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Abstract
The importance of the prostaglandin (PG) synthesis path-
way, particularly the rate-limiting enzymatic step catalyzed
by cyclooxygenase, to colorectal carcinogenesis and
development of novel anticolorectal cancer therapy is well
established. The predominant PG species in benign and
malignant colorectal tumors is PGE2. PGE2 acts via four
EP receptors termed EP1 to EP4. Recently, EP receptors
have been identified as potential targets for treatment and/
or prevention of colorectal cancer. This review summarizes
existing knowledge of the expression and function of the EP
receptor subtypes in human and rodent intestine during
tumorigenic progression and describes the current literature
on targeting EP receptor signaling during intestinal tumor-
igenesis. [Mol Cancer Ther 2004;3(8):1031–9]

The Prostaglandin Synthesis Pathway during
Colorectal Carcinogenesis
The importance of the prostaglandin (PG) synthesis
pathway (Fig. 1) as a potential target for treatment and/
or prevention of colorectal cancer is well established (1, 2).
The rate-limiting step of the PG pathway is catalyzed by the
cyclooxygenase (COX) enzyme, whereby arachidonic acid
is converted to an unstable PG endoperoxide intermediate
PGH2 (Fig. 1). PGH2 is converted to a series of different PGs
dependent on the profile of specific PG synthases present
in a particular cell or tissue (Fig. 1; ref. 3). PGs have a
relatively short half-life and are believed to act over short
distances in an autocrine or paracrine manner via specific
cell surface and/or nuclear receptors (3). There are five
classes of cell surface PG receptors corresponding to the

main PG species termed EP, DP, FP, IP, and TP (Fig. 1;
ref. 3). In addition, nuclear peroxisome proliferator-
activated receptors y and g are receptors for PGI2 and
cyclopentenone PGs such as 15-d-PGJ2 (a breakdown
product of PGD2), respectively (4).

Until recently, the inducible isoform of COX, COX-2, was
the focus of attention for cancer researchers, as a role for
this isoform has been described during the early stages of
intestinal tumorigenesis (benign adenoma development) as
well as at later stages of colorectal carcinogenesis (invasion
and metastasis of cancer cells; refs. 1, 2). However, the
emergence of a role for the constitutive isoform of COX,
COX-1, during intestinal tumorigenesis (5, 6), the fact that
COX-2 expression by human colorectal neoplasms is not
invariable (7), and the increased understanding that
selective COX-2 inhibitors are not free of unwanted side
effects (particularly on renal and cardiovascular systems;
ref. 8) have led to a reevaluation of other potential targets
in the PG synthesis pathway downstream of COX for
treatment and/or prevention of gastrointestinal (GI) carci-
nogenesis, including PGE synthases (6, 9). Another attrac-
tive target for inhibition of the activity of the PG synthesis
pathway is inhibition of downstream receptor signaling.
Currently, there is little known about the expression and
function of DP, FP, IP, and TP receptors in the intestine.
Although these PG receptor families are deserving of
attention, this particular review is restricted to a summary
of current knowledge on the expression and function of
EP receptor subtypes, as this class of receptors has been
studied most intensely, given that PGE2 is established as
the predominant PG present in colorectal tumors.

PGE2 Is the Predominant PGduringColorectal
Carcinogenesis
Although PGE2 is widely considered to be the most important
PG species with regard to colorectal carcinogenesis, there are
surprisingly little comparative data on tissue levels of dif-
ferent PGs in human and rodent intestinal tumors. This
is perhaps related to the difficulty in measuring true steady-
state mucosal PG levels following the tissue disruption
necessary for tissue procurement. This is important when
considering the relevance of the effects of different concen-
trations of PGE2 in in vitro experiments. PGE2 has been re-
ported to be the predominant PG product of ex vivo COX
biosynthesis in normal human colonic mucosal homogen-
ates (10). Moreover, levels of PGE2 have been noted to be
higher than those of other measured PGs such as PGD2 and
PGI2 (measured as its breakdown product 6-keto-PGF1a) in
human colorectal adenomas and adenocarcinomas (11, 12).
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A larger body of evidence exists that PGE2 levels are
increased in neoplastic colorectal lesions compared with
normal mucosa. Several studies, using different methodol-
ogies for measurement of tissue PGE2 content, have shown
that PGE2 levels are significantly increased in benign
and malignant human and rodent colorectal tumors com-
pared with paired histologically normal colorectal mucosa
(11–15). Increased PGE2 levels are apparent in benign
adenomas as well as in established adenocarcinomas,
although whether there is a quantitative increase in PGE2

content during adenoma-carcinoma progression requires
further investigation (13). The PGE2 level increases in a
size-dependent manner in colorectal adenomas in familial
adenomatous polyposis patients (11). The PGE2 content of
venous blood draining from human colorectal cancers
also increases as the tumor size increases (16). In both
dimethylhydrazine-induced and ApcMin/+ mouse models
of intestinal tumorigenesis, PGE2 levels have been noted to
be higher in macroscopically normal intestinal mucosa
compared with mucosa from untreated or wild-type
animals (17, 18). These findings have been mirrored in
one human study, in which ex vivo PGE2 synthesis by
histologically normal mucosa from patients with a colorec-
tal cancer was significantly higher than that of colorectal
mucosa from control patients (13).

PGE2 ProductionbyHumanColorectal Cancer
Cells In vitro
There is also a paucity of data on relative PG production by
cultured malignant colorectal epithelial cells in vitro . In
general, PGE2 has been used as a ‘‘readout’’ of COX activity

in colorectal epithelial cells without detailed analysis of
synthesis of other PGs. The small amount of comparative
data that exist is in keeping with the data from tissue
analysis of PGE2 levels, in that PGE2 also seems to be a
major PG exported from cultured colorectal cancer cells
[e.g., HCA-7 and Caco-2 cells (19–21)], although there are
cell line–specific differences in the relative production of
individual PGs (19, 21). PG production and release from
human colorectal epithelial cells cannot be inferred
from levels of cellular COX expression (20, 21). For
example, HT-29 human colorectal cancer cells constitutive-
ly express COX-2 but do not synthesize detectable levels of
PGE2 (20). However, transfection of the HT-29 COX-2 gene
into HCT116 human colorectal cancer cells promoted PGE2

synthesis, implying that another factor intrinsic to HT-29
cells controls PGE2 synthesis and/or export in this
particular cell line (20).

It has also become clear recently that the stromal cell
population in tumors is also capable of significant PG
synthesis. For example, isolated fibroblasts from hereditary
nonpolyposis colorectal cancer tumors produce large
quantities of PGI2, which has antiapoptotic activity on
cocultured HCA-7 human colorectal cancer cells (22), and
ex vivo tumor-associated macrophages from human colo-
rectal cancers produce significant levels of PGE2 (23).

EPReceptors
PGE2 is the ligand for four EP receptor subtypes termed
EP1 to EP4, which are the products of separate genes
(Table 1; ref. 24). In addition, multiple splice variants of EP3
are recognized (3, 24). The known physiologic roles of the
EP receptors in the GI tract are summarized in Table 1 (25
(25–30). Understanding of the pharmacology and phys-
iologic roles of each of the EP receptors has been
enhanced greatly by derivation of individual EP receptor
‘‘knockout’’ mouse models, data from which have
recently been reviewed extensively elsewhere (31, 32).
Detailed discussion of the physiology of PGE2 and EP
receptor signaling is beyond the scope of this review
but has recently been summarized in a series of articles
(33–36). In general, knowledge of the roles of each of
the EP receptor subtypes has lagged behind understand-
ing of the effects of PGE2 on GI physiology.

EP receptors are all cell surface, seven-transmembrane
domain, rhodopsin-type G protein – coupled receptors
(3, 24). There is also some evidence that EP receptors
(particularly EP1) can localize to the nuclear membrane
in cultured endothelial cells (37). EP receptors are highly
conserved between mammalian species (24). However,
there are significant differences in the structure and
pharmacology of the EP receptor subtypes within species
(Table 1). EP1 signaling is coupled to phospholipase
C/inositol trisphosphate signaling, leading to mobilization
of intracellular calcium, whereas EP2 and EP4 receptor
signaling generates increased intracellular cyclic AMP
(cAMP) levels via coupling to Gs proteins. EP3 has
generally been considered to couple to a Gi protein lead-
ing to reduction in intracellular cAMP levels. However,

Figure 1. The five main PG species produced from the PG synthesis
pathway with their cognate cell surface receptors. Plasma membrane-
derived arachidonic acid, which is produced by phospholipase A2, is
converted by either of the two COX isoforms (COX-1 or COX-2) into PGH2.
Subsequently, PGH2 is converted to a series of PG end products by specific
PG synthases (e.g., PGE synthase). There are at least three PGE synthase
isoforms (cytosolic PGE synthase and microsomal PGE synthase-1 and
PGE synthase-2) that couple functionally to individual upstream COX
isoforms (3). For example, inducible microsomal PGE synthase-1 prefer-
entially uses PGH2 from the inducible isoform of COX (COX-2). PGs act in
an autocrine and/or paracrine manner via individual families of cell surface,
seven-transmembrane domain, G protein–coupled receptors. For example,
PGE2 acts via a family of four EP receptors termed EP1 to EP4 (3).
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activation of at least one EP3 splice variant leads to
increased cAMP levels, suggesting functional coupling to
a Gs protein (38). In keeping with data on other G protein–
coupled receptors, there may be plasticity of EP receptor
signaling such that PGE2 binding and G protein coupling to
individual EP receptors may alter depending on the local
PGE2 concentration and other cell-specific and tissue-
specific factors (39).

Recently, EP2 and EP4 receptor activation has been
linked to increased h-catenin/T-cell factor transcriptional
activity in human embryonic kidney cells via phosphoryl-
ation and hence inhibition of glycogen synthase kinase-3
(GSK-3; refs. 40, 41). Increased h-catenin/T-cell factor
transcription secondary to loss of adenomatous polyposis coli
(APC) tumor suppressor gene function is a pivotal event
that commonly initiates colorectal carcinogenesis (42).
However, the relevance of EP2/EP4 receptor–induced h-
catenin up-regulation in colorectal epithelial cells, which
already contain only mutant APC , remains to be deter-
mined. EP2 inhibits GSK-3 predominantly via a protein
kinase A–dependent mechanism, whereas EP4 preferen-
tially uses a phosphatidylinositol 3-kinase –dependent
pathway, involving AKT/protein kinase B, which also
drives activation of extracellular signal-related kinase
(ERK) signaling (40, 43). It is currently unclear whether
EP4 receptor activation is directly linked to the phospha-
tidylinositol 3-kinase pathway or whether this activity is
mediated by activation of a receptor tyrosine kinase such
as the epidermal growth factor receptor (EGFR). Recently,
PGE2 has been implicated in EGFR activation (either by
direct intracellular receptor tyrosine kinase phosphoryl-
ation or via extracellular release of a membrane-bound
EGFR ligand such as heparin-binding epidermal growth
factor) in human colorectal cancer cells in vitro , although
no EP receptor subtype was implicated in these studies
(44, 45). PGE2 has also been reported to induce expression
of the EGFR ligand amphiregulin in LS174T human colo-
rectal cancer cells via a protein kinase A–dependent mech-
anism (46), thus providing another mechanistic link
between the PG pathway and EGFR signaling in vitro .
EP1 receptor signaling has also recently been implicated
in up-regulation of vascular endothelial cell growth factor

(VEGF) production by HCT116 human colorectal cancer
cells via ERK signaling (47). Current knowledge of the re-
lationship between EP receptor signaling events and other
signal transduction pathways is summarized in Fig. 2.

The Effect of PGE2 on Colorectal Epithelial
Cells In vitro
There are rather contradictory reports of the effect of PGE2

and individual EP receptor agonists on intestinal epithelial
cell proliferation and apoptosis, which are likely to ref-
lect cell line–specific differences in EP receptor expres-
sion and use of different proliferation and apoptosis
assays. These studies have generally employed micromolar

Table 1. EP receptor signaling pathways and cellular localization in the normal large intestine

Receptor Second Messenger Signal Tissue Localization Physiologic Role in the GI Tract

EP1* Phospholipase C/inositol
trisphosphate

Epithelium (H), epithelium,c glial cells,
and longitudinal muscle (R)

GI tract motility (R)

EP2 Increased cAMP Epitheliumc (R) Chloride secretion (H)
EP3b Decreased cAMP Epithelium (H), epithelium,c glial cells,

and longitudinal muscle (R)
Duodenal bicarbonate secretion (M) and

GI tract motility (R)
EP4 Increased cAMP Epithelium and lamina propria cells (H),

and epitheliumc (M and R)
Gastric mucus production (R) and

chloride secretion (H)

NOTE: H, human (25 –27); M, mouse (28); and R, rat (29, 30).
*There are two human EP1 splice variants.
cmRNAs for all four EP receptors are strongly expressed by goblet cells in rat colonic epithelium (29).
bThere are eight human EP3 splice variants; at least one of which mediates an increase in intracellular cAMP levels via Gs. Activation of at least two EP3 isoforms also leads to
increased inositol trisphosphate levels via Gq.

Figure 2. The relationship between EP receptor (EP ) activation by PGE2
and other signal transduction pathways. Signaling through EP2 leads to
GSK-3 phosphorylation via a protein kinase A–dependent mechanism (A ).
EP4 receptor activation also leads to GSK-3 phosphorylation, but this
occurs via a mechanism involving phosphatidylinositol 3-kinase and AKT
(B ). GSK-3 inactivation by EP2 and EP4 signaling in human embryonic
kidney cells has been shown to lead to increased transcriptional activity
of h-catenin, presumably via an increase in h-catenin protein levels,
consequent on reduced h-catenin phosphorylation by GSK-3. EP4 receptor
signaling also leads to ERK signaling. EP1 receptor signaling can also
activate ERK signaling in human colorectal cancer cells. Whether activation
of phosphatidylinositol 3-kinase and ERK signaling occurs directly from EP
receptors or indirectly through a mechanism that could involve intracellular
(C1 ) or extracellular (C2) EGFR activation is currently unknown. Abbrevia-
tions: (-), inhibition; EGR , early growth response factor.
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concentrations of PGE2. Qiao et al. (48) have described dose-
dependent and time-dependent proliferative activity of
PGE2 and its stable analogue 16,16-dimethyl-PGE2

(dmPGE2) on HT-29 and SW1116 human colorectal cancer
cells. Interestingly, there was a ‘‘bell-shaped’’ dose-response
relationship for SW1116 cells suggesting differential activa-
tion of EP receptors at different PGE2 concentrations (this
phenomenon has also been reported following treatment of
HT-29 human colorectal cancer cells with PGE1; ref. 49).
However, PGE2 had no effect on apoptosis in this study. By
contrast, another study failed to show any effect of similar
concentrations of PGE2 on proliferation of HT-29 cells and
could not detect changes in either intracellular cAMP or
calcium concentrations (50). Similar findings were reported
by Parker et al. (21) who found that PGE2 did not alter
human colorectal cancer cell (including HT-29 as well as
SW480, SW848, and Caco-2 cell lines) proliferation until
antiproliferative effects became apparent at concentrations
above 20 Amol/L. The HT-29 human colorectal cancer cell
line consists of a heterogeneous population of colorectal
epithelial cells including cells with goblet cell and absorptive
cell phenotypes (51). Differences in EP receptor expression
between subpopulations of cells in HT-29 cell cultures could
explain discrepant data from investigators using different
HT-29 cell cultures. For example, dmPGE2 promotes prolif-
eration of a mucus-secreting HT-29 human colorectal cancer
goblet cell clone (52). Growth stimulatory activity of PGE2

has also been described in LS174T and HCA-7 human
colorectal cancer cells (53, 54), but antiproliferative activity
against HCT116 human colorectal cancer cells has been
noted in the same study (54). PGE2 also inhibits apoptosis
of HCA-7 human colorectal cancer cells, which is associated
with increased BCL-2 protein expression (54). The human
small intestinal epithelial cell line T84 is also protected
by PGE2 from apoptosis induced by staurosporine or anti-
FAS antibody (55). However, PGE2 alone has been reported
to have no effect on nontransformed rat IEC-6 intestinal
epithelial cells (56, 57).

PGE2 has also been shown to have other effects on
colorectal epithelial cells, which may be associated with
growth modulation. Mucin release is increased by PGE2

administration to LS174T and HT-29-18N2 human colo-
rectal cancer cells (52, 58), and T84 cell barrier function is

enhanced by PGE2 (25). Sheng et al. (53) have described
an increase in motility and invasive behavior of LS174T
human colorectal cancer cells by nanomolar concentrations
of PGE2.

Many studies have attempted to investigate the role of
endogenously produced PGE2 in colorectal epithelial cells
using COX inhibitors [including nonsteroidal anti-inflam-
matory drugs (NSAID)], but analysis of the role of PGE2 in
these experiments is difficult because of potential concom-
itant changes in levels of non-E-type PGs and the existence
of possible COX-independent mechanisms of action of
NSAIDs (59).

Only a subset of the in vitro studies on colorectal
epithelial cells have contained experiments that implicate
particular EP receptors in the bioactivity of PGE2. Some
studies have implicated EP2 and/or EP4 signaling based on
increased cAMP levels (25, 55). Other studies have used EP
receptor agonists to implicate EP4 receptor signaling in
promotion of a protumorigenic phenotype and mucin
release in LS174T human colorectal cancer cells (53, 58).
EP1 receptor signaling seems to be necessary for stimula-
tion of VEGF production (and by inference, proangiogenic
behavior) by PGE2 in HCT116 human colorectal cancer
cells (47).

The Effect of PGE2 on Colorectal Epithelial
Cell Proliferation and Intestinal Tumorigenesis
In vivo
Administration of dmPGE2 to normal BALB/c mice for
15 days has been reported to increase mouse colonocyte
proliferation (measured by flow cytometric proliferating
cell nuclear antigen expression by isolated colonocytes; ref.
48). However, in other experimental settings, PGE2 ana-
logues seem to be mitotically inactive (60, 61). There have
been several studies in which NSAIDs such as indometh-
acin have been used to infer the activity of endogenous
PGE2 on intestinal epithelial turnover in vivo (62). How-
ever, it is difficult to draw conclusions regarding the role
of PGE2 from these studies for the reasons outlined above.

In keeping with the general theme that the effect of PGE2

on GI epithelial cells is context dependent, data that have
emerged from the use of rodent intestinal tumorigenesis

Table 2. The effect of PGE2 and PGE2 analogues on rodent intestinal tumorigenesis

Model PGE2 Analogue EP Receptor
Activity

Weekly
Dose* (Ag)

Duration (wk) % Untreated
Tumor Number

Change in
Tumor Size

ApcMin/+ mouse (63) dmPGE2 + 17-phenyl-
trinor-PGE2

EP2–EP4 180 1c 83 #

EP1, EP3 180
ApcMin/+ mouse (65) dmPGE2 EP2–EP4 0.03 7 f50 #
Rat azoxymethane-induced

colon carcinogenesis (64)
PGE2

b EP1–EP4 100 25 280 "

*All dosings were by i.p. injection apart from the study by Hansen-Petrik et al. (63), in which 10 Ag of each analogue were given by daily gavage.
c6 days.
bPGE2 h-cyclodextrin clathrate.
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models have not been consistent (Table 2). PGE2 analogues
have been shown to reverse abrogation of tumor growth
by the NSAID sulindac in the ApcMin/+ mouse model of
familial adenomatous polyposis (63), and reduction of
systemic PGE2 availability using a neutralizing anti-PGE2

antibody decreases tumor multiplicity in this model (63).
Others have reported that i.p. administration of PGE2

promotes azoxymethane-induced colonic tumors (Table 2;
ref. 64). However, data exist that challenge the idea that
PGE2 is the main COX-derived PG species responsible for
protumorigenic activity in the ApcMin/+ mouse model
(Table 2). Two independent groups have reported that
i.p. administration of the PGE2 analogue dmPGE2 alone
(65) or in combination with 17-phenyl-trinor-PGE2 (63) is
associated with a reduction in the number and size of
ApcMin/+ mouse adenomas (Table 2). Possible explanations
for discrepancies in these data include the use of PGE2

analogues with differing EP receptor specificity (Table 2). It
should also be noted that the majority of adenomas occur in
the small intestine (not the colon) of the ApcMin/+ mouse,
and possible tissue-specific differences in EP function
during intestinal tumorigenesis between the mouse small
intestine and colon (see below) should be taken into
consideration. The use of the i.p. route of administration
of PGE2 means that systemic activity of PGE2, which could
affect intestinal tumorigenesis (by alteration of mesen-
teric blood flow, for example), cannot be ruled out in the
above studies.

Expression of Individual EPReceptor Isoforms
in Normal Large Intestine andduring Intestinal
Tumorigenesis
The majority of studies of intestinal EP receptors have
investigated expression at the mRNA level [by reverse
transcription-PCR (RT-PCR) or in situ hybridization] due
to the lack of well-characterized antibodies to EP receptors.
Antibody characterization has been hampered by the dis-
covery of different molecular weight forms of EP receptors
(e.g., EP4) in different tissues, which may be explained
by differential glycosylation (66). Data on localization of
EP receptors EP1 to EP4 in rodent and human intestine are
summarized in Table 1 (25–30). In summary, each of the
EP receptor subtypes has been localized to epithelial cells,
particularly mucus-producing goblet cells (29). In addition,
expression of EP1 and EP3 receptors is prominent in lon-
gitudinal muscle and nerve plexuses. It is important to note
that colorectal epithelial cells have been noted to have
more prominent EP receptor expression than small intes-
tine (28, 29), which is likely to be relevant to interpretation
of data from different rodent tumorigenesis models.

RT-PCR analysis of murine colorectal mucosal mRNA
has revealed an increase in EP1, EP2, and EP4 receptor
mRNAs in azoxymethane-induced colorectal cancer tissue
compared with adjacent macroscopically normal mucosa
(64, 67). EP2 and EP4 mRNA levels are also increased
in ApcD716 mouse small intestinal and colonic polyps (68).
This study also reported that EP3 mRNA levels were

lower in polyps than macroscopically normal mucosa (68).
In situ hybridization for EP2 receptor mRNA showed that
transcripts for this receptor were predominantly localized
to stromal cells within intestinal adenomas of ApcD716

mice compared with the epithelial cell compartment of
these tumors in which only a faint signal was detected (68).

Surprisingly, no studies of EP receptor expression in
human colorectal neoplasms have been published to date.
However, Roche et al. have studied EP receptor expression
in human colorectal mucosa involved by ulcerative colitis,
which predisposes affected individuals to colorectal cancer
development (25, 26). In active ulcerative colitis, EP4 re-
ceptor expression is increased by lamina propria T lym-
phocytes, and increased levels of EP2 and EP3 receptors
are apparent in epithelial cells (25, 26). Although it is
well established that PGE2 levels are significantly increased
in active ulcerative colitis (69), the roles of PGE2 and indi-
vidual EP receptors in the pathogenesis of ulcerative colitis
remain unknown (36).

The Role of Individual EP Receptor Isoforms
during IntestinalTumorigenesis
Several studies have now been published (70–78), which
have explored the role of individual EP receptor subtypes
during intestinal tumorigenesis using genetic deletion and
pharmacologic manipulation of EP receptors (Table 3). EP1,
EP2, and EP4 receptor signaling have all been implicated
in intestinal tumorigenesis in different rodent models
(Table 3). By contrast, EP3 receptor ‘‘knockout’’ does not
seem to impact on intestinal tumorigenesis (Table 3).
Genetic deletion or inhibition of a single EP receptor has
consistently been shown to reduce intestinal adenoma or
aberrant crypt focus (ACF) development by 40% to 60%.
This compares with an 80% to 90% reduction in neoplasia
in the same models associated with genetic deletion of
either COX isoform (particularly COX-2). Therefore, these
data suggest that more than one EP receptor subtype is
involved in intestinal tumorigenesis in these models and/
or that other PGs (acting via alternative PG receptors) may
contribute to the promotion of tumorigenesis by COX. A
recently published study of the concurrent use of EP1 and
EP4 antagonists in the Apc1309 mouse model of familial
adenomatous polyposis is consistent with this concept, in
that the effects of the two inhibitors were additive
and produced a polyp number 44% of untreated control
animals (79). In a similar pattern to previous reports (67, 70),
treatment with the EP1 antagonist was associated with a
prominent reduction in polyp number, whereas a reduction
in tumor size was linked to EP4 antagonism (79). This
suggests that different EP receptors may have roles at
different stages (initiation versus progression) of intestinal
tumorigenesis.

It should again be remembered that adenomas in
ApcMin/+ , ApcD716 , and Apc1309 mouse models occur pre-
dominantly in the small intestine and that the relevance of
chemically induced ACFs to sporadic colorectal carcino-
genesis remains unclear (80). Therefore, the relevance of
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these rodent data to human colorectal cancer development
is uncertain. Advances in the field of EP receptor signaling
during human colorectal carcinogenesis will only follow
careful delineation of EP receptor subtype localization and
levels at different stages of cancer development [i.e.,
adenoma (polyp) versus cancer] in parallel with in vitro
studies of EP receptor function in epithelial and stromal
cells derived from human colorectal tumors.

Two carefully performed studies have also implicated a
role for individual EP receptor subtypes in other solid

tumor models in mice (81, 82). EP3 (and to a lesser extent
EP2) has been implicated in tumor-associated angiogen-
esis in sarcoma-180 and sponge implantation models via
stromal fibroblast VEGF production (81). This highlights
the potential tissue and model specificity of EP receptor
PGE2 signaling that is becoming apparent, as EP3 is the
one EP receptor subtype that has consistently not been
implicated in the studies using intestinal tumorigenesis
models (Table 3). By contrast, in polyps of the ApcD716

model, stromal cell PGE2-EP2 receptor signaling has been

Table 3. The number of colonic ACF or intestinal polyps in mouse models of intestinal tumorigenesis following either genetic deletion or
pharmacologic inhibition of EP receptor subtypes or COX isoforms

Receptor Azoxymethane-Induced
ACF Development*

ApcMin/+ Mouse
Polyposisc

ApcD716 Mouse
Polyposisc

EP1 65% (GD; ref. 70) 56% (P; ref. 70) No difference (GD; ref. 68)
65% (P; refs. 70, 71) No D polyp size

EP2 ND ND 58% (GD; ref. 68)
EP3 No difference (GD; ref. 67) ND No difference (GD; ref. 68)
EP4 56% (GD; ref. 67) 69% (P; ref. 67) No difference (EP4+/� only; ref. 68)

67% (P; ref. 67) Polyp size decreased
COX-1 60% (P; ref. 72) 23% (GD; ref. 5) 59%b (P; ref. 72)
COX-2 63% (P; ref. 73) 16% (GD; ref. 5) 14% (GD; ref. 76)

3%x (P; ref. 74) 29% (P; ref. 75) 45% (P; refs. 77, 78)
Anti-PGE2 antibody ND 67% (63) ND

No D polyp size

NOTE: ND, not determined.
*Azoxymethane-induced ACF number following either genetic deletion (GD) or pharmacologic inhibition (P) as a percentage of wild-type or control ACF multiplicity.
cPolyp (or adenoma) number following either genetic deletion (GD) or pharmacologic inhibition (P) as a percentage of wild-type or control polyp multiplicity. D, change.
bThe Apc1309 mouse model of familial adenomatous polyposis was used in this study.
xPercentage of azoxymethane-induced tumor (not ACF) multiplicity in untreated rats.

Figure 3. PGE2-EP receptor signaling during intestinal tumorigenesis. PGE2 (derived fromCOX-1-mediated and/or COX-2-mediated PG synthesis pathways) can
act in an autocrine and/or paracrinemanner in stromal and epithelial cell compartments of tumors. It is unclearwhat the contribution is of each cellular compartment
toPGE2bioactivity in colorectal neoplasms.Currently, evidence isperhapsstrongest for a role for stromal cell (fibroblast and/ormacrophage) EP receptor (subtypes2
and 3) signaling in promotion of angiogenesis (A) and impairment of host immune antitumor surveillance (B). PGE2 also contributes to T-lymphocyte development
(87) and a switch from a Th1 to Th2 predominant immune response (88). It is unknown whether endothelial cells express EP receptors and so whether PGE2 has
direct activity on the vasculature. At least part of the angiogenic activity of COX-2 is believed to be mediated by increased expression of the proangiogenic factor
VEGF. Direct PGE2-EP receptor signaling (subtypes 2 and 4) in epithelial cells is also likely to be important in intestinal neoplasms in vivo (C).
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associated with increased microvessel number and VEGF
expression (83). The concept of tissue heterogeneity in EP
receptor function is further strengthened by data from
other solid tumor transplantation models (including the
MC26 mouse colorectal cancer cell model), in which EP2
has not been implicated in angiogenesis (82). Instead, this
study provided evidence for a role for PGE2-EP2 receptor
signaling in tumor-associated inhibition of dendritic cell
differentiation and function, thereby leading to impairment
of host immune antitumor surveillance (82).

Therefore, the weight of the current evidence for EP
receptor signaling in different tumorigenesis models would
suggest a significant role for the stromal cell (rather than
tumor cell) component of neoplasms, including proangio-
genic effects and subversion of the host immune response
(Fig. 3; refs. 84–88). The potential contribution of autocrine
and/or paracrine PGE2-EP receptor signaling between
tumor cells and between stromal and tumor cells has yet
to be investigated thoroughly (Fig. 3). However, it is inter-
esting to note that stromal cell COX-2 drives epithelial cell
proliferation in ApcD716 mouse polyps (68) and protumori-
genic behavior of intestinal epithelial cells in vitro (56).
This evidence along with consistent EP receptor expression
by colorectal epithelial cells in vitro suggests that PGE2-EP
receptor signaling also contributes directly to epithelial
cell behavior, as well as angiogenesis and the immune
response, during intestinal tumorigenesis.

Therapeutic Implications of EP Receptor Sig-
naling forTreatment of GICancer
EP receptors represent ideal targets for pharmacologic
agents, and PGE2 analogues and synthetic drugs, which
can selectively activate or antagonize signaling from one
or more EP receptor subtypes, have now been developed
and used experimentally (31). As outlined above, some of
these agents have been shown to have antineoplastic activ-
ity, with no reported extraintestinal toxicity, in rodents
(67, 70, 71, 79). Pertinent to the suitability of these agents
for clinical trials in humans is the question of which EP
receptors mediate the various physiologic roles of PGE2

such as gastric mucosal protection and renal homeostasis.
Although a large literature exists on the pharmacologic
properties of PGE2 (in the presence or absence of NSAIDs)
on small intestinal permeability and protection as well as
on gastric mucosal defense, research into the role of indi-
vidual EP receptors in these processes is in its infancy
(33–36). One relevant study has implicated PGE2-EP3
(but not EP1) receptor signaling in duodenal bicarbonate
secretion and maintenance of mucosal integrity in studies
of EP receptor ‘‘knockout’’ mice (89). Potential physiologic
roles for EP receptors in vivo can also be hypothesized
from in vitro data. For example, the EP4 receptor mediates
mucus production and protects against apoptosis in colonic
and gastric epithelial cells (54, 58, 90). Therefore, antago-
nism of the EP4 receptor could promote mucosal injury
in vivo . The extent of EP receptor redundancy in individual
organs will govern whether individual EP receptor agonists
and antagonists have toxicity in humans.

Summary
A large body of evidence exists that the PG synthesis
pathway, via PGE2-EP receptor signaling, plays an impor-
tant role in colorectal carcinogenesis (Fig. 3). Available data
suggest that EP1, EP2, and EP4 receptors all play a role
in the early stages of intestinal tumorigenesis (ACF and
adenoma development). Other solid tumor models, which
perhaps have more relevance to established colorectal
cancer, have implicated EP3 and EP2 receptors in the host
angiogenic response. In keeping with the idea that there
may be redundancy of EP receptor signaling function and
that EP receptor function varies at distinct stages (e.g.,
initiation versus progression) of tumorigenesis, comparison
of the effects of single EP receptor and COX isoform gene
deletion suggests that antagonism at any one EP receptor
will not have the preventative efficacy of inhibition of
either or both COX enzymes. More research is now needed
to define the activity and toxicity of single/combination
EP receptor antagonists in preclinical models to prompt
phase I and II clinical evaluation of these agents. Drugs
targeting individual EP receptors may eventually find
a role as adjunctive therapy (with, for example, selective
COX-2 and/or PGE synthase inhibition) in defined groups
of patients with colorectal neoplasia.

References

1. Gupta RA, DuBois RN. Colorectal cancer prevention and treatment by
inhibition of cyclooxygenase-2. Nat Rev Cancer 2001;1:11–21.

2. Ota S, Bamba H, Kato A, Kawamoto C, Yoshida Y, Fujiwara K. COX-2,
prostanoids and colon cancer. Aliment Pharmacol Ther 2002;16 Suppl
2:102–6.

3. Funk CD. Prostaglandins and leukotrienes: advances in eicosanoid
biology. Science 2001;294:1871–5.

4. Gupta RA, DuBois RN. Controversy: PPARg as a target for treatment of
colorectal cancer. Am J Physiol Gastrointest Liver Physiol 2002;283:
G266–9.

5. Chulada PC, Thompson MB, Mahler JF, et al. Genetic disruption of
Ptgs-1, as well as of Ptgs-2, reduces intestinal tumorigenesis in Min mice.
Cancer Res 2000;60:4705–8.

6. Takeda H, Sonoshita M, Oshima H, et al. Cooperation of cyclo-
oxygenase 1 and cyclooxygenase 2 in intestinal polyposis. Cancer Res
2003;63:4872–7.

7. Chapple KS, Cartwright EJ, Hawcroft G, et al. Localization of
cyclooxygenase-2 in human sporadic colorectal adenomas. Am J Pathol
2000;156:545–53.

8. Hawkey CJ. Cyclooxygenase inhibition: between the devil and the
deep blue sea. Gut 2002;50 Suppl III:25–30.

9. Kamei D, Murakami M, Nakatani Y, Ishikawa Y, Ishii T, Kudo I. Potential
role of microsomal prostaglandin E synthase-1 in tumorigenesis. J Biol
Chem 2003;278:19396–405.

10. Boughton-Smith NK, Hawkey CJ, Whittle BJR. Biosynthesis of
lipoxygenase and cyclo-oxygenase products from [14C]-arachidonic acid
by human colonic mucosa. Gut 1983;24:1176–82.

11. Yang VW, Shields JM, Hamilton SR, et al. Size-dependent increase in
prostanoid levels in adenomas of patients with familial adenomatous
polyposis. Cancer Res 1998;58:1750–3.

12. Rigas B, Goldman IS, Levine L. Altered eicosanoid levels in human
colon cancer. J Lab Clin Med 1993;122:518–23.

13. Pugh S, Thomas GAO. Patients with adenomatous polyps and
carcinomas have increased colonic mucosal prostaglandin E2. Gut 1994;
35:675–8.

14. Reddy BS, Rao CV, Rivenson A, Kelloff G. Inhibitory effect of aspirin
on azoxymethane-induced colon carcinogenesis in F344 rats. Carcinogen-
esis 1993;14:1493–7.

Molecular Cancer Therapeutics 1037

Mol Cancer Ther 2004;3(8). August 2004

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/3/8/1031/1868539/1031-1039.pdf by guest on 24 August 2022



15. Chiu C-H, McEntee MF, Whelan J. Sulindac causes rapid regression of
preexisting tumors in Min/+ mice independent of prostaglandin biosyn-
thesis. Cancer Res 1997;57:4267–73.

16. Kubota Y, Sunouchi K, OnoM, Sawada T, Muto T. Local immunity and
metastasis of colorectal carcinoma. Dis Colon Rectum 1992;35:645–50.

17. Boolbol SK, Dannenberg AJ, Chadburn A, et al. Cyclooxygenase-2
overexpression and tumor formation are blocked by sulindac in a murine
model of familial adenomatous polyposis. Cancer Res 1996;56:2556–60.

18. Kettunen HL, Kettunen ASL, Rautonen NE. Intestinal immune
responses in wild-type and ApcMin/+ mouse, a model for colon cancer.
Cancer Res 2003;63:5136–42.

19. Coffey RJ, Hawkey CJ, Damstrup L, et al. Epidermal growth factor
receptor activation induces nuclear targeting of cyclooxygenase-2, baso-
lateral release of prostaglandins, and mitogenesis in polarizing colon
cancer cells. Proc Natl Acad Sci USA 1997;94:657–62.

20. His LC, Baek SJ, Eling TE. Lack of cyclooxygenase-2 activity in HT-29
human colorectal carcinoma cells. Exp Cell Res 2000;256:563–70.

21. Parker J, Kaplon MK, Alvarez CJ, Krishnaswamy G. Prostaglandin H
synthase expression is variable in human colorectal adenocarcinomas cell
lines. Exp Cell Res 1997;236:321–9.

22. Cutler NS, Graves-Deal R, LaFleur BJ, et al. Stromal production of
prostacyclin confers an antiapoptotic effect to colonic epithelial cells.
Cancer Res 2003;63:1748–51.

23. Maxwell WJ, Kelleher D, Keating JJ, et al. Enhanced secretion of
prostaglandin E2 by tissue-fixed macrophages in colonic carcinoma.
Digestion 1990;47:160–6.

24. Breyer MD, Breyer RM. Prostaglandin E receptors and the kidney. Am
J Physiol Renal Physiol 2000;279:F12–23.

25. Takafuji V, Cosme R, Lublin D, Lynch K, Roche JK. Prostanoid
receptors in intestinal epithelium: selective expression, function and
change with inflammation. Prostaglandins Leukot Essent Fatty Acids
2000;63:223–35.

26. Cosme R, Lublin D, Takafuji V, Lynch K, Roche JK. Prostanoids in
human colonic mucosa: effects of inflammation on PGE2 receptor
expression. Hum Immunol 2000;61:684–96.

27. Takafuji V, Lublin D, Lynch K, Roche JK. Mucosal prostanoid
receptors and synthesis in familial adenomatous polyposis. Histochem
Cell Biol 2001;116:171–81.

28. Morimoto K, Sugimoto Y, Katsuyama M, et al. Cellular localization of
mRNAs for prostaglandin E receptor subtypes in mouse gastrointestinal
tract. Am J Physiol Gastrointest Liver Physiol 1997;272:G681–7.

29. Northey A, Denis D, Cirino M, Metters KM, Nantel F. Cellular
distribution of prostanoid EP receptors mRNA in the rat gastrointestinal
tract. Prostaglandins Other Lipid Mediat 2000;62:145–56.

30. Ding M, Kinoshita Y, Kishi K, et al. Distribution of prostaglandin
E receptors in the rat gastrointestinal tract. Prostaglandins 1997;53:
199–216.

31. Narumiya S, Fitzgerald GA. Genetic and pharmacological analysis of
prostanoid receptor function. J Clin Invest 2001;108:25–30.

32. Kobayashi T, Narumiya S. Function of prostanoid receptors: studies on
knockout mice. Prostaglandins Other Lipid Mediat 2002;68–69:557–3.

33. Long JD, Orlando RC. Eicosanoids and the esophagus. Prostaglandins
Other Lipid Mediat 2000;61:91–104.

34. Atay S, Tarnawski AS, Dubois A. Eicosanoids and the stomach.
Prostaglandins Other Lipid Mediat 2000;61:105–24.

35. Mohajer B, Ma TY. Eicosanoids and the small intestine. Prostaglan-
dins Other Lipid Mediat 2000;61:125–43.

36. Krause W, DuBois RN. Eicosanoids and the large intestine. Prosta-
glandins Other Lipid Mediat 2000;61:145–61.

37. Bhattacharya M, Peri KG, Almazan G, et al. Nuclear localization of
prostaglandin E2 receptors. Proc Natl Acad Sci USA 1998;95:15792–7.

38. Namba T, Sugimoto Y, Negishi M, et al. Alternative splicing of C-
terminal tail of prostaglandin E receptor subtype EP3 determines G-protein
specificity. Nature 1993;365:166–70.

39. Hermans E. Biochemical and pharmacological control of the multi-
plicity of coupling at G-protein-coupled receptors. Pharmacol Ther 2003;
99:25–44.

40. Fujino H, West KA, Regan JW. Phosphorylation of glycogen synthase
kinase-3 and stimulation of T-cell factor signaling following activation of
EP2 and EP4 prostanoid receptors by prostaglandin E2. J Biol Chem 2002;
277:2614–9.

41. Regan JW. EP2 and EP4 prostanoid receptor signaling. Life Sci
2003;74:143–53.

42. Wong NACS, Pignatelli M. h-catenin—a linchpin in colorectal
carcinogenesis? Am J Pathol 2002;160:380–401.

43. Fujino H, Xu W, Regan JW. Prostaglandin E2 induced functional
expression of early growth response factor-1 by EP4, but not EP2,
prostanoid receptors via the phosphatidylinositol 3-kinase and extracellular
signal-regulated kinases. J Biol Chem 2003;278:12151–6.

44. Pai R, Soreghan B, Szabo IL, Pavelka M, Baatar D, Tarnawski AS.
Prostaglandin E2 transactivates EGF receptor: a novel mechanism for
promoting colon cancer growth and gastrointestinal hypertrophy. Nat Med
2002;8:289–93.

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

46. Shao J, Lee SB, Guo H, Evers BM, Sheng H. Prostaglandin E2
stimulates the growth of colon cancer cells via induction of amphiregulin.
Cancer Res 2003;63:5218–23.

47. Fukuda R, Kelly B, Semenza GL. Vascular endothelial growth factor
gene expression in colon cancer cells exposed to prostaglandin E2 is
mediated by hypoxia-inducible factor 1. Cancer Res 2003;63:2330–4.

48. Qiao L, Kozoni V, Tsioulias GJ, et al. Selected eicosanoids increase
the proliferation rate of human colon carcinoma cell lines and mouse
colonocytes in vivo. Biochim Biophys Acta 1995;1258:215–23.

49. Mengeaud V, Nano JL, Fournel S, Rampal P. Effects of eicosapentae-
noic acid, g-linolenic acid and prostaglandin E1 on three human colon
carcinoma cell lines. Prostaglandins Leukot Essent Fatty Acids 1992;
47:313–9.

50. Cassano G, Gasparre G, Susca F, Lippe C, Guanti G. Effect of
prostaglandin E2 on the proliferation, Ca2+ mobilization and cAMP in HT-
29 human colon adenocarcinomas cells. Cancer Lett 2000;152:217–22.

51. Lesuffleur T, Barbat A, Dussaulx E, Zweibaum A. Growth adaptation
to methotrexate of HT-29 human colon carcinoma cells is associated with
their ability to differentiate into columnar absorptive and mucus-secreting
cells. Cancer Res 1990;50:6334–43.

52. Phillips TE, Stanley CM, Wilson J. The effect of 16,16-dimethyl
prostaglandin E2 on proliferation of an intestinal goblet cell line and its
synthesis and secretion of mucin glycoproteins. Prostaglandins Leukot
Essent Fatty Acids 1993;48:423–8.

53. Sheng H, Shao J, Washington KM, DuBois RN. Prostaglandin E2
increases growth and motility of colorectal carcinoma cells. J Biol Chem
2001;276:18075–81.

54. Sheng H, Shao J, Morrow JD, Beauchamp RD, DuBois RN.
Modulation of apoptosis and Bcl-2 expression by prostaglandin E2 in
human colon cancer cells. Cancer Res 1998;58:362–6.

55. Nishihara H, Kizaka-Kondoh S, Insel PA, Eckmann L. Inhibition of
apoptosis in normal and transformed intestinal epithelial cells by cAMP
through induction of inhibitor of apoptosis protein (IAP)-2. Proc Natl Acad
Sci USA 2003;100:8921–6.

56. Ko SCW, Chapple KS, Hawcroft G, Coletta PL, Markham AF, Hull MA.
Paracrine cyclooxygenase-2-mediated signaling by macrophages pro-
motes tumorigenic progression of intestinal epithelial cells. Oncogene
2002;21:7175–86.

57. Stange EF, Schneider A, Preclik G, Ditschuneit H. Prostaglandins are
not involved in the differentiation or growth of cultured small intestinal
cells. Digestion 1986;35:217–23.

58. Belley A, Chadee K. Prostaglandin E2 stimulates rat and human
colonic mucin exocytosis via the EP4 receptor. Gastroenterology 1999;
117:1352–62.

59. Hwang DH, Fung V, Dannenberg AJ. National Cancer Institute
workshop on chemopreventative properties of nonsteroidal anti-inflam-
matory drugs: role of COX-dependent and -independent mechanisms.
Neoplasia 2002;4:91–7.

60. Tutton PJM, Barkla DH. Influence of prostaglandin analogues on
epithelial cell proliferation and xenograft growth. Br J Cancer 1988;41:
47–51.

61. Uribe A, Alam M, Midtvedt T. E2 prostaglandins modulate cell
proliferation in the small intestinal epithelium of the rat. Digestion 1992;
52:157–64.

62. Uribe A. Indomethacin accelerates clearance of labeled cells and
increases DNA synthesis in the gastrointestinal mucosa of the rat. Dig Dis
Sci 1992;37:403–8.

63. Hansen-Petrik MB, McEntee MF, Jull B, Shi H, Zemel MB, Whelan J.

Prostaglandin EP Receptors and Colorectal Cancer1038

Mol Cancer Ther 2004;3(8). August 2004

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/3/8/1031/1868539/1031-1039.pdf by guest on 24 August 2022



Prostaglandin E2 protects intestinal tumors from nonsteroidal anti-
inflammatory drug-induced regression in ApcMin/+ mice. Cancer Res 2002;
62:403–8.

64. Kawamori T, Uchiya N, Sugimura T, Wakabayashi K. Enhancement of
colon carcinogenesis by prostaglandin E2 administration. Carcinogenesis
2003;24:985–90.

65. Wilson JW, Potten CS. The effect of exogenous prostaglandin
administration on tumor size and yield in Min /+ mice. Cancer Res
2000;60:4645–53.

66. Morath R, Klein T, Seyberth HW, Nusing RM. Immunolocalization of
the four prostaglandin E2 receptor proteins EP1, EP2, EP3, and EP4 in
human kidney. J Am Soc Nephrol 1999;10:1851–60.

67. Mutoh M, Watanabe K, Kitamura T, et al. Involvement of prostaglan-
din E receptor subtype EP4 in colon carcinogenesis. Cancer Res 2002;
62:28–32.

68. Sonoshita M, Takaku K, Sasaki N, et al. Acceleration of intestinal
polyposis through prostaglandin receptor EP2 in ApcD716 knockout mice.
Nat Med 2001;7:1048–51.

69. Sharon P, Ligumsky M, Rachmilewitz D, Zor U. Role of prostaglandins
in ulcerative colitis. Enhanced production during active disease and
inhibition by sulfasalazine. Gastroenterology 1978;75:638–40.

70. Watanabe K, Kawamori T, Nakatsugi S, et al. Role of prostaglandin
E receptor subtype EP1 in colon carcinogenesis. Cancer Res 1999;59:
5093–6.

71. Watanabe K, Kawamori T, Nakatsugi S, et al. Inhibitory effect of a
prostaglandin E receptor subtype EP1 selective antagonist ONO-8713 on
development of azoxymethane-induced aberrant crypt foci in mice. Cancer
Lett 2000;156:57–61.

72. Kitamura T, Kawamori T, Uchiya N, et al. Inhibitory effects of
mofezolac, a cyclooxygenase-1 selective inhibitor, on intestinal carcino-
genesis. Carcinogenesis 2002;23:1463–6.

73. Kawamori T, Rao CV, Seibert K, Reddy BS. Chemopreventative
activity of celecoxib, a specific cyclooxygenase-2 inhibitor, against colon
carcinogenesis. Cancer Res 1998;58:409–12.

74. Fukutake M, Nakatsugi S, Isoi T, et al. Suppressive effects of
nimesulide, a selective inhibitor of cyclooxygenase-2, on azoxymethane-
induced colon carcinogenesis in mice. Carcinogenesis 1998;19:1939–42.

75. Jacoby RF, Seibert K, Cole CE, Kelloff G, Lubet RA. The cyclo-
oxygenase-2 inhibitor celecoxib is a potent preventive and therapeutic
agent in the Min mouse model of adenomatous polyposis. Cancer Res
2000;60:5040–4.

76. Oshima M, Dinchuk JE, Kargman SL, et al. Suppression of intestinal
polyposis in ApcD716 knockout mice by inhibition of cyclooxygenase 2
(COX-2). Cell 1996;87:803–9.

77. Oshima M, Murai N, Kargman S, et al. Chemoprevention of intestinal
polyposis in the ApcD716 mouse by rofecoxib, a specific cyclooxygenase-2
inhibitor. Cancer Res 2000;61:1733–40.

78. Sunayama K, Konno H, Nakamura T, et al. The role of cyclo-
oxygenase-2 (COX-2) in two different morphological stages of intestinal
polyps in APCD74 knockout mice. Carcinogenesis 2002;23:1351–9.

79. Kitamura T, Itoh M, Noda T, et al. Combined effects of prostaglandin
E receptor subtype EP1 and subtype EP4 antagonists on intestinal
tumorigenesis in adenomatous polyposis coli gene knockout mice. Cancer
Sci 2003;94:618–21.

80. Yamada Y, Yoshimi N, Hirose Y, et al. Frequent h-catenin gene
mutations and accumulations of the protein in the putative preneoplastic
lesions lacking macroscopic aberrant crypt foci appearance, in rat colon
carcinogenesis. Cancer Res 2000;60:3323–7.

81. Amano H, Hayashi I, Endo H, et al. Host prostaglandin E2-EP3
signaling regulates tumor-associated angiogenesis and tumor growth. J
Exp Med 2003;197:221–32.

82. Yang L, Yamagata N, Yadav R, et al. Cancer-associated immunode-
ficiency and dendritic cell abnormalities mediated by the prostaglandin EP2
receptor. J Clin Invest 2003;111:727–35.

83. Seno H, Oshima M, Ishikawa T, et al. Cyclooxygenase-2 and
prostaglandin E2 receptor EP2-dependent angiogenesis in ApcD716 mouse
intestinal polyps. Cancer Res 2002;62:506–11.

84. Majima M, Amano H, Hayashi I. Prostanoid receptor signaling relevant
to tumor growth and angiogenesis. Trends Pharmacol Sci 2003;24:
524–9.

85. Harris SG, Padilla J, Koumas L, Ray D, Phipps RP. Prostaglandins as
modulators of immunity. Trends Immunol 2002;23:144–50.

86. Narumiya S. Prostanoids in immunity: roles revealed by mice deficient
in their receptors. Life Sci 2003;74:391–5.

87. Rocca B, Spain L, Pure E, Patrono C, Fitzgerald GA. Distinct and
coordinated roles of prostaglandin H synthases 1 and 2 in T-cell develop-
ment. J Clin Invest 1999;103:1469–77.

88. Tilley SL, Coffman TM, Koller BH. Mixed messages: modulation of
inflammation and immune responses by prostaglandins and thrombox-
anes. J Clin Invest 2001;108:15–23.

89. Takeuchi K, Ukawa H, Kato S, et al. Impaired duodenal bicarbonate
secretion and mucosal integrity in mice lacking prostaglandin E-receptor
subtype EP3. Gastroenterology 1999;117:1128–35.

90. Hoshino T, Tsutsumi S, Tomisato W, Hwang H-J, Tsuchiya T,
Mizushima T. Prostaglandin E2 protects gastric mucosal cells from
apoptosis via EP2 and EP4 receptor activation. J Biol Chem 2003;278:
12752–8.

Molecular Cancer Therapeutics 1039

Mol Cancer Ther 2004;3(8). August 2004

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/3/8/1031/1868539/1031-1039.pdf by guest on 24 August 2022


