated protein kinase p38 [73].
IL-6, a p38-regulated pleiotropic cytokine, is known to be implicated
in prostate cancer progression, and suppression of p38 activity by
calcitriol may be coupled with induction of 15-PGDH and concurrent
suppression of PGE2. These effects may account for chemopreven-
tive and therapeutic activity of calcitriol.

6.4. Peroxisome Proliferator-Activated Receptor-g (PPAR-g) ligands

PPAR-g is a member of the nuclear receptor superfamily of
ligand-activated transcription factors. PPAR-g activators of the
thiazolidinedione class (TZDs), such as rosiglitazone and troglita-
zone, have been shown to suppress the tumor growth, induce
apoptosis of cancerous cells, and exert anti-inflammatory and anti-
metastatic effects. The anti-proliferative as well as anti-inflamma-
tory effect of PPAR-g ligands is mediated, in part, through
suppression of COX-2 [74]. Some PPAR-g ligands induce the
expression of 15-PGDH and suppress PGE2 production in non-
small-cell lung cancer cells [75]. The Snail family of transcription
factors, which includes Snail, Slug, and ZEB1, is an important
regulator of epithelial-mesenchymal transition, as well as cell
survival. Rosiglitazone, a prototypic member of the TZD family of
PPAR-g activators, specifically decreased expression of Snail which
is involved in 15-PGDH suppression, but had no significant effect
on expression of either Slug or ZEB1 [76]. siRNA silencing of Snail
mimicked the anti-tumorigenic effects of PPAR-g activation by
rosiglitazone. This was associated with the increased expression of
E-cadherin and decreased expression of COX-2 and MMPs.
Therefore, suppression of Snail expression and consequent 15-
PGDH upregulation may contribute to the antitumorigenic effects
of PPAR-g activators.

6.5. Glucocorticoids

Glucocorticoids represent the most widely used anti-inflamma-
tory drugs [77]. Dexamethasone is a potent synthetic member of the
glucocorticoid class of steroid drugs. Dexamethasone has been
known to elicit hematoprotective effects in cancer patients receiving
chemotherapy. Dexamethasone and other glucocorticoids modulate
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the expression of several genes involved in inflammatory responses.
One of the target genes of glucocorticoid is COX-2 which is
suppressed through both transcriptional and post-translational
mechanisms [78]. Tong and Tai reported that dexamethasone,
prednisolone, triamcinolone, and other glucocorticoids induced the
expression and activity of 15-PGDH in lung adenocarcinoma cells
[79]. The expression of 15-PGDH induced by dexamethasone was
inhibited by pro-inflammatory cytokines and phorbol ester via a
PKC-mediated mechanism [79]. In human etythroleukemia (HEL)
cells, anti-inflammatory steroids including dexamethasone also
increased 15-PGDH activity, which correlated with their glucocorti-
coid activity [80]. Induction of 15-PGDH expression appeared to be
mediated by the glucocorticoid receptor and a nuclear mediated
event since the induction was blocked by the receptor antagonist
RU486 and by the nuclear translocation inhibitor geldanamycin [79].

7. Conclusion

15-PGDH is a crucial enzyme responsible for the biological
inactivation of PGE2 which has oncogenic potential as evidenced by
inducing cell proliferation, migration, angiogenesis and tumor
metastasis. Down-regulation of 15-PGDH was observed in several
malignancies, such as colorectal [15], lung [14], gastric [26], bladder
[9], and pancreas [16] cancers. Therefore, up-regulation of 15-PGDH
expression is anticipated to suppress carcinogenic processes and
enhance the sensitivity against chemotherapeutic agents. Anti-
cancer therapeutics, such as TGF-b1, glucocorticoids and HDAC
inhibitors, have been shown to exert their anti-carcinogenic activity
through induction of 15-PGDH. 15-PGDH is considered as an
endogenous antagonist of COX-2, and suppression of signal
transduction associated with COX-2/PGE2 pathways may lead to
induction of 15-PGDH expression. Therefore, there apparently exists
reciprocal regulation between two enzymes. The COX-2-PGE2

pathway influences most, if not all, of the hallmarks of cancer
[81]. These effects are thought to result, at least in part, from PGE2-
dependent activation of signal transduction pathways, such as PI3K/
Akt, Ras/MAP kinase, Wnt/b-catenin and EGFR signaling. Several
chemopreventive and anticancer agents have anti-inflammatory
activities targeting COX-2 and PGE2. In addition, some anticarcino-
genic agents function as DNA methyltransferase inhibitors capable
of reversing methylation-induced silencing and restoring the
expression of various tumor suppressor genes. Besides ability to
induce changes in DNA methylation, some chemopreventive and
chemotherapeutic compounds can also regulate gene expression
through modulation of histone modifications. Many of these
molecules have potential to induce the expression of 15-PGDH,
which may contribute to their anticarcinogenic activity. As 15-PGDH
can represent a novel molecular target for cancer chemoprevention
and therapy, additional studies should follow to search for
substances capable of optimally upregulating this tumor suppres-
sing enzyme as well as to elucidate the molecular mechanisms
underlying its regulation.

Acknowledgment

This study was supported by Basic Research Promotion Fund
(R01-2007-000-21103-0) and also by Basic Science Research
Program (2009-0077736) from the National Research Foundation
of Korea.

References

[1] Herschman HR. Prostaglandin synthase 2. Biochim Biophys Acta 1996;1299:
125–40.

[2] Dannenberg AJ, Subbaramaiah K. Targeting cyclooxygenase-2 in human neo-
plasia: rationale and promise. Cancer Cell 2003;4:431–6.
[3] Gupta RA, Dubois RN. Colorectal cancer prevention and treatment by inhibi-
tion of cyclooxygenase-2. Nat Rev Cancer 2001;1:11–21.

[4] Tai HH, Ensor CM, Tong M, Zhou H, Yan F. Prostaglandin catabolizing enzymes.
Prostaglandins Other Lipid Mediat 2002;68/69:483–93.

[5] Anggard E, Larsson C, Samuelsson B. The distribution of 15-hydroxy prosta-
glandin dehydrogenase and prostaglandin-d 13-reductase in tissues of the
swine. Acta Physiol Scand 1971;81:396–404.

[6] Yan M, Rerko RM, Platzer P, Dawson D, Willis J, Tong M, et al. 15-Hydro-
xyprostaglandin dehydrogenase, a COX-2 oncogene antagonist, is a TGF-b-
induced suppressor of human gastrointestinal cancers. Proc Natl Acad Sci USA
2004;101:17468–73.

[7] Li M, Xie J, Cheng L, Chang B, Wang Y, Lan X, et al. Suppression of invasive
properties of colorectal carcinoma SW480 cells by 15-hydroxyprostaglandin
dehydrogenase gene. Cancer Invest 2008;26:905–12.

[8] Tong M, Ding Y, Tai HH. Reciprocal regulation of cyclooxygenase-2 and 15-
hydroxyprostaglandin dehydrogenase expression in A549 human lung ade-
nocarcinoma cells. Carcinogenesis 2006;27:2170–9.

[9] Tseng-Rogenski S, Gee J, Ignatoski KW, Kunju LP, Bucheit A, Kintner HJ, et al.
Loss of 15-hydroxyprostaglandin dehydrogenase expression contributes to
bladder cancer progression. Am J Pathol 2010;176:1462–8.

[10] Wolf I, O’Kelly J, Rubinek T, Tong M, Nguyen A, Lin BT, et al. 15-hydroxypros-
taglandin dehydrogenase is a tumor suppressor of human breast cancer.
Cancer Res 2006;66:7818–23.

[11] Thill M, Fischer D, Kelling K, Hoellen F, Dittmer C, Hornemann A, et al.
Expression of vitamin D receptor (VDR), cyclooxygenase-2 (COX-2) and 15-
hydroxyprostaglandin dehydrogenase (15-PGDH) in benign and malignant
ovarian tissue and 25-hydroxycholecalciferol (25(OH2)D3) and prostaglandin
E2 (PGE2) serum level in ovarian cancer patients. J Steroid Biochem Mol Biol
2010;121:387–90.

[12] Tong M, Tai HH. Synergistic induction of the nicotinamide adenine dinucleo-
tide-linked 15-hydroxyprostaglandin dehydrogenase by an androgen and
interleukin-6 or forskolin in human prostate cancer cells. Endocrinology
2004;145:2141–7.

[13] Backlund MG, Mann JR, Holla VR, Buchanan FG, Tai HH, Musiek ES, et al. 15-
Hydroxyprostaglandin dehydrogenase is down-regulated in colorectal cancer.
J Biol Chem 2005;280:3217–23.

[14] Ding Y, Tong M, Liu S, Moscow JA, Tai HH. NAD+-linked 15-hydroxyprosta-
glandin dehydrogenase (15-PGDH) behaves as a tumor suppressor in lung
cancer. Carcinogenesis 2005;26:65–72.

[15] Myung SJ, Rerko RM, Yan M, Platzer P, Guda K, Dotson A, et al. 15-Hydro-
xyprostaglandin dehydrogenase is an in vivo suppressor of colon tumorigen-
esis. Proc Natl Acad Sci USA 2006;103:12098–102.

[16] Pham H, Chen M, Li A, King J, Angst E, Dawson DW, et al. Loss of 15-
hydroxyprostaglandin dehydrogenase increases prostaglandin E2 in pancre-
atic tumors. Pancreas 2010;39:332–9.

[17] Quidville V, Segond N, Lausson S, Frenkian M, Cohen R, Jullienne A. 15-
Hydroxyprostaglandin-dehydrogenase is involved in anti-proliferative effect
of non-steroidal anti-inflammatory drugs COX-1 inhibitors on a human med-
ullary thyroid carcinoma cell line. Prostaglandins Other Lipid Mediat
2006;81:14–30.

[18] Tai HH, Tong M, Ding Y. 15-hydroxyprostaglandin dehydrogenase (15-PGDH)
and lung cancer. Prostaglandins Other Lipid Mediat 2007;83:203–8.

[19] Thiel A, Ganesan A, Mrena J, Junnila S, Nykanen A, Hemmes A, et al. 15-
Hydroxyprostaglandin dehydrogenase is down-regulated in gastric cancer.
Clin Cancer Res 2009;15:4572–80.

[20] Kaliberova LN, Kusmartsev SA, Krendelchtchikova V, Stockard CR, Grizzle WE,
Buchsbaum DJ, et al. Experimental cancer therapy using restoration of NAD+-
linked 15-hydroxyprostaglandin dehydrogenase expression. Mol Cancer Ther
2009;8:3130–9.

[21] Huang G, Eisenberg R, Yan M, Monti S, Lawrence E, Fu P, et al. 15-Hydro-
xyprostaglandin dehydrogenase is a target of hepatocyte nuclear factor 3b and
a tumor suppressor in lung cancer. Cancer Res 2008;68:5040–8.

[22] Wakimoto N, Wolf I, Yin D, O’Kelly J, Akagi T, Abramovitz L, et al. Nonsteroidal
anti-inflammatory drugs suppress glioma via 15-hydroxyprostaglandin de-
hydrogenase. Cancer Res 2008;68:6978–86.

[23] Backlund MG, Mann JR, Dubois RN. Mechanisms for the prevention of gastro-
intestinal cancer: the role of prostaglandin E2. Oncology 2005;69(Suppl.
1):28–32.

[24] Eruslanov E, Kaliberov S, Daurkin I, Kaliberova L, Buchsbaum D, Vieweg J, et al.
Altered expression of 15-hydroxyprostaglandin dehydrogenase in tumor-
infiltrated CD11b myeloid cells: a mechanism for immune evasion in cancer.
J Immunol 2009;182:7548–57.

[25] Yan M, Myung SJ, Fink SP, Lawrence E, Lutterbaugh J, Yang P, et al. 15-
Hydroxyprostaglandin dehydrogenase inactivation as a mechanism of resis-
tance to celecoxib chemoprevention of colon tumors. Proc Natl Acad Sci USA
2009;106:9409–13.

[26] Liu Z, Wang X, Lu Y, Han S, Zhang F, Zhai H, et al. Expression of 15-PGDH is
downregulated by COX-2 in gastric cancer. Carcinogenesis 2008;29:1219–27.

[27] Pomini F, Caruso A, Challis JR. Interleukin-10 modifies the effects
of interleukin-1b and tumor necrosis factor-a on the activity and
expression of prostaglandin H synthase-2 and the NAD+-dependent 15-
hydroxyprostaglandin dehydrogenase in cultured term human villous
trophoblast and chorion trophoblast cells. J Clin Endocrinol Metab
1999;84:4645–51.

[28] Craft N, Sawyers CL. Mechanistic concepts in androgen-dependence of pros-
tate cancer. Cancer Metastasis Rev 1998;17:421–7.



H.-K. Na et al. / Biochemical Pharmacology 82 (2011) 1352–13601360
[29] Tong M, Tai HH. Induction of NAD(+)-linked 15-hydroxyprostaglandin dehy-
drogenase expression by androgens in human prostate cancer cells. Biochem
Biophys Res Commun 2000;276:77–81.

[30] Hoosein N, Abdul M, McCabe R, Gero E, Deftos L, Banks M, et al. Clinical
significance of elevation in neuroendocrine factors and interleukin-6 in met-
astatic prostate cancer. Urol Oncol 1995;1:246–51.

[31] Chen T, Wang LH, Farrar WL. Interleukin 6 activates androgen receptor-
mediated gene expression through a signal transducer and activator of tran-
scription 3-dependent pathway in LNCaP prostate cancer cells. Cancer Res
2000;60:2132–5.

[32] Tong M, Tai HH. Dexamethasone inhibits the induction of NAD(+)-dependent
15-hydroxyprostaglandin dehydrogenase by phorbol ester in human promo-
nocytic U937 cells. Biochim Biophys Acta 2000;1497:61–8.

[33] Serhan CN. Lipoxins and aspirin-triggered 15-epi-lipoxin biosynthesis: an
update and role in anti-inflammation and pro-resolution. Prostaglandins
Other Lipid Mediat 2002;68/69:433–55.

[34] Clish CB, Levy BD, Chiang N, Tai HH, Serhan CN. Oxidoreductases in lipoxin A4
metabolic inactivation: a novel role for 15-onoprostaglandin 13-reductase/
leukotriene B4 12-hydroxydehydrogenase in inflammation. J Biol Chem
2000;275:25372–80.

[35] Nandy A, Jenatschke S, Hartung B, Milde-Langosch K, Bamberger AM, Gellersen
B. Genomic structure and transcriptional regulation of the human NAD+-
dependent 15-hydroxyprostaglandin dehydrogenase gene. J Mol Endocrinol
2003;31:105–21.

[36] DuBois RN, Tsujii M, Bishop P, Awad JA, Makita K, Lanahan A. Cloning and
characterization of a growth factor-inducible cyclooxygenase gene from rat
intestinal epithelial cells. Am J Physiol 1994;266:G822–7.

[37] Buchanan FG, Wang D, Bargiacchi F, DuBois RN. Prostaglandin E2 regulates cell
migration via the intracellular activation of the epidermal growth factor
receptor. J Biol Chem 2003;278:35451–7.

[38] Torrance CJ, Jackson PE, Montgomery E, Kinzler KW, Vogelstein B, Wissner A,
et al. Combinatorial chemoprevention of intestinal neoplasia. Nat Med
2000;6:1024–8.

[39] Mayer A, Takimoto M, Fritz E, Schellander G, Kofler K, Ludwig H. The prog-
nostic significance of proliferating cell nuclear antigen, epidermal growth
factor receptor, and mdr gene expression in colorectal cancer. Cancer
1993;71:2454–60.

[40] Peinado H, Olmeda D, Cano A. Snail, Zeb and bHLH factors in tumour progres-
sion: an alliance against the epithelial phenotype? Nat Rev Cancer
2007;7:415–28.

[41] Olmeda D, Jorda M, Peinado H, Fabra A, Cano A. Snail silencing effectively
suppresses tumour growth and invasiveness. Oncogene 2007;26:1862–74.

[42] Mann JR, Backlund MG, Buchanan FG, Daikoku T, Holla VR, Rosenberg DW,
et al. Repression of prostaglandin dehydrogenase by epidermal growth factor
and snail increases prostaglandin E2 and promotes cancer progression. Cancer
Res 2006;66:6649–56.

[43] Yang L, Amann JM, Kikuchi T, Porta R, Guix M, Gonzalez A, et al. Inhibition of
epidermal growth factor receptor signaling elevates 15-hydroxyprostaglandin
dehydrogenase in non-small-cell lung cancer. Cancer Res 2007;67:5587–93.

[44] Yoshimura A, Mori H, Ohishi M, Aki D, Hanada T. Negative regulation of
cytokine signaling influences inflammation. Curr Opin Immunol 2003;15:
704–8.

[45] Grady WM, Myeroff LL, Swinler SE, Rajput A, Thiagalingam S, Lutterbaugh JD,
et al. Mutational inactivation of transforming growth factor beta receptor type
II in microsatellite stable colon cancers. Cancer Res 1999;59:320–4.

[46] Eppert K, Scherer SW, Ozcelik H, Pirone R, Hoodless P, Kim H, et al. MADR2
maps to 18q21 and encodes a TGFb-regulated MAD-related protein that is
functionally mutated in colorectal carcinoma. Cell 1996;86:543–52.

[47] Tong M, Ding Y, Tai HH. Histone deacetylase inhibitors and transforming
growth factor-b induce 15-hydroxyprostaglandin dehydrogenase expression
in human lung adenocarcinoma cells. Biochem Pharmacol 2006;72:701–9.

[48] Jones MK, Sasaki E, Halter F, Pai R, Nakamura T, Arakawa T, et al. HGF triggers
activation of the COX-2 gene in rat gastric epithelial cells: action mediated
through the ERK2 signaling pathway. FASEB J 1999;13:2186–94.

[49] Siegfried JM, Gubish CT, Rothstein ME, Queiroz de Oliveira PE, Stabile LP.
Signaling pathways involved in cyclooxygenase-2 induction by hepatocyte
growth factor in non small-cell lung cancer. Mol Pharmacol 2007;72:769–79.

[50] Ivan M, Bond JA, Prat M, Comoglio PM, Wynford-Thomas D. Activated ras and
ret oncogenes induce over-expression of c-met (hepatocyte growth factor
receptor) in human thyroid epithelial cells. Oncogene 1997;14:2417–23.

[51] Pennacchietti S, Michieli P, Galluzzo M, Mazzone M, Giordano S, Comoglio PM.
Hypoxia promotes invasive growth by transcriptional activation of the met
protooncogene. Cancer Cell 2003;3:347–61.

[52] Moore AE, Greenhough A, Roberts HR, Hicks DJ, Patsos HA, Williams AC, et al.
HGF/Met signalling promotes PGE2 biogenesis via regulation of COX-2 and 15-
PGDH expression in colorectal cancer cells. Carcinogenesis 2009;30:1796–804.

[53] Takeuchi H, Bilchik A, Saha S, Turner R, Wiese D, Tanaka M, et al. c-MET
expression level in primary colon cancer: a predictor of tumor invasion and
lymph node metastases. Clin Cancer Res 2003;9:1480–8.

[54] Birkenfeld HP, McInntyre BS, Briski KP, Sylvester PW. Role of protein kinase C
in modulating epidermal growth factor- and phorbol ester-induced mammary
epithelial cell growth in vitro. Exp Cell Res 1996;223:183–91.
[55] Casciani V, Marinoni E, Bocking AD, Moscarini M, Di Iorio R, Challis JR. Opposite
effect of phorbol ester PMA on PTGS2 and PGDH mRNA expression in human
chorion trophoblast cells. Reprod Sci 2008;15:40–50.

[56] Wang D, Buchanan FG, Wang H, Dey SK, DuBois RN. Prostaglandin E2 enhances
intestinal adenoma growth via activation of the Ras-mitogen-activated pro-
tein kinase cascade. Cancer Res 2005;65:1822–9.

[57] Miyaki A, Yang P, Tai HH, Subbaramaiah K, Dannenberg AJ. Bile acids inhibit
NAD+-dependent 15-hydroxyprostaglandin dehydrogenase transcription in
colonocytes. Am J Physiol Gastrointest Liver Physiol 2009;297:G559–66.

[58] Pham H, Eibl G, Vincenti R, Chong B, Tai HH, Slice LW. 15-Hydroxyprosta-
glandin dehydrogenase suppresses K-RasV12-dependent tumor formation in
Nu/Nu mice. Mol Carcinog 2008;47:466–77.

[59] Greenland KJ, Jantke I, Jenatschke S, Bracken KE, Vinson C, Gellersen B. The
human NAD+-dependent 15-hydroxyprostaglandin dehydrogenase gene pro-
moter is controlled by Ets and activating protein-1 transcription factors and
progesterone. Endocrinology 2000;141:581–97.

[60] Backlund MG, Mann JR, Holla VR, Shi Q, Daikoku T, Dey SK, et al. Repression of
15-hydroxyprostaglandin dehydrogenase involves histone deacetylase 2 and
snail in colorectal cancer. Cancer Res 2008;68:9331–7.

[61] Peinado H, Ballestar E, Esteller M, Cano A. Snail mediates E-cadherin repres-
sion by the recruitment of the Sin3A/histone deacetylase 1 (HDAC1)/HDAC2
complex. Mol Cell Biol 2004;24:306–19.

[62] Tripathi MK, Misra S, Khedkar SV, Hamilton N, Irvin-Wilson C, Sharan C, et al.
Regulation of BRCA2 gene expression by the SLUG repressor protein in human
breast cells. J Biol Chem 2005;280:17163–71.

[63] Lodygin D, Epanchintsev A, Menssen A, Diebold J, Hermeking H. Functional
epigenomics identifies genes frequently silenced in prostate cancer. Cancer
Res 2005;65:4218–27.

[64] Kundu JK, Surh YJ. Inflammation: gearing the journey to cancer. Mutat Res
2008;659:15–30.

[65] Link A, Balaguer F, Goel A. Cancer chemoprevention by dietary polyphenols:
promising role for epigenetics. Biochem Pharmacol 2010;80:1771–92.

[66] Rothwell PM, Wilson M, Elwin CE, Norrving B, Algra A, Warlow CP, et al. Long-
term effect of aspirin on colorectal cancer incidence and mortality: 20-year
follow-up of five randomised trials. Lancet 2010;376:1741–50.

[67] Manzo F, Tambaro FP, Mai A, Altucci L. Histone acetyltransferase inhibitors and
preclinical studies. Expert Opin Ther Pat 2009;19:761–74.

[68] Krishnan AV, Moreno J, Nonn L, Malloy P, Swami S, Peng L, et al. Novel
pathways that contribute to the anti-proliferative and chemopreventive ac-
tivities of calcitriol in prostate cancer. J Steroid Biochem Mol Biol 2007;103:
694–702.

[69] Thill M, Fischer D, Becker S, Cordes T, Dittmer C, Diedrich K, et al. Prostaglandin
metabolizing enzymes in correlation with vitamin D receptor in benign and
malignant breast cell lines. Anticancer Res 2009;29:3619–25.

[70] Krishnan AV, Feldman D. Molecular pathways mediating the anti-inflamma-
tory effects of calcitriol: implications for prostate cancer chemoprevention
and treatment. Endocr Relat Cancer 2010;17:R19–38.

[71] Moreno J, Krishnan AV, Feldman D. Molecular mechanisms mediating the anti-
proliferative effects of Vitamin D in prostate cancer. J Steroid Biochem Mol Biol
2005;97:31–6.

[72] Moreno J, Krishnan AV, Swami S, Nonn L, Peehl DM, Feldman D. Regulation of
prostaglandin metabolism by calcitriol attenuates growth stimulation in
prostate cancer cells. Cancer Res 2005;65:7917–25.

[73] Krishnan AV, Moreno J, Nonn L, Swami S, Peehl DM, Feldman D. Calcitriol as a
chemopreventive and therapeutic agent in prostate cancer: role of anti-
inflammatory activity. J Bone Miner Res 2007;22(Suppl. 2):V74–80.

[74] Desmet C, Warzee B, Gosset P, Melotte D, Rongvaux A, Gillet L, et al. Pro-
inflammatory properties for thiazolidinediones. Biochem Pharmacol 2005;69:
255–65.

[75] Hazra S, Batra RK, Tai HH, Sharma S, Cui X, Dubinett SM. Pioglitazone and
rosiglitazone decrease prostaglandin E2 in non-small-cell lung cancer cells by
up-regulating 15-hydroxyprostaglandin dehydrogenase. Mol Pharmacol
2007;71:1715–20.

[76] Choudhary R, Li H, Winn RA, Sorenson AL, Weiser-Evans MC, Nemenoff RA.
Peroxisome proliferator-activated receptor-g inhibits transformed growth of
non-small cell lung cancer cells through selective suppression of Snail. Neo-
plasia 2010;12:224–34.

[77] Rhen T, Cidlowski JA. Antiinflammatory action of glucocorticoids—new mech-
anisms for old drugs. N Engl J Med 2005;353:1711–23.

[78] Yang N, Zhang W, Shi XM. Glucocorticoid-induced leucine zipper (GILZ)
mediates glucocorticoid action and inhibits inflammatory cytokine-induced
COX-2 expression. J Cell Biochem 2008;103:1760–71.

[79] Tong M, Tai HH. 15-Hydroxyprostaglandin dehydrogenase can be induced by
dexamethasone and other glucocorticoids at the therapeutic level in A549
human lung adenocarcinoma cells. Arch Biochem Biophys 2005;435:50–5.

[80] Xun CQ, Ensor CM, Tai HH. Regulation of synthesis and activity of NAD(+)-
dependent 15-hydroxy-prostaglandin dehydrogenase (15-PGDH) by dexa-
methasone and phorbol ester in human erythroleukemia (HEL) cells. Biochem
Biophys Res Commun 1991;177:1258–65.

[81] Greenhough A, Smart HJ, Moore AE, Roberts HR, Williams AC, Paraskeva C. The
COX-2/PGE2 pathway: key roles in the hallmarks of cancer and adaptation to
the tumour microenvironment. Carcinogenesis 2009;30:377–86.


	15-Hydroxyprostaglandin dehydrogenase as a novel molecular target for cancer chemoprevention and therapy
	Introduction
	15-PGDH as a putative tumor suppressor
	Reciprocal regulation of COX-2 and 15-PGDH
	Oncogenic effects of 15-PGDH
	Transcriptional Regulation of 15-PGDH expression
	Epidermal growth factor (EGF) signaling
	Transforming growth factor (TGF)-&beta; signaling
	Hepatocyte growth factor (HGF) signaling
	Ras/MAP kinase signaling
	Epigenetic modulation

	15-PGDH as a potential molecular target of chemopreventive agents
	NSAIDs
	HDAC inhibitors
	Calcitriol
	Peroxisome Proliferator-Activated Receptor-&gamma; (PPAR-&gamma;) ligands
	Glucocorticoids

	Conclusion
	Acknowledgment
	References


