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Cyclooxygenases (COX) also known as prostaglandin (PG) synthases are found in two forms, COX-1 and
COX-2. While COX-1 is responsible for cytoprotective functions in a number of organs, COX-2, which is normally
absent at basal levels, is induced under certain conditions. Induction of COX-2 is found in many pathophysiological states including acute inflammation, arthritis, as well as in cancer and cancer-related angiogenesis. Overexpression
of COX-2 is sufficient to cause tumorigenesis in animal models and inhibition of COX-2 is sufficient to reduce
tumour incidence and progression. Availability of a mouse model in which the COX-2 gene is deleted has been
very useful in this regard and has provided compelling evidence that presence of COX-2 is essential for an
aggressive phenotype. Indeed, COX-2 may very well be a diagnostic marker for cancer and identification of
mechanisms that regulate its expression may help in designing new therapies for the treatment of cancer.
COX-2 mediated prostaglandin E2 is the primary mechanism of promoting cancer development in colon tissue. It
should be noted that there are other COX-2 mechanisms, independent of prostaglandins as well as other natural
prostaglandins such as 15-deoxy-prostaglandin J2 that also contribute to tumour development in other tissues.
However, in the current article, we will attempt to review the recent progress in understanding the role of
COX-2 dependent prostaglandin E2 in colon cancer and mechanisms that regulate COX-2 expression.
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Introduction
Colorectal cancer is the second leading cause of
cancer-related deaths in the western world. The
estimated number of new cases of colorectal cancer
in the United States for 2002 was 107,000, and
approximately 48,000 people would die from the
cancer or its complications (Society 2003). The
incidence in India had been very low in the past but
morerecently a rapid increase was projected due to
changing food habits to a more western style diet
(Mohandas 1999). Indeed, in the past, the Indian
diet comprised primarily of fruit and vegetables, and
included spices such as turmeric that contains the
active anti-cancer ingredient, curcumin (Rao et al.
1995a, 1995b, Reddy & Rao 2002). However, western
diets are high in fats and red meat and low in fibre,
a major risk factor for colon carcinogenesis
(Mohandas 1999). Other risk factors include age
(>50 years), gender (women > men) and lifestyle
such as alcohol abuse, smoking and sedentary habits
(DeCosse et al. 1993, Potter 1993, Potter et al. 1993,

Reddy 1988, Slattery et al. 1993, Slattery & Kerber
1993, Slattery & West 1993).
Colon cancer can be treated if identified early.
Colonoscopy screening can find polyps, and
removing these polyps at an early stage can prevent
cancer. Even if the patient had the polyp for a long
time that it may develop into a cancer,screening tests
can find these lesions early, greatly increasing
survival. Hence, regular colonoscopy is
recommended in the United States for those over
50 years of age (Trowbridge & Burt 2002, Walsh
& Terdiman 2003a, 2003b). However, the problem
with colon cancer is that in about 40% of the cases,
the cancer will come back within 3-5 years of
treatment (Topal et al. 1999). Cancer may recur in
the colon or rectum, or in another part of the body.
Recurrent colorectal cancer often is found in the
liver and/or lungs (Habal et al. 2000).
Colorectal cancers usually arise from the
progression from normal colonic mucosa to
adenomatous polyp to cancer (figure 1). Although
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the mechanisms are not fully understood, at least
five to seven major events occur in the
progression (figure 2). Two major pathways may
lead to cancer, chromosomal instability and
microsatellite instability (Fernebro et al. 2002,
Komarova et al. 2002). About 85% of colorectal
cancers are due to events that result in
chromosomal instability, and important genes
involved in this pathway are adenomatous
polyposis coli (APC, chromosome 5q), deleted in
colon cancer (DCC, 18q) and p53 (17p) (Vogelstein
& Kinzler 1993). The microsatellite instabilityrelated cancers are mainly due to defects in DNA
repair resulting from acquired or inherited
mutations in DNA repair-related proteins
(Lengauer et al. 1998, Kinzler & Vogelstein 1998).
One of the earliest events in cancer progression
Table 1.
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cancer. Mice carrying a mutation in one allele of the A P C
gene develop multiple adenomas in the intestine as shown
in the figure. Colon cancer begins with the development
of polyps, which are benign growths in the epithelium as
shown in the figure. Eventually the polyps get bigger and
nests of malignant cells appear within the polyps. Some of
these malignant cells will escape from the primary tumour
and metastasize throughout the body. Arrow denotes
presence of adenoma. B , Histological presentation of an
adenoma stained with hematoxylin and eosin. The
neoplastic gland is long and frond-like, and the growth is
primarily exophytic (outward into the lumen). Invasion of
the tumour into the subepithelial layer is not observed at
this point. Arrow denotes presence of adenoma.
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Figure 2. COX-2 overexpression in colon cancer. Genes
whose mutation results in loss (red) or gain (blue) of
function are shown above the schematic for progression of
a normal cell to a cancer cell. Mutation in one of the four
mismatch-repair genes would lead to a deficiency of
mismatch-repair proteins, resulting in microsatellite
instability. This in turn could result in mutations of genes
such as the adenomatous polyposis coli gene (APC) and
K-ras. However, mutation in the microsatellite instability
related genes could occur at anytime during the progression
of cancer phenotype. Genes whose overexpression (blue)
or underexpression (red) is associated with the progression
are shown below. COX-2 is one of the first genes that is
overexpressed and this can be observed even before any
gross phenotypical changes are observed.

is the loss of the APC gene (figure 2). APC, located
in chromosome 5q21, is considered a gatekeeper
and mutations in the gene result in loss of signal
transduction and cell adhesion (Spirio et al. 1993,
Brensinger et al. 1998, Pedemonte et al. 1998, Soravia
et al. 1998, Laken et al. 1999). APC binds to β-catenin
and targets it for ubiquitination-mediated degradation
in the cytoplasm of the epithelial cell. Loss of A P C
results in loss of this degradation event resulting in
excess accumulation of β-catenin, which in turn
translocates to the nucleus and transcriptionally
activates expression of genes essential for tumour
progression. Other genes that are consistently
observed to be mutated are p53 and K-ras (Iacopetta
2003a,b, Yamada et al. 2003, Zalewska & Tobi 2003).
However, mutations in these genes alone are not
the only cause of cancer. Overexpression and loss
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of gene expression by other mechanisms can also
lead to the cancer phenotype. Loss of transforming
growth factor-beta occurs late in cancer progression,
whereas induction of COX-2 occurs early and is
sustained throughout the cancer progression (Kim
& Kim 1996, Bellone et al. 2001a,b, Dimberg et al.
2001a,b, Fosslien 2001, Joo et al. 2002a,b).
Furthermore COX-2 levels may be increased at an
early stage in colorectal neoplasms during polyp
formation and before invasion suggesting even
when no other pathophsiological conditions are
observed implying that COX-2 may be a marker
for colon cancer progression (Williams et al. 1996).
COXs are the rate-limiting enzymes in
arachidonate metabolism. They catalyze the
conversion of arachidonic acid to PGH2,theprecursor
for PGs and thromboxanes (figure 3) (Williams et al.
1999a, 1999b). Two isoforms of this enzyme have been
identified, COX-1 and COX-2 (table 1). Both COX
enzymes are membrane bound. They are present on
the luminal surfaces on the endoplasmic reticulum as
well as the inner and outer membranes of the nuclear
envelope (Spencer et al. 1998). COX-1 and COX-2 have
structural similarities but they differ in their role in
tissue biology and disease progression. COX-1 is a
housekeeping gene that is constitutively expressed
in many tissues and plays a major role in tissue
homeostasis. On the other hand, COX-2, which
was discovered in 1991, is expressed at low levels

in some tissues such as the stomach, intestine and
kidney, but is highly induced by growth factors,
cytokines, and inflammatory agents (Williams et
al. 1999a). However, COX-2 expression levels may
be varied depending on the type of cancer. For
example one study determined that COX-2 levels
were lower in hereditary nonpolyposis colorectal
cancer (HNPCC) as compared to familial
adenomatous polyposis, and sporadic colorectal
cancers (Sinicrope et al. 2000). COX-2 is not only
over-expressed in colon tumours but also in other
neoplasias, for example mammary tumours,
neuroblastoma, prostate cancer, ovarian cancer and
melanoma (Denkert et al. 2001, Hoozemans et al.
2001a,b, Hayes & Rock 2002, Singh & Lucci 2002,
Hussain et al. 2003). Recent studies have
demonstrated a 40-50% reduction in colon
carcinoma incidence due to nonsteroidal anti
inflammatory drugs (NSAIDs) such as aspirin
(Fischman 2003, Friis et al. 2003). Furthermore,
deletion of the COX -2 gene in mice suggests that it
plays a major role in the development of intestinal
tumours (Chulada et al. 2000, Sasai et al. 2000,
Takaku et al. 2000). In the present article, we
provide an overview of how COX-2 functions both
at the cellular level and in relation to colon
carcinogenesis and describe our current
understanding of the mechanisms that regulate
COX-2 expression.
genase
5-Lipoxy
2,15)
(also 11,1

5-HPETE

Lipoxins

Arachidonic acid

Prostaglandin G2
se
tha
syn

Thromboxane B2

Prostaglandin H2

Prostaglandin E2

e
as
nth
sy

6-keto Prostaglandin F1α

synthase

isom
eras
e

Prostaglandin I2

Thromboxane A2

red
uct
ase

Prostaglandin D2

Prostaglandin F2α

Prostaglandin J2

Figure 3. Cyclooxygenases are rate-limiting enzymes in prostaglandin synthesis. Arachidonic acid is the major precursor
for eicosinoid hormones including prostaglandins. Cyclooxygenases (COX-1 and COX-2) catalyze the first step in the
process by generating PGH2 from arachidonic acid. Depending on the enzyme, namely synthase, reductase or
isomerase different PGs are produced. The chief PG in the intestinal tract is PGE2, which is generated by PGH2
isomerase. PGE2 enhances proliferation and inhibits apoptosis of colon cancers. However in other tissues PGJ2 also has
antimicrobial and antiproliferative effects. An alternative pathway for arachidonic acid metabolism is catalyzed by
5-lipoxygenase resulting in the eventual generation of lipoxins.
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Biosynthesis of Prostaglandins
Figure 3 depicts the multiple steps in the eicosanoid
biosynthesis pathway. PGs are cyclopentanoic acids
and the first step in the generation of PGs is the
liberation of arachidonic acid, a 20 carbon polyunsaturated fatty acid from membrane phospholipids by phospholipase A2 (Sharma 2002).
Alternatively, the phospholipids may be degraded to
diacylglycerol by phosphoinositol-specific
phospholipase C. The diacylglycerol is subsequently catabolized to arachidonic acid by diacylglycerol
lipase. The next step, which is the key step in the
biosynthesis pathway results in the conversion of
arachidonic acid to PGH2 by the COX enzymes or to
5-L-hydroperoxy-5,8,10,14-eicosatetraenoic acid
(5-HPETE) by lipoxygenase (figure 3). The
lipoxygenase related pathway results in the
production of hydroxy fatty acids, leukotrienes and
lipoxins. COX introduces two molecules of O2 into
arachidonic acid to form prostaglandin (PG)
endoperoxides, from which the eicosanoids PGE2,
P G D2, PGF2a, PGI2 and thrombo-xanes (Tx) A2 are
formed (Cook et al. 1993). These products have
distinct biologic function. The types and amounts
of PGs and thromboxanes are highly variable in
different cell types because of differences in the
distal synthases. The most important PG in the
gastrointestinal tract is PGE2 (Johansson & Bergstro m
1982, Wilson 1991, Eberhart & Dubois 1995).
PGE2 effectsare mediated by a family of G protein
coupled receptors, called EP1 to EP4 (Chiarugi et al.
1998, Breyer & Breyer 2000a, 2000b). The mechanism
by which PGE2 interacts with specific EPreceptor is
not clear. However, the downstream effect of the
interaction depends on the differential expression of
each EP subtype in the various tissues and cells
(figure 4). Functional studies on the EP receptors
have been performed using subtype specific
agonists/antagonists and mice lacking the different
receptors. Signalling through the EP1 receptors
usually results in increased intracellular Ca2+ levels
(figure 4) (Watabe et al. 1993). Activation of EP3results
in reduced cAMP levels, whereas EP2 and EP 4
signalling results in increased levels of cAMP (Anetal.
1993, Yang et al. 1994, Breyer et al. 1996a,b, Hatae et al.
2002a,b). Three of the EPreceptors, EP1, EP2 and EP4
have been demonstrated to play a major role in colon
carcinogenesis (Bamba et al. 2000, Ushikubi et al.
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Figure 4. Prostaglandin signals through the EP receptors.
Binding of PGE2 to one of the EP receptors (EP1 to EP4)
results in cellular changes causing either increased calcium
(EP1), or changes in cAMP (EP2 to EP4). Specifically,
signalling through either EP2 or EP4 results in increased
cAMP while that with EP3 results in decreases in cellular
cAMP levels. This eventually results in a cellular response
that may either be pro- or anti-proliferative, depending
on the status of the cell.

2000, Watanabe et al. 2000, Sonoshita et al. 2001,
Takafuji et al. 2001, Kawamori & Wakabayashi
2002, Mutoh et al. 2002). Furthermore, PGE2 was
observed to promote cell growth and motility
through EP2 and EP4 receptors by activation of the
protein kinase A and phosphotidylinositol 3-kinase
(PI3K)-protein kinase B (AKT/PKB) dependent
pathways, respectively (Fujino et al. 2002).

COX-2 in Tumours
Increased COX-2 expression occurs at every stage
of colon tumourigenesis, including the early stages
of adenoma formation (Hao et al. 1999, Fujita et al.
2000). In chemically-induced tumours in rodents,
such as treatment with azoxymethane (AOM), the
tumours demonstrate high levels of COX-2 (DuBois
et al. 1996). Furthermore, dietary fat induces
COX-2 expression and greater numbers of aberrant
crypts, while inhibition of COX-2 by chemical
inhibitors results in decreased aberrant crypts in
rats following AOM treatment (Reddy & Maeura,
1984, Reddy et al. 1985, 1987, Reddy & Maruyuma
1986, Singh et al. 1997a, b). Similarly, intestinal
tumours in APCmin/+ mice, the murine model for
familial polyposis syndrome demonstrate high
levels of COX-2 and treatment of these mice with
COX inhibitor, sulindac also demonstrated a
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reduction in intestinal polyps (Beazer-Barclay et al.
1996, Boolbol et al. 1996, DuBois et al. 1996, Chiu et
al. 1997). Definite proof that COX-2 overexpression
is essential for tumourigenesis came from studies
with mice genetically modified to lack COX-2 that
were crossed with APCmin/+ mice (Oshima et al. 1996,
Vane 1997, Chulada et al. 2000). These COX-2-/A P Cmin/+ mice demonstrated a significant reduction
in tumours (Oshima et al. 1996, Vane 1997,
Chulada et al. 2000). The mechanism responsible
for the increased level of COX-2 in the adenoma is
still not clear. Further studies have determined
the presence of both transcriptional and posttranscriptional mechanisms in inducing COX-2 gene
expression (discussed below). COX-1, which is
constitutively expressed in normal tissues, may also
affect tumorigenesis. Initial studies have demonstrated
that COX-1 is not upregulated in colorectal cancers
(Williams et al. 1999a). However, deletion of both
alleles of the COX-1 gene in APCmin/+ mice (COX-1/APC min/+) demonstrated reduced number of
intestinal tumours, similar to that observed with
COX-2, suggesting that COX-1 may also play a role
in adenoma formation in the murine intestine
(Chulada et al. 2000). While confirmation of the role
of COX-1 is awaited, its expression was not induced
in human colorectal tumors (Khan et al. 2001).
Chronic inflammation is a risk factor for
epithelial carcinogenesis. Examples of chronic
inflammation leading to cancer include gastric
adenocarcinomas following Helicobacter pylori
infection, hepatocellular carcinoma and hepatitis B
virus, colon carcinoma following chronic colonic
inflammation and finally bronchial adenocarcinoma
following asbestos-induced irritation (Ohshima &
Bartsch 1994, Park et al. 1998, Rosin et al. 1994, Blaser
2000, Schwartsburd 2003). During inflammation,
COX-2 is upregulated resulting in increased PGE2
synthesis. Colony stimulating factors released by
tumour cells also activate monocytes and
macrophages to synthesize PGE2, which in turn
inhibits the production of immune regulatory
lymphokines, T cell and B cell proliferation, and
the cytotoxic activity of natural killer cells
(Heidenreich et al. 1989a,b, Khan et al. 1990, Fu et al.
1991, Joshi et al. 2001, Fulton & Chong 1992).
Furthermore, PGE2 inhibits the production of
tumour necrosis factor alpha (TNF-α) and induces
the production of IL-10, an immunosuppressive
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cytokine (Kambayashi et al. 1995, Demeure et al.
1997, Takano et al. 1998). Recently, when APCmin/+
mice were treated with dextran sodium sulphate
they demonstrated that the germline mutation in
APC contributed significantly to the development
of colitis-associated neoplasia (Cooper et al. 2001).
Similarly, mice defective in mismatch repair also
developed colitis-induced neoplasia when treated
with dextran sodium sulphate (Kohonen-Corish
et al. 2002). Furthermore, colitis markedly
accelerated the development of colonic dysplasia
and cancer in these mice.

Prostaglandins R ole in T umorigenesis
Treatment of colon carcinoma cells with exogenous
P G E 2 leads to a significant reduction in the
percentage of cells undergoing apoptosis (Sheng
et al. 1998, Wilson & Potten 2000). It has been
proposed that this is due to induction of Bcl-2
expression, a protein that acts to stabilize
mitochondrial membrane integrity by preventing
cytochrome-c release (Kroemer et al. 1998, Susin
et al. 1998, Gottlieb 2000). Increased Bcl-2 results in
reduced caspase-3 and caspase-9 activation, thereby
contributing to inhibition of apoptosis (Susin et al. 1999,
Tinhofer et al. 2001). In addition, PGE2 treatment also
leads to marked activation of MAPK (Chen et al.
1999, Guan et al. 1999, Faour et al. 2001). Furthermore,
PGE2-mediated activation of MAPK is required for
induction of Bcl-2 expression (Sheng et al. 1998).
A big quagmire is in understanding the role of
EP2 and EP4 in the PGE2 signalling process in colon
cancer. Since signalling through either one results in
increased intracellular cAMP (Breyer et al. 1996a,
Hatae et al. 2002), it might be assumed that they have
similar activities. However,arecent report points to
potential differences in the signalling program
between EP2 and EP4receptors. While both receptors
activate T cell factor (TCF)/lymphoid enhancer
factor (LEF)-mediated transcriptional activation, this
occurs via different pathways. Activation of TCF/
LEF signalling by the EP2 receptor occurs through
the activation of a protein kinase-A dependent
pathway whereas EP4 receptors activate the
signalling mainly through the PI3K/AKT pathway
(Fujino et al. 2002). These data, while intriguing,
suggest that the cells have evolved to encode
independent mechanisms of turning on gene
expression in order to ensure that signalling
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functions occur. It remains to be seen, however,
whether this is restricted to only a subset of
pathways or whether it is a global phenomenon.

COX-2 and Angiogenesis
Prostaglandins exert their effects locally in both an
autocrine and a paracrine manner (figure 5). An
increase in tumour mass beyond 1-2mm in size must
be preceded by an increase in vascular supply to
deliver nutrients and oxygen to the tumour.
Angiogenesis is one of the important mechanisms
that support tumour development (Folkman 2002).
Studies of several tumour models revealed that
induction of angiogenesis is a discrete component
of the tumour phenotype, which is often activated
during the preneoplastic stages of the tumour.
Cancer-induced angiogenesis is the result of
increased expression of angiogenic factors, or
decreased expression of anti-angiogenic factors, or
a combination of both events (Strohmeyer 1999, St
Croix et al. 2000, de Fraipont et al. 2001, Fosslien
2001, Reinmuth et al. 2003). Early studies with chicken
embryos demonstrated that PGE2 might be a key
factor in various neovascular reactions (Form &
Auerbach 1983). Furthermore, none of the other
PGs, PGA 2, PGF2, or TXB 2 were found to be
angiogenic suggesting the specificity of PGE2 and its
signalling pathway is specifically involved in the
angiogenesis process (Form & Auerbach 1983).
COX-2 expression also correlates with both VEGF
expression and tumour vascularization of small
intestine and colon (Tsujii et al. 1998, Jones et al.
1999, Williams et al. 1999, Fosslien 2001, Oshima &
Taketo 2002). In fact, in colon cancer all three types
of cells, namely neoplastic cells, stromal fibroblasts,
and endothelial cells overexpress COX-2 resulting
in high levels of PGE2 (figure 5) (Tsujii et al. 1998,
Williams et al. 1999, Fosslien 2001, Walsh & Terdiman
2003). It also believed that overexpression of
COX-2, and thereby PGE2, in epithelial cells leads to
increased production of vascular growth factors and
the formation of capillary-like networks.
Furthermore, over-expression of COX-2 in colon
carcinoma cells stimulates endothelial motility and
tube formation through increased production of a
pro-angiogenic factor, which can be reversed by
inhibiting COX-2 activity (Gullino 1986, Gately 2000,
Li et al. 2002). COX-1 also plays a role in the
neovascularization process. Treatment of endothelial
cells with a non-specific COX inhibitor or antisense

Figure 5. COX-2 and angiogenesis. Overexpression of
COX-2 in a neoplastic cell results in increased PGs. The
PG can then induce COX-2 and other growth factors in the
neoplastic or fibroblast and endothelial cells in function in
an autocrine or paracrine fashion, respectively. The PG
can also induce VEGF in the neoplastic and fibroblast cells
which then bind to specific receptors in the endothelial cells
to induce neovascularization and increase permeability of
the neoplastic cells in the surrounding stroma.

oligonucleotide to COX-1 messenger RNA (mRNA)
inhibits COX-1 expression and activity, which in turn
results in suppression of vascular tube formation.
Thus, COX-1 and COX-2 may regulate colon
carcinoma induced angiogenesis by two
mechanisms; while COX-2 modulates production of
angiogenic factors by colon cancer cells, COX-1
regulates angiogenesis in endothelial cells (Tsujii
et al. 1998). When COX-2 expression is induced in
s
stromal cells surrounding a polyp, increased PGE2 i
generated and signals through the EP2 receptor
located on the membrane surface (Sonoshita et al.
2001). This results in elevated cAMP levels, which in
turn stimulates VEGF production, and thereby
promotes neovasculari-zation and tumour
angiogenesis (Sonoshita et al. 2001). Therefore, one
can speculate that COX-2 inhibitors and EP 2
antagonists might prove to be effective
chemotherapeutic agents in preventing tumour
angiogenesis.
The administration of sulindac, a non-selective
COX-2 inhibitor not only brings the levels of
COX-2 and PG formation to baseline but also
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restores normal levels of apoptosis (Boolbol et al.
1996). This was observed to be comparable to that
induced by cyclohexamide, a potent inducer of
apoptosis. While the mechanism is not completely
clear, it is believed that both non-specific (aspirin
or sulindac) and specific (celecoxib or rofecoxib)
nonspecific anti-inflammatory drugs (NSAIDs)
also induce neutral sphingomyelinase (figure 6).
This results in the conversion of sphingomyelin
into ceramide, a known mediator of apoptosis
(Chan et al. 1998). Ceramide can act on at least
two target molecules, a membrane-bound serine/
threonine kinase, referred to as CAP kinase
(ceramide-activated protein kinase) and a CAP
phosphotase, which is a serine/threonine protein
phosphotase (Story & Kodym 1998). Ceramide, via
CAP phosphotase activation or okadoic acid
activation downregulates c-myc by blocking
transcription elongation. Ceramide is also
indirectly responsible for the cleavage and
activation of a Ced-3/ICE-like cysteine protease
called CPP32 or caspase-3. Caspase-3 then cleaves
poly (ADP-ribose) polymerase (PARP) during
apoptosis. In addition, ceramide induces the
stress-activated protein kinase (SAPK/JNK)
pathway signalling but the role of SAPK/JNK in
apoptosis signalling is currently unknown (Story
& Kodym 1998).
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Figure 6. Mechanism of apoptosis by COX-2 inhibitors.
Inhibition of arachidonic acid conversion to PG by either
non-specific (sulindac or aspirin) or specific (celecoxib or
rofecoxib) NSAIDs results in the induction of sphingomyelinase. This results in the conversion of sphingomyelin
to ceramide-a potent mediator of apoptosis. The NSAIDs
may also exert their effect on apoptosis independent of
COX-2 inhibition by inducing NF-κB activation.

Regulation of COX-2 Expression

Transcription
The human COX-2 gene is localized in the long arm
of chromosome 1 at map position 25.2-25.3 (Kosaka
et al. 1994). The gene spans approximately 8 kb and
consists of 10 exons (figure 7) (Appleby et al. 1994,
Kosaka et al. 1994). Transcription initiation occurs 134
nt upstream of the translation initiation (ATG) codon
(Kosaka et al. 1994). The region within the 800 nt
upstream of the transcription start site contains a
canonical TATA box located 31 nt upstream of the
transcription start site, as well as response elements
for transcription factors SP1, AP2, NFκB, GATA-1 and
cAMP-response element binding protein, suggesting
that expression of this gene may involve the complex
interaction of various transcription enhancing factors
(Tazawa et al. 1994). The first 200 nt of the human
COX-2 promoter demonstrated ~65% homology with
both mouse and rat COX-2 promoter but no
homology to COX-1 promoter, suggesting that this

Figure 7. COX-2 gene. Schematic representation of the
human COX-2 gene. The exons are shown by a black box
and their sizes are indicated below. Location of the
transcription start site is depicted by an arro w. The 800 nt
region upstream of the transcription start site has been
expanded and the various transcription factor binding
sites that bind to this region and induce transcription
from the TA TA A box is shown. Use of different
polyadenylation sites in exon 10 results in the generation
of two distinct transcripts differing in the length of the
3’UTR. This results in varying amounts of mRNA stability
for the transcripts. Translation of either COX-2 mRNA
results in COX-2 protein production.

region is critical in regulating COX-2 expression
(Kosaka et al. 1994). Promoter analysis studies have
demonstrated that a 460 nt sequence upstream of
the transcription start site are sufficient to drive
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the expression of a luciferase gene in a human
vascular endothelial cell line (Tazawa et al. 1994).
COX-2 is also a target of NFκB and NF-IL6 in cells
in response to TNF-α, while dexamethasone
completely inhibited IL-1-induced COX-2 mRNA
expression (Geng et al. 1995, Crofford 1997, Berg
et al. 2000).
The 5’ flanking region of COX-2 gene has two
N FκB binding sites and a strong correlation between
COX-2 and NFκB expression was observed in
colorectal tumours (Charlambous et al. 2003). In
normal cells NFκB activity is mainly controlled at
the posttranscriptional level. It is silenced by
sequestration and degradation in the cytoplasm by
the inhibitory protein IκBα but migrates to the
nucleus following activation. Transient transfection
of the two NFκB subunits, p65 and p50 enhances
COX-2 promoter activity, an activity also seen when
cells were stimulated with phorbol ester TPA
(Kaltschmidt et al. 2002). However, in a murine
neuroblastoma cell line that has constitutively active
N FκB, COX-2 expression was not further induced
by TPA suggesting that TPA mediated activation
was through NFκB (Kaltschmidt et al. 2002). Bacterial
lipopolysaccharide (LPS) and interferon-γ (IFNγ) also
induce COX-2 expression by inducing IκB
degradation resulting in activation of NFκB as well
as by turning on interferon-regulatory-factor-1
(IRF-1) (Blanco et al. 2000, Berg et al. 2001, Zhang
et al. 2002). Furthermore, LPS was unable to induce
COX-2 in IRF-1 deficient mice suggesting that LPS
mediated induction of COX-2 is mediated by IRF-1
(Zhang et al. 2002). Collectively these data provide
a role for NFκB and IRF-1 in regulating COX-2 gene
transcription.
Tumour suppressor protein p53 is a transcription
factor that is important in the suppression of cellular
growth and transformation (Eliyahu et al. 1989,
Finlay et al. 1989, Baker 1990, Diller et al. 1990,
Agarwal et al. 1995, Ko & Prives 1996). p53 can either
increase or suppress the expression of a number of
target genes and it was observed to inhibit COX-2
gene transcription (Ginsberg et al. 1991, Seto et al.
1992, Mack et al. 1993, Ragimov et al. 1993, Deb et al.
1994, Ko et al. 1996, Werner et al. 1996, Subbaramiah
et al. 1999). p53 suppresses transcription from TATA
containing promoters probably by interacting with
components of the basal transcriptional machinery
(Ginsberg et al. 1991, Seto et al. 1992, Mack et al.
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1993). This may explain why COX-2 mRNA is not
detected in normal intestinal cells whereas it is
overexpressed in colon cancer cells, suggesting an
important link between p53 and cancer.
Morerecently, COX-2 was shown to be regulated
by the Wnt and ras pathways. Loss of functional A P C
in A P Cmin/+ mice activates Wnt signalling pathway
resulting in accumulation of β-catenin, which then
binds to TCF-4/LEF and turns on COX-2 (Araki et
al. 2003). Given that PGE2 induces TCF-4/LEF by
signalling through EP2 or EP4receptors, this implies
that a closed positive feedback occurs between PGE2
and COX-2 (Araki et al. 2003). Furthermore, PEA-3, a
transcription factor of the Ets family is upregulated
by Wnt and PEA-3 induces COX-2 expression (Howe
et al. 2001). Taken together, these data suggest that
multiple mechanisms may be in place for inducing
COX-2 expression, and this is dependent on the
inducer that is present near the target cell.

Post T
ranscriptional Control
Transcriptional
In addition to the extensive transcriptional
regulation, COX-2 is tightly regulated at the
posttranscriptional levels of mRNA stability and
translation. The first important point in this regard
is the presence of two distinct transcripts that differ
in the length of the 3’UTR (figure 7) (Ristimaki etal.
1996, Newton et al. 1997). This is the result of
alternative polyadenylation resulting in transcripts
of 2.8 and 4.6 kb, respectively. The major
difference in the two transcripts is that the 4.6 kb
COX-2 mRNA is degraded at a faster rate
compared to the 2.8 kb mRNA when HCA-7cells
were treated with dexamethasone (Newton et al.
1997). This implies the presence of dexamethasone
degradation element in the 3’UTR of 4.6 kb mRNA
that is missing in the 2.8 kb mRNA. In addition
IL1-β has been shown to increase the half-life of
COX-2 mRNA in mesangial cells through activation
of the JNK and MAPK pathways (Guan et al. 1997,
Guan et al. 1998, Diaz-Cazorla et al. 1999). This
was associated with binding of cellular factors
within the first 150 nt of the COX-2 3’UTR,
suggesting a major role for this region in
modulating COX-2 mRNA stability (Srivastava et al.
1994). Morerecently, Neeraja and colleagues have
identified that in spermatogonial cells of maturerat
testis, only the 2.8 kb isoform of COX-2 mRNA is
expressed and that testosterone and follicle
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stimulating hormones increased expression of
COX-2 protein (Neeraja et al. 2003). It remains to
be seen whether the hormones affected COX-2
mRNA stability and/or translation since COX-2
expression is tightly regulated in this manner
(discussed below).
An important mechanism for posttranscriptional
gene regulation in mammalian cells is rapid
degradation of mRNAs mediated by AU rich
elements (AREs) in their 3’UTR (Chen & Shyu 1995).
The enhanced mRNA stability in tumour cells
suggests that altered recognition of AU rich
sequences in neoplasia may lead to improper
function of AREs. Inspection of the COX-2 3’UTR
revealed the presence of multiple A U U U A sequence
motifs (figure 8) (Appleby et al. 1994, Cok & Morrison
2001). There are 22 copies of A U U U A throughout
human COX-2 3’UTR (Appleby et al. 1994, Cok &
Morrison 2001). Of these, many are located as
tandem repeats in the first 60 nucleotides of the
COX-2 3’UTR and form the minimal ARE sequence
(Appleby et al. 1994, Cok & Morrison 2001,
Mukhopadhyay et al. 2003). Deletion analysis has
identified the first sixty nucleotides as a major mRNA
stability and translational control element (figure8)
(Cok & Morrison 2001). In addition, other
downstream regions of the COX-2 3’UTR are
involved in mRNA stability and translational control
(Figure 8) (Cok & Morrison 2001). These regions also
contain scattered A U U U A sequences but do not
conform to the canonical ARE that may be essential
for ARE-mediated degradation activity (Cok &
Morrison 2001). This suggests that a complex system
ofregulation exists for modulating COX-2 expression
at the posttranscriptional level, which would include
the cis-acting elements in the 3’UTR as well as cellular
trans-acting factors that may bind to these elements
to modulate activity (discussed below).
The stability of COX-2 RNA also depends upon
the binding of different cytoplasmic factors to the 3’
UTR of COX-2. Currently,three cellular proteins have
been identified to play an important role in COX-2
mRNA stability and translation, namely HuR,
Tristetraprolin (TTP) and CUGBP2. HuR is a
ubiquitously expressed mammalian protein that is an
ortholog of the Drosophila melanogaster protein,
embryonic lethal abnormal vision (Antic & Keene
1997). HuR was originally identified to bind and
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Figure 8. Post-transcripitonal control of COX-2 gene
expression. Multiple control elements are present in the
COX-2 3’UTR that regulate COX-2 gene expression at
the post-transcriptional level.
Two polyadenylation
signals located at nt positions 623 and 2500 of the 3’UTR
(arrows) are responsible for the generation of two distinct
COX-2 mRNAs as shown in figure 7. Multiple AUUUA
sequence motifs (vertical lines) are present in the 3’UTR,
which regulate either mRNA stability and/or translation.
The first sixty nt of the COX-2 3’UTR is loaded with
AUUUA sequence and is a primary modulator of mRNA
stability and translation, based on reporter analyses (Cok
et al. 2001, Mukhopadhyay et al. 2003). Regions of COX2 3’UTR that regulate both mRNA stability and translation
are depicted in red, while those that regulate mRNA
stability only are shown in green. Regions that affect
neither stability nor translation are shown in blue.

stabilize AU-rich containing mRNAs such as c-myc,
c-fos and TNF-α (Ma et al. 1997, Fan & Steitz 1998,
Levy et al. 1998, Peng et al. 1998, Xu et al. 1998).
Recently, overexpression of HuR in HT-29 cells, a
colon cancer cell line was shown to increase COX-2
expression (Dixon et al. 2001). Furthermore, it was
observed to bind to COX-2 ARE sequences in lysates
of these cells, and upon binding was able to increase
the stability of a chimeric mRNA containing the
coding region of firefly luciferase and the 3’UTR of
COX-2 mRNA (Dixon et al. 2001). HuR binding to
the ARE containing messages and stabilizing them
suggests that a decrease in HuR level would result
in a decline in COX-2. Indeed, reduction of HuR
levels using antisense oligonucleotide or silencer
RNA resulted in a significant decrease in COX-2
protein levels (Sengupta et al. 2003). These data
suggest that a critical amount of HuR is essential
for optimal expression of COX-2. Therefore,
regulation of COX-2 by HuR is an important event
in colorectal carcinogenesis.
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More recently, HuR has been shown to bind to
three high affinity binding sites in COX-2 3’UTR
located between nt 48-54, 1155-1187 and 1249-1256
(Sengupta et al. 2003). We and others investigators
have previously demonstrated that the first 60
nucleotides (nt), which contains the first site where
HuR binds (nt 48-54) is very AU-rich and contains
Class II ARE sequences (Gou et al. 1998, Cok &
Morrison 2001, Mukhopadhyay et al. 2003).
Furthermore, the first sixty nt of the COX-2 3’UTR
is highly conserved during evolution suggesting
a very important role for this region in regulating
COX-2 gene expression (Sengupta et al. 2003).
Moreover this region was identified as the minimal
element required for COX-2 mRNA stability in
response to p38 MAPK (Gou et al. 1998). On the
other hand, the nt site between 1249-1256, which
also interacts with HuR is essentially made up of
U-rich sequences (Sengupta et al. 2003). The
significance of this finding is currently unknown.
However, as alluded to above, this region has been
shown to regulate translation of COX-2 mRNA
(Cok & Morrison 2001).
The second protein that was recently found to
play a role in COX-2 mRNA stability is TTP. Also
known as TIS11 and Nup475, TTP is an immediate
early gene and a prototype for a family of zincbinding Cys(3)His motif proteins that is required
for proper regulation of TNFα-alpha mRNA
stability in macrophages (Carballo et al. 1997). In
addition, TTP was observed to precede the
adaptive hyperplastic response after small bowel
resection (Ehrenfried et al. 1995, Sacks et al. 1995).
In contrast to HuR, TTP was found to bind to AREs
of RNAs from immediate early genes such as
c-fos, IL-8 and TNF-α and destabilize these
messages resulting in rapid degradation (Carballo
et al. 1998, Mahtani et al. 2001, Raghavan et al.
2001, Worthington et al. 2002). Similarly, TTP was
found to be upregulated in HCA-7, a colon cancer
cell line in a confluence-dependent fashion, and
upon induction was observed to bind to COX-2
3’UTR (Sawaoka et al. 2003). Furthermore, TTP
was found to bind to an nt region between 3125
and 3432, which is present only in the 4.6 kb
COX-2 mRNA but is lacking in the 2.8 kb mRNA
(Sawaoka et al. 2003). Consistent with the reported
destabilizing effect of TTP on other genes, TTP
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was shown to induce degradation of COX-2
mRNA and decrease COX-2 protein expression
(Sawaoka et al. 2003).
A third protein that we have described to affect
COX-2 expression is RNA binding protein
CUGBP2. CUGBP2, also known as ETR-3,
BRUNOL3 and NAPOR2 is a prototype of the
CELF family of RNA binding proteins was
originally identified to bind to expanded CUG
triplet repeats in the 3’UTR of an mRNA encoding
a protein kinase involved in myotonic dystrophy
(Choi et al. 1998, Good et al. 2000, Ladd et al. 2001).
CUGBP2 is ubiquitously expressed and is induced
in intestinal epithelial cells when the cells were
subjected to radiation treatment (Mukhopadhyay
et al. 2003). COX-2 mRNA is also induced in these
cells following radiation but mRNA translation is
inhibited (Mukhopadhyay et al. 2003). This was
found to be due to CUGBP2 binding to ARE in
the first 60 nt of COX-2 3’UTR and stabilizing the
mRNA but inhibiting COX-2 mRNA translation.
This comes as a surprise and reflects a paradigm
shift in the traditional concept that more mRNA
does not necessarily mean more protein is
expressed. It remains to be seen, however,
whether this is a global phenomenon or is it unique
to this situation. In any case, this inhibition
of mRNA translation without enhancing
degradation, as was seen with TTP makes the
mechanism of CUGBP2 action rather unique.
Another RNA binding protein, T-cell internal
antigen-1 (TIA-1) and TIA-1-related protein
(TIAR) have been shown to bind to transcripts
and promote polysome disassembly, thereby
allowing the complex to be transported into stress
granules (Kedersha et al. 1999, Kedersha &
Anderson 2001, Anderson & Kedersha 2002a,
2002b). Since binding of CUGBP2 to the COX-2
mRNA results in polysome disassembly, it would
not be too far fetched to speculate that CUGBP2
bound COX-2 mRNA is transported to stress
granules when the cells are subjected to high levels
of radiation stress.

Future Perspectives
COX-2 is a major controller of carcinogenesis and
is highly induced in many epithelial tumours.
Inhibition of COX-2 results in decreased PG
synthesis thereby resulting in a reduction in
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neovascularization as well as tumour growth.
Hence, this pathway has become a great
therapeutic target for the treatment of not only
colon cancer but also in other cancers such as
hepatocellular carcinoma, breast cancer, and head
and neck cancer. Most non-steroidal antiinflammatory drugs (NSAIDs) that inhibit COX-2
also affect COX1, which has remained a
problem.There is a widespread recognition that
people who take NSAIDs have serious
gastrointestinal events such as perforation and
bleeding thus limiting its use. However, with the
discovery of COX-2 specific inhibitors such as
celecoxib and rofecoxib, there has been hope that
these may have therapeutic potential for cancer
treatment. One does not really know the longterm effects of such drugs. Accordingly, it would
be better if we could identify other ways of

References
Agarwal M L, Agarwal A, Taylor W R and Stark G R 1995
p53 controls both the G2/M and the G1 cell cycle
checkpoints and mediates reversible growth arrest
in human fibroblasts; Proc. Natl. Acad. Sci. U S A 92
8493-8497
An S, Yang J, Xia M and Goetzl E J 1993 Cloning and
expression of the EP2 subtype of human receptors for
prostaglandin E2; Biochem. Biophys. Res. Commun.
197 263-270
J
Anderson P and Kedersha N 2002a Stressful initiations; .
Cell Sci. 115 3227-3234
________ and________2002b Visibly stressed: the role of
eIF2, TIA-1, and stress granules in protein
translation; Cell Stress Chaperones 7 213-221
Antic D and Keene J D 1997 Embryonic lethal abnormal
visual RNA-binding proteins involved in growth,
differentiation, and posttranscriptional gene
expression; Am. J. Hum. Genet. 61 273-278
Appleby S B Ristimaki A, Neilson K, Narko K and Hla,
T 1994 Structure of the human cyclo-oxygenase-2
302 723-727
gene; Biochem. J.30
Araki Y, Okamura S, Hussain S P, Nagashima M, He P,
Shiseki M, Miura K and Harris C C 2003 Regulation of
cyclooxygenase-2 expression by the Wnt and ras
pathways; Cancer Res. 63 728-734
Baker S J, Markowitz S, Fearon E R, Willson J K and
Vogelstein B 1995 Suppression of human colorectal
carcinoma cell growth by wild-type p53; Science
249 912-915

579
inhibiting COX-2 as a way of treating cancer cells.
This could be by way of inhibiting COX-2
completely, for which we need a greater
understanding of the mechanisms that regulate its
expression. More and more data is accumulating
that COX-2 gene is not only regulated by
transcription control mechanisms but also by the
posttranscriptional mechanisms of mRNA
stability/decay and translation. The 3’UTR
fragment plays a key role in this process and may
be a future therapeutic target for cancer treatment.

Acknowledgements
The authors thank Brian Dieckgraefe, Courtney
Houchen and members of the Anant laboratory for
helpful discussions and support. Work in
author’s laboratory is funded by grants from
the National Institutes of Health DK-62265 and
DK-52574.

Bamba H, Ota S, Kato A, Kawamoto C and Matsuzaki F
2000 Effect of prostaglandin E1 on vascular
endothelial growth factor production by human
macrophages and colon cancer cells; J. Exp. Clin.
Cancer Res. 19 219-223
Beazer-Barclay Y, Levy D B, Moser A R, Dove W F,
Hamilton S R and Vogelstein B, and Kinzler K W 1996
Sulindac suppresses tumourigenesis in the Min
mouse; Carcinogenesis 17 1757-1760
Bellone G, Carbone A, Sibona N, Bosco O, Tibaudi D,
Smirne C, Martone T, Gramigni C, Camandona M,
Emanuelli G and Rodeck U 2001a Aberrant activation of
c-kit protects colon carcinoma cells against apoptosis and
enhances their invasive potential; Cancer Res. 61
2200-2206
__________, __________, Tibaudi D, Mauri F, Ferrero I,
Smirne C, Suman F, Rivetti C, Migliaretti G,
Camandona M, Palestro G, Emanuelli G and
Rodeck U 2001b Differential expression of
transforming growth factors-beta1, -beta2 and
-beta3 in human colon carcinoma; Eur. J. Cancer 37
224-233
Berg J, Stocher M, Bogner S, Wolfl S, Pichler R and Stekel H
2000 Inducible cyclooxygenase-2 gene expression in
the human thyroid epithelial cell line Nthy-ori3-1;
Inflamm. Res. 49 139-143
________ , Zhang J, Lauricella D M and Moore S A 2001
Il-10 is a central regulator of cyclooxygenase-2
expression and prostaglandin production; J. Immunol.
166 2674-2680

580
Blanco J C, Contursi C, Salkowski C A, DeWitt D L, Ozato K
and Vogel S N 2000 Interferon regulatory factor (IRF)1 and IRF-2 regulate interferon gamma-dependent
cyclo-oxygenase 2 expression; J. Exp. Med. 191 2131-2144
Blaser M J 2000 Linking Helicobacter pylori to gastric
cancer; Nat. Med. 6 376-377
Boolbol S K, Dannenberg A J, Chadburn A, Martucci C, Guo
X J, Ramonetti J T, Abreu-Goris M, Newmark H L, Lipkin
M L, DeCosse J J and Bertagnolli M M 1996
Cyclooxygenase-2 overexpression and tumour
formation are blocked by sulindac in a murine model of
familial adenomatous polyposis; Cancer Res. 56 2556-2560
Brensinger J D, Laken S J, Luce M C, Powell S M, Vance G
H, Ahnen D J, Petersen G M, Hamilton S R and
Giardiello F M 1998 Variable phenotype of familial
adenomatous polyposis in pedigrees with 3' mutation
in the APC gene; Gut 43 548-552
Breyer M D and Breyer R M 2000a Prostaglandin E
receptors and the kidney; Am. J. Physiol. Renal. Physiol.
279 F12-23
Breyer M D and Breyer R M 2000b Prostaglandin receptors:
their role in regulating renal function; Curr. Opin.
Nephrol. Hypertens. 9 23-29
_________, Davis L, Jacobson H R and Breyer R M 1996a
Differential localization of prostaglandin E receptor
subtypes in human kidney; Am. J. Physiol. 270
F912-918
_________, Jacobson H R and Breyer R M 1996b Functional
and molecular aspects of renal prostaglandin receptors;
J. Am. Soc. Nephrol. 7 8-17
Carballo E, Gilkeson G S and Blackshear P J 1997 Bone
marrow transplantation reproduces the tristetraprolin-deficiency syndrome in recombination activating
gene-2 (-/-) mice. Evidence that monocyte/macrophage progenitors may be responsible for TNFalpha
overproduction; J. Clin. Invest. 100 986-995
_________, Lai W S and Blackshear P J 1998 Feedback
inhibition of macrophage tumour necrosis factoralpha
production by tristetraprolin; Science 281 1001-1005
Chan T A Morin P J Vogelstein B and Kinzler K W 1998
Mechanisms underlying nonsteroidal antiInflammatory drug-mediated apoptosis; Proc. Natl. Acad.
Sci. USA 95 681-686
Charalambous M P, Maihofner C, Bhambra U, Lightfoot
T, Gooderham N J and The Colorectal Cancer
Group 2003 Upregulation of cyclooxygenase-2 is
accompanied by increased expression of nuclear
factor-κB and IκB-a in human colorectal cancer
epithelial cells; British J. Cancer 88 1598-1604
Chen C, Chen Y H and Lin W W 1999 Involvement of p38
mitogen-activated protein kinase in lipopolysaccharide-induced iNOS and COX-2 expression in J774
macrophages; Immunology 97 124-129
Chen C Y and Shyu A B 1995 AU-rich elements:
characterization and importance in mRNA
degradation; Trends Biochem. Sci. 20 465-470

Shrikant Anant et al.
Chiarugi, V, Magnelli, L and Gallo, O 1998 Cox-2, iNOS
and p53 as play-makers of tumour angiogenesis; Int.
J. Mol. Med. 2 715-719
Chiu C H, McEntee M F and Whelan J 1997 Sulindac causes
rapid regression of preexisting tumours in Min/+mice
independent of prostaglandin biosynthesis; Cancer Res.
57 4267-4273
Choi D K, Ito T, Mitsui Y and Sakaki Y 1998 Fluorescent
differential display analysis of gene expression in
apoptotic neuroblastoma cells; Gene. 223 21-31
Chulada P C, Thompson M B, Mahler J F, Doyle C M, Gaul B
W, Lee C, Tiano H F, Morham S G, Smithies O and
Langenbach, R 2000 Genetic disruption of Ptgs-1, as well
as Ptgs-2, reduces intestinal tumourigenesis in Min mice;
Cancer Res. 60 4705-4708
Cok S J and Morrison A R 2001 The 3'-untranslated region
of murine cyclooxygenase-2 contains multiple
regulatory elements that alter message stability and
translational efficiency; J. Biol. Chem. 276 23179-23185
Cook J A, Geisel J, Halushka P V and Reines H D 1993
Prostaglandins, thromboxanes, leukotrienes, and
cytochrome P-450 metabolites of arachidonic acid;
New Horiz. 1 60-69
Cooper H S, Everley L, Chang, W C, Pfeiffer G, Lee B,
Murthy S and Clapper M L 2001 The role of mutant
APC in the development of dysplasia and cancer in the
mouse model of dextran sulfate sodium-induced colitis;
Gastroenterology 121 1407-1416
Crofford L J 1997 COX-1 and COX-2 tissue expression:
implications and predictions; J. Rheumatol. 24 Suppl. 49
15-19
Deb S P, Munoz R M, Brown D R, Subler M A and Deb S 1994
Wild-type human p53 activates the human epidermal
growth factor receptor promoter; Oncogene 9
1341-1349
de Fraipont F, Nicholson A C, Feige J J and Van Meir E G
2001 Thrombospondins and tumour angiogenesis;
Trends Mol. Med. 7 401-407
DeCosse J J, Ngoi S S, Jacobson J S and Cennerazzo W J 1993
Gender and colorectal cancer; Eur. J. Cancer Prev. 2 105115
Demeure C E, Yang L P, Desjardins C, Raynauld P and
Delespesse G 1997 Prostaglandin E2 primes naive T
cells for the production of anti-inflammatory
cytokines; Eur. J. Immunol. 27 3526-3531
Denkert C, Kobel M, Berger S, Siegert A, Leclere A, Trefzer
U and Hauptmann S 2001 Expression of
cyclooxygenase 2 in human malignant melanoma;
Cancer Res. 61 303-308
Diaz-Cazorla M, Perez-Sala D, Ros J, Jimenez W, Fresno M
and Lamas S 1999 Regulation of cyclooxygenase-2
expression in human mesangial cells–transcriptional
inhibition by IL-13; Eur. J. Biochem. 260 268-274
Diller L, Kassel J, Nelson C E, Gryka M A, Litwak G,
Gebhardt M, Bressac B, Ozturk M, Baker S J and
Vogelstein B 1990 p53 functions as a cell cycle control
protein in osteosarcomas; Mol. Cell. Biol. 10 5772-5781

Cyclooxygenase-2 and Colon Cancer
D imberg J, Hugander A and Sirsjo A 2001a Decreased levels
of precursor transforming growth factor beta1 in
human colorectal cancer; Int. J. Mol. Med. 7 597-601
_________, __________, ________, and Soderkvist P 2001b
Enhanced expression of cyclooxygenase-2 and nuclear
beta-catenin are related to mutations in the APC gene
in human colorectal cancer; Anticancer Res. 21 911-915
Dixon D A, Tolley N D, King P H, Nabors L B, McIntyre T M,
Zimmerman G A and Prescott S M 2001 Altered
expression of the mRNA stability factor HuR promotes
cyclooxygenase-2 expression in colon cancer cells; J.Clin.
Invest. 108 1657-1665
DuBois R N, Giardiello F M and Smalley W E 1996
Nonsteroidal anti-inflammatory drugs, eicosanoids,
and colorectal cancer prevention; Gastroenterol. Clin.
North Am. 25 773-791
Eberhart C E and Dubois R N 1995 Eicosanoids and the
gastrointestinal tract; Gastroenterology 109 285-301
Ehrenfried J A, Townsend C M Jr., Thompson J C and Evers
B M 1995 Increases in nup475 and c-jun are early
molecular events that precede the adaptive
hyperplastic response after small bowel resection; Ann.
Surg. 222 51-56
Eliyahu D, Michalovitz D, Eliyahu S, Pinhasi-Kimhi O, Oren M
1989 Wild-type p53 can inhibit oncogene-mediated focus
formation; Proc. Natl. Acad. Sci. U S A 86 8763-8767
Fan X C and Steitz J A 1998 Overexpression of HuR, a nuclearcytoplasmic shuttling protein, increases the in vivo
stability of ARE-containing mRNAs; EMBO J. 17
3448-3460
Faour W H, He Y, He Q W, de Ladurantaye M, Quintero M,
Mancini A and Di Battista J A 2001 Prostaglandin E(2)
regulates the level and stability of cyclooxygenase-2
mRNA through activation of p38 mitogen-activated
protein kinase in interleukin-1 beta-treated human
synovial fibroblasts; J. Biol. Chem. 276 31720-31731
Fernebro E, Halvarsson B, Baldetorp B and Nilbert M 2002
Predominance of CIN versus MSI in the development
of rectal cancer at young age; BMC Cancer 2 25
Finlay C A, Hinds P W, Levine A J 1989 The p53 protooncogene can act as a suppressor of transformation; Cell
57 1083-1093
Fischman J 2003 Blocking colon cancer. An aspirin a day
helps; US News World Rep. 134 45
Folkman J 2002 Role of angiogenesis in tumour growth
and metastasis; Semin. Oncol. 29 15-18
Form D M and Auerbach R 1983 PGE2 and angiogenesis;
Proc. Soc. Exp. Biol. Med. 172 214-218
Fosslien E 2001 Review: molecular pathology of
cyclooxygenase-2 in cancer-induced angiogenesis;
Ann. Clin. Lab. Sci. 31 325-348
Friis S, Sorensen H T, McLaughlin J K, Johnsen S P, Blot W
J and Olsen J H 2003 A population-based cohort study
of the risk of colorectal and other cancers among users
of low-dose aspirin; Br. J. Cancer 88 684-688

581
Fu Y X, Watson G A, Kasahara M and Lopez D M 1991 The role
of tumour-derived cytokines on the immune system of
mice bearing a mammary adeno-carcinoma. I. Induction
of regulatory macrophages in normal mice by the in vivo
administration of rGM-CSF; J. Immunol. 146 783-789
Fujino H, West K A and Regan J W 2002 Phosphory-lation of
glycogen synthase kinase-3 and stimulation of T-cell
factor signalling following activation of EP2 and EP4
prostanoid receptors by prostaglandin E2; J. Biol. Chem.
277 2614-2619
Fujita M, Fukui H, Kusaka T, Morita K, Fujii S, Ueda Y,
Chiba T, Sakamoto C, Kawamata H and Fujimori T
2000 Relationship between cyclooxygenase-2
expression and K-ras gene mutation in colorectal
adenomas; J. Gastroenterol. Hepatol. 15 1277-1281
Fulton A M and Chong Y C 1992 Prostaglandin E2 receptor
activity and susceptibility to natural killer cells; J.Leukoc.
Biol. 51 176-180
Gately S 2000 The contributions of cyclooxygenase-2 to
tumour angiogenesis; Cancer Metastasis Rev. 19 19-27
Geng Y, Blanco F J, Cornelisson M and Lotz M 1995
Regulation of cyclooxygenase-2 expression in
normal human articular chondrocytes; J. Immunol.
155 796-801
Ginsberg D, Mechta F, Yaniv M and Oren M 1991 Wild-type
p53 can down-modulate the activity of various
promoters; Proc. Natl. Acad. Sci. USA 88 9979-9983
Good P J, Chen Q, Warner S J and Herring D C 2000 A family
of human RNA-binding proteins related to the
Drosophila Bruno translational regulator; J. Biol. Chem.
275 28583-28592
Gottlieb R A 2000 Role of mitochondria in apoptosis; Crit.
Rev. Eukaryot. Gene. Expr. 10 231-239
Gou Q, Liu C H, Ben-Av P and Hla T 1998 Dissociation of
basal turnover and cytokine-induced transcript
stabilization of the human cyclooxygenase-2 mRNA
by mutagenesis of the 3'-untranslated region; Biochem.
Biophys. Res. Commun. 242 508-512
Guan Z, Baier L D and Morrison A R 1997 p38 mitogenactivated protein kinase down-regulates nitric oxide and
up-regulates prostaglandin E2 biosynthesis stimulated
by interleukin-1beta; J. Biol. Chem. 272 8083-8089
______, Buckman S Y, Miller B W, Springer L D and
Morrison A R 1998 Interleukin-1beta-induced
cyclooxygenase-2 expression requires activation of
both c-Jun NH2-terminal kinase and p38 MAPK signal
pathways in rat renal mesangial cells; J. Biol. Chem. 273
28670-28676
______, _________, Springer L D and Morrison A R 1999
Regulation of cyclooxygenase-2 by the activated
p38 MAPK signalling pathway; Adv. Exp. Med. Biol.
469 9-15
Gullino P M 1986 Considerations on the mechanism of the
angiogenic response; Anticancer Res. 6 153-158
Habal N, Sims C and Bilchik A J 2000 Gastrointestinal
carcinoid tumours and second primary malignancies;
J. Surg. Oncol. 75 310-316

582
H ao X, Bishop A E, Wallace M, Wang H, Willcocks T C,
Maclouf J, Polak J M, Knight S and Talbot I C 1999 Early
expression of cyclo-oxygenase-2 during sporadic
colorectal carcinogenesis; J. Pathol. 187 295-301
Hatae N, Sugimoto Y and Ichikawa A 2002a Prostaglandin
receptors: advances in the study of EP3 receptor
signalling; J. Biochem. 131 781-784
_______, Yamaoka K, Sugimoto Y, Negishi M and Ichikawa A
2002b Augmentation of receptor-mediated adenylyl
cyclase activity by Gi-coupled prostaglandin receptor
subtype EP3 in a Gbetagamma subunit-independent
manner; Biochem. Biophys. Res. Commun. 290 162-168
Hayes E C and Rock J A 2002 COX-2 inhibitors and
their role in gynecology; Obstet. Gynecol. Surv. 57
768-780
Heidenreich S, Gong J H, Renz H, Schmidt A, Nain M and
Gemsa D 1989a Temporally different stimulation of
TNF-alpha and PGE2 release from GM-CSF-primed
macrophages; Lymphokine Res. 8 353-357
___________, _________, Schmidt A, Nain M and Gemsa D
1989b Macrophage activation by granulocyte/
macrophage colony-stimulating factor. Priming for
enhanced release of tumour necrosis factor-alpha and
prostaglandin E2; J. Immunol. 143 1198-1205
Hoozemans J J, Rozemuller A J, Janssen I, De Groot C J,
Veerhuis R and Eikelenboom P 2001a Cyclooxygenase
expression in microglia and neurons in Alzheimer’s
disease and control brain; Acta Neuropathol. 101 2-8
____________, Veerhuis R, Janssen I, Rozemuller A J and
Eikelenboom P 2001b Interleukin-1beta induced
cyclooxygenase 2 expression and prostaglandin E2
secretion by human neuroblastoma cells: implications
for Alzheimer’s disease; Exp. Gerontol. 36 559-570
Howe L R, Crawford H C, Subbaramaiah K, Hassell J A,
Dannenberg A J, and Brown A M 2001 PEA3 is upregulated in response to Wnt1 and activates the expression
of cyclooxygenase-2; J. Biol. Chem. 276 20108-20115
Hussain T, Gupta S, and Mukhtar H 2003 Cyclooxygenase-2 and prostate carcinogenesis; Cancer Lett.
191 125-135
Iacopetta B 2003a Aberrant DNA methylation: have we
entered the era of more than one type of colorectal
cancer?; Am. J. Pathol. 162 1043-1045
__________ 2003b TP53 mutation in colorectal cancer; Hum.
Mutat. 21 271-276
Johansson C and Bergstrom S 1982 Prostaglandin and
protection of the gastroduodenal mucosa; Scand. J.
Gastroenterol. Suppl. 77 21-46
Jones M K, Wang H, Peskar B M, Levin E, Itani R M, Sarfeh
I J and Tarnawski A S 1999 Inhibition of angiogenesis
by nonsteroidal anti-inflammatory drugs: insight into
mechanisms and implications for cancer growth and
ulcer healing; Nat. Med. 5 1418-1423
Joo Y E, Kim H S, Min S W, Lee W S, Park C H, Park C S, Choi
S K, Rew J S and Kim S J 2002 Expression of
cyclooxygenase-2 protein in colorectal carcinomas; Int.
J. Gastrointest. Cancer 31 147-154

Shrikant Anant et al.
______, Oh W T, Rew J S, Park C S, Choi S K and Kim S J 2002
Cyclooxygenase-2 expression is associated with welldifferentiated and intestinal-type pathways in gastric
carcinogenesis; Digestion 66 222-229
Joshi P C, Zhou X, Cuchens M and Jones Q 2001
Prostaglandin E2 suppressed IL-15-mediated human
NK cell function through down-regulation of common
gamma-chain; J. Immunol. 166 885-891
Kaltschmidt B, Linker R A, Deng J and Kaltschmidt K 2002
Cyclooxygenase-2 is a neuronal target gene of NF-κB;
BMC Mol. Biol. 3 16
Kambayashi T, Alexander H R, Fong M and Strassmann G
1995 Potential involvement of IL-10 in suppressing
tumour-associated macrophages. Colon-26-derived
prostaglandin E2 inhibits TNF-alpha release via a
mechanism involving IL-10; J. Immunol. 154 3383-3390
Kawamori T and Wakabayashi K 2002 COX-2 and prostanoid
receptors: good targets for chemoprevention; J. Environ.
Pathol. Toxicol. Oncol. 21 149-153
Kedersha N and Anderson P 2001 Stress granules: sites of
mRNA triage that regulate mRNA stability and
translatability; Biochem. Soc. Trans. 30 963-969
__________, Gupta M, Li W, Miller I and Anderson P 1999
RNA-binding proteins TIA-1 and TIAR link the
phosphorylation of eIF-2 alpha to the assembly of
mammalian stress granules; J.Cell.Biol. 147 1431-1442
Khan K N, Masferrer J L, Woerner B M, Soslow R and Koki
A T 2001 Enhanced cyclooxygenase-2 expression in
sporadic and familial adenomatous polyposis of the
human colon; Scand. J. Gastroenterol. 36 865-869
Khan M M, Tran A C and Keaney K M 1990 Forskolin and
prostaglandin E2 regulate the generation of human
cytolytic T lymphocytes; Immunopharmacology 19 151-161
Kim D H and Kim S J 1996 Transforming growth factor-beta
receptors: Role in physiology and disease; J. Biomed. Sci.
3 143-158
Kinzler K W and Vogelstein B 1998 Landscaping the cancer
terrain; Science 280 1036-1037
Kohonen-Corish M R, Daniel J J, te Riele H, Buffinton G D
and Dahlstrom J E 2002 Susceptibility of Msh2-deficient
mice to inflammation-associated colorectal tumours;
Cancer Res. 62 2092-2097
Ko L J and Prives C 1996 p53: puzzle and paradigm; Genes
Dev. 10 1054-1072
Komarova N L, Lengauer C, Vogelstein B and Nowak M A
2002 Dynamics of genetic instability in sporadic and
familial colorectal cancer; Cancer Biol. Ther. 1 685-692
Kosaka T, Miyata A, Ihara H, Hara S, Sugimoto T,
Takeda O, Takahashi E and Tanabe T 1994
Characterization of the human gene (PTGS2)
encoding prostaglandin-endoperoxide synthase 2;
Eur. J. Biochem. 221 889-897
Kroemer G, Dallaporta B and Resche-Rigon M 1998 The
mitochondrial death/life regulator in apoptosis and
necrosis; Annu. Rev. Physiol. 60 619-642

Cyclooxygenase-2 and Colon Cancer
Ladd A N, Charlet N and Cooper T A 2001 The CELF family
of RNA binding proteins is implicated in cell-specific
and developmentally regulated alternative splicing;
Mol. Cell. Biol. 21 1285-1296
Laken S J, Papadopoulos N, Petersen G M, Gruber S B,
Hamilton S R, Giardiello F M, Brensinger J D, Vogelstein
B and Kinzler K W 1999 Analysis of masked mutations in
familial adenomatous polyposis; Proc. Natl. Acad. Sci. USA
96 2322-2326
Lengauer C, Kinzler K W and Vogelstein B 1998 Genetic
instabilities in human cancers; Nature 396 643-649
Levy N S, Chung S, Furneaux H and Levy A P 1998 Hypoxic
stabilization of vascular endothelial growth factor
mRNA by the RNA-binding protein HuR; J. Biol. Chem.
273 6417-6423
Li G, Yang T and Yan J 2002 Cyclooxygenase-2 increased the
angiogenic and metastatic potential of tumour cells;
Biochem. Biophys. Res. Commun. 299 886-890
Ma W J, Chung S and Furneaux H 1997 The Elav-like
proteins bind to AU-rich elements and to the poly(A)
tail of mRNA; Nucleic Acids Res. 25 3564-3569
Mack D H, Vartikar J, Pipas J M and Laimins L A 1993 Specific
repression of TATA-mediated but not initiatormediated transcription by wild-type p53; Nature 363
281-283
Mahtani K R, Brook M, Dean J L, Sully G, Saklatvala J and Clark
A R 2001 Mitogen-activated protein kinase p38 controls the
expression and post-translational modification of
tristetraprolin, a regulator of tumour necrosis factor alpha
mRNA stability; Mol.Cell.Biol. 21 6461-6469
Mohandas K M 1999 Dietary fiber and colorectal cancer; N.
Engl. J. Med. 340 1925
Mukhopadhyay D, Houchen C W, Kennedy S, Dieckgraefe B
K and Anant S 2003 Coupled mRNA stabilization and
translational silencing of cyclooxygenase-2 by a novel
RNA binding protein, CUGBP2; Mol. Cell. 11 113-126
Mutoh M, Watanabe K, Kitamura T, Shoji Y, Takahashi M,
Kawamori T, Tani K, Kobayashi M, Maruyama T,
Kobayashi K, Ohuchida S, Sugimoto Y, Narumiya S,
Sugimura T and Wakabayashi K 2002 Involvement of
prostaglandin E receptor subtype EP(4) in colon
carcinogenesis; Cancer Res. 62 28-32
Neeraja S, Sreenath A S, Reddy P R K and Reddanna P 2003
Expression of cyclooxygenase-2 in rat testis; Repro.
Biomed. Online 6 302-309
Newton R, Seybold J, Liu S F and Barnes P J 1997 Alternate
COX-2 transcripts are differentially regulated:
implications for post-transcriptional control; Biochem.
Biophys. Res. Commun. 234 85-89
Ohshima H and Bartsch H 1994 Chronic infections and
inflammatory processes as cancer risk factors: possible role
of nitric oxide in carcinogenesis; Mutat. Res. 305 253-264
_________, Dinchuk J E, Kargman S L, Oshima H, Hancock
B, Kwong E, Trzaskos J M, Evans J F and Taketo M M
1996 Suppression of intestinal polyposis in Apc
delta716 knockout mice by inhibition of
cyclooxygenase 2 (COX-2); Cell 87 803-809

583
________ and Taketo M M 2002 COX selectivity and animal
models for colon cancer; Curr. Pharm. Des.8 1021-1034
Park W S, Pham T, Wang C, Pack S, Mueller E, Mueller J,
Vortmeyer A, Zhuang Z and Fogt F 1998 Loss of
heterozygosity and microsatellite instability in nonneoplastic mucosa from patients with chronic
ulcerative colitis; Int. J. Mol. Med. 2 221-224
Pedemonte S, Sciallero S, Gismondi V, Stagnaro P, Biticchi
R, Haeouaine A, Bonelli L, Nicolo G, Groden J, Bruzzi
P, Aste H and Varesco L 1998 Novel germline APC
variants in patients with multiple adenomas; Genes
Chromosomes Cancer 22 257-267
Peng S S, Chen C Y, Xu N and Shyu A B 1998 RNA
stabilization by the AU-rich element binding protein,
HuR, an ELAV protein; EMBO J 17 3461-3470
Potter J D 1993 Colon cancer—do the nutritional
epidemiology, the gut physiology and the molecular
biology tell the same story?; J. Nutr. 123 418-423
_________, Slattery M L, Bostick R M and Gapstur S M 1993
Colon cancer: a review of the epidemiology; Epidemiol.
Rev. 15 499-545
Raghavan A, Robison R L, McNabb J, Miller C R, Williams
D A and Bohjanen P R 2001 HuA and tristetraprolin
are induced following T cell activation and display
distinct but overlapping RNA binding specificities; .
J
Biol. Chem. 276 47958-47965
Ragimov N, Krauskopf A, Navot N, Rotter V, Oren M and
Alon, Y 1993 Wild-type but not mutant p53 can repress
transcription initiation in vitro by interfering with the
binding of basal transcription factors to the TATA
motif; Oncogene 8 1183-1193
Rao C V, Rivenson A, Simi B and Reddy B S 1995a
Chemoprevention of colon cancer by dietary
curcumin; Ann. N. Y. Acad. Sci. 768 201-204
_______, ___________, Simi B and Reddy B S 1995b
Chemoprevention of colon carcinogenesis by dietary
curcumin, a naturally occurring plant phenolic
compound; Cancer Res. 55 259-266
Reddy B S 1988 Overview of diet and colon cancer; Prog.
Clin. Biol. Res. 279 111-121
__________ and Maeura Y 1984 Tumour promotion by
dietary fat in azoxymethane-induced colon
carcinogenesis in female F344 rats: influence of amount
and source of dietary fat; J. Natl. Cancer Inst. 72 745-750
__________ and Maruyama H 1986 Effect of different levels
of dietary corn oil and lard during the initiation phase
of colon carcinogenesis in F344 rats; J. Natl. Cancer
Inst. 77 815-822
__________ and Rao C V 2002 Novel approaches for colon
cancer prevention by cyclooxygenase-2 inhibitors; .
J
Environ. Pathol. Toxicol. Oncol. 21 155-164
__________, Tanaka T and Simi B 1985 Effect of different
levels of dietary trans fat or corn oil on azoxymethaneinduced colon carcinogenesis in F344 rats; J. Natl.
Cancer Inst. 75 791-798

584
______, Wang C X and Maruyama H 1987 Effect of restricted
caloric intake on azoxymethane-induced colon tumour
incidence in male F344 rats; Cancer Res. 47 1226-1228
Reinmuth N, Parikh A A, Ahmad S A, Liu W, Stoeltzing O,
Fan F, Takeda A, Akagi M and Ellis L M 2003 Biology
of angiogenesis in tumours of the gastrointestinal tract;
Microsc. Res. Tech. 60 199-207
Ristimaki A, Narko K, and Hla T 1996 Down-regulation of
cytokine-induced cyclo-oxygenase-2 transcript
isoforms by dexamethasone: evidence for posttranscriptional regulation; Biochem. J. 318 325-331
Rosin M P, Anwar W A and Ward A J 1994 Inflammation,
chromosomal instability, and cancer: the
schistosomiasis model; Cancer Res. 54b 1929s-1933
Sacks A I, Warwick G J and Barnard J A 1995 Early
proliferative events following intestinal resection in the
rat; J. Pediatr. Gastroenterol. Nutr. 21 158-164
Sasai H, Masaki M and Wakitani K 2000 Suppression of
polypogenesis in a new mouse strain with a truncated
APC(Delta474) by a novel COX-2 inhibitor, JTE-522;
Carcinogenesis 21 953-958
Sawaoka H, Dixon D A, Oates J A and Boutaud O 2003
Tristetraprolin Binds to the 3'-Untranslated Region of
Cyclooxygenase-2 mRNA. A polyadenylation variant
in a cancer cell line lacks the binding site; J. Biol. Chem.
278 13928-13935
Schwartsburd P M 2003 Chronic inflammation as inductor
of pro-cancer microenvironment: pathogenesis of
dysregulated feedback control; Cancer Metastasis Rev.
22 95-102
Sengupta S, Jang B C, Wu M T, Paik J H, Furneaux H, and
Hla T 2003 The RNA-binding protein HuR regulates
the expression of cyclooxygenase-2; J. Biol. Chem.278
25227-25233
Seto E, Usheva A, Zambetti G P, Momand J, Horikoshi N,
Weinmann R, Levine A J and Shenk T 1992 Wild-type
p53 binds to the TATA-binding protein and
represses transcription; Proc. Natl. Acad. Sci. USA 89
12028-12032
Sharma R A 2002 Translational medicine: targetting cyclooxygenase isozymes to prevent cancer; Q. J. M. 95 267-273
Sheng H, Shao J, Morrow J D, Beauchamp R D and DuBois
R N 1998 Modulation of apoptosis and Bcl-2 expression
by prostaglandin E2 in human colon cancer cells;
Cancer Res. 58 362-366
Singh B and Lucci A 2002 Role of cyclooxygenase-2 in breast
cancer; J. Surg. Res. 108 173-179
Singh J, Hamid R and Reddy B S 1997a Dietary fat and colon
cancer: modulating effect of types and amount of
dietary fat on ras-p21 function during promotion and
progression stages of colon cancer; Cancer Res. 57 253258
_______, _______ and ________ 1997b. Dietary fat and colon
cancer: modulation of cyclooxygenase-2 by types and
amount of dietary fat during the postinitiation stage of
colon carcinogenesis; Cancer Res. 57 3465-3470

Shrikant Anant et al.
Sinicrope F A, Lemoine M, Xi L, Lynch P M, Cleary K R,
Shen Y and Frazier M L 1999 Reduced expression of
cyclooxygenase 2 proteins in hereditary nonpolyposis
colorectal cancers relative to sporadic cancers;
Gastroenterology 117 350-358
Slattery M L, Berry T D and Kerber R A 1993 Is survival
among women diagnosed with breast cancer
influenced by family history of breast cancer?;
Epidemiology 4 543-548
__________ and Kerber R A 1993 A comprehensive
evaluation of family history and breast cancer risk. The
Utah Population Database; JAMA 270 1563-1568
__________ and West D W 1993 Smoking, alcohol, coffee,
tea, caffeine, and theobromine: risk of prostate
cancer in Utah (United States); Cancer Causes Control
4 559-563
Society A C 2003 Cancer Facts and Figures. American
Cancer Society http://www.cancer.org/docroot/STT/
stt_0.asp
Sonoshita M, Takaku K, Sasaki N, Sugimoto Y, Ushikubi F,
Narumiya S, Oshima M, and Taketo M M 2001
Acceleration of intestinal polyposis through
prostaglandin receptor EP2 in APC(Delta 716)
knockout mice; Nat. Med. 7 1048-1051
Soravia C, Berk T, Madlensky L, Mitri A, Cheng H, Gallinger
S, Cohen Z and Bapat B 1998 Genotype-phenotype
correlations in attenuated adenomatous polyposis coli;
Am. J. Hum. Genet. 62 1290-1301
Spencer A G, Woods J W, Arakawa T, Singer II and Smith W L
1998 Subcellular localization of prostaglandin
endoperoxide H synthases-1 and -2 by immunoelectron
microscopy; J. Biol. Chem. 273 9886-9893
Spirio L, Olschwang S, Groden J, Robertson M, Samowitz
W, Joslyn G, Gelbert L, Thliveris A, Carlson M and
Otterud B 1993. Alleles of the APC gene: an attenuated
form of familial polyposis; Cell 75 951-957
Srivastava S K, Tetsuka T, Daphna-Iken D and Morrison A
R 1994 IL-1 beta stabilizes COX II mRNA in renal
mesangial cells: role of 3'-untranslated region; Am. J.
Physiol. 267 F504-508
St Croix B, Rago C, Velculescu V, Traverso G, Romans
K E, Montgomery E, Lal A, Riggins G J, Lengauer
C, Vogelstein B and Kinzler K W 2000 Genes
expressed in human tumour endothelium; Science
289 1197-1202
Story M and Kodym R 1998 Signal transduction during
apoptosis; implications for cancer therapy; Frontiers
Biosci. 3 d365-375
Strohmeyer D 1999 Pathophysiology of tumour angiogenesis
and its relevance in renal cell cancer; Anticancer Res. 19
1557-1561
Subbaramaiah K, Altorki N, Chung W J, Mestre J R, Sampat
A and Dannenberg A J 1999 Inhibition of
Cyclooxygenase-2 Gene Expression by p53; J. Biol.
Chem. 274 10911-10915

Cyclooxygenase-2 and Colon Cancer
Susin S A, Lorenzo H K, Zamzami N, Marzo I, Brenner C,
Larochette N, Prevost M C, Alzari P M and Kroemer
G 1999 Mitochondrial release of caspase-2 and -9
during the apoptotic process; J. Exp. Med. 189 381-394
Susin S A, Zamzami N and Kroemer G 1998 Mitochondria
as regulators of apoptosis: doubt no more; Biochim.
Biophys. Acta 1366 151-165
Takafuji V, Lublin D, Lynch K and Roche J K 2001 Mucosal
prostanoid receptors and synthesis in familial
adenomatous polyposis;Histochem. Cell Biol. 116
171-181
Takaku K, Sonoshita M, Sasaki N, Uozumi N, Doi Y, Shimizu
T and Taketo M M 2000 Suppression of intestinal
polyposis in Apc (delta 716) knockout mice by an
additional mutation in the cytosolic phospholipase
A(2) gene; J. Biol. Chem. 275 34013-34016
Takano M, Nishimura H, Kimura Y, Washizu J, Mokuno Y,
Nimura Y and Yoshikai Y 1998 Prostaglandin E2
protects against liver injury after Escherichia coli
infection but hampers the resolution of the infection in
mice; J. Immunol. 161 3019-3025
Tazawa R, Xu X M, Wu K K and Wang L H 1994
Characterization of the genomic structure,chromosomal
location and promoter of human prostaglandin H
synthase-2 gene; Biochem. Biophys. Res. Commun. 203
190-199
Tinhofer I, Bernhard D, Senfter M, Anether G, Loeffler M,
Kroemer G, Kofler R, Csordas A and Greil R 2001
Resveratrol, a tumour-suppressive compound fro m
grapes, induces apoptosis via a novel mitochondrial
pathway controlled by Bcl-2; FASEB J. 15 1613-1615
Topal B, Basha G and Penninckx F 1999 Mechanisms
and prevention of recurrent colorectal cancer;
Hepatogastroenterology 46 701-708
Trowbridge B and Burt R W 2002 Colorectal cancer
screening; Surg. Clin. North Am. 82 943-957
Tsujii M, Kawano S, Tsuji S, Sawaoka H, Hori M and DuBois
R N 1998 Cyclooxygenase regulates angiogenesis
induced by colon cancer cells; Cell 93 705-716
Ushikubi F, Sugimoto Y, Ichikawa A and Narumiya S 2000
Roles of prostanoids revealed from studies using mice
lacking specific prostanoid receptors; Jpn. J. Pharmacol.
83 279-285
Vane J 1997 Suppression of intestinal polyposis by
inhibition of COX-2 in APC knockout mice; Jpn. J.
Cancer Res. 88 inside front cover
Vogelstein B and Kinzler K W 1993 The multistep nature of
cancer; Trends Genet. 9 138-141
Walsh J M and Terdiman J P 2003a Colorectal cancer
screening: clinical applications; J A M A 289
1297-1302
_________ and __________ 2003b Colorectal cancer
screening: scientific review; J A M A 289 1288-1296

585
Watabe A, Sugimoto Y, Honda A, Irie A, Namba T, Negishi
M, Ito S, Narumiya S and Ichikawa A 1993 Cloning and
expression of cDNA for a mouse EP1 subtype of
prostaglandin E receptor;J. Biol. Chem. 268 20175-20178
Watanabe K, Kawamori T, Nakatsugi S, Ohta T, Ohuchida S,
Yamamoto H, Maruyama T, Kondo K, Narumiya S,
Sugimura T and Wakabayashi K 2000 Inhibitory effect of
a prostaglandin E receptor subtype EP(1) selective
antagonist, ONO-8713, on development of
azoxymethane-induced aberrant crypt foci in mice;
Cancer Lett. 156 57-61
Werner H, Karnieli E, Rauscher F J, LeRoith D 1996 Wildtype and mutant p53 differentially regulate
transcription of the insulin-like growth factor I
receptor gene; Proc. Natl. Acad. Sci. USA 93 8318-8323
Williams C S, Luongo C, Radhika A, Zhang T, Lamps L W,
Nanney L B, Beauchamp R D and DuBois R N 1996
Elevated cyclooxygenase-2 levels in Min mouse
adenomas; Gastroenterology 111 1134-1140
_________, Shattuck-Brandt R L and DuBois R N 1999a The
role of COX-2 in intestinal cancer; Ann. NY Acad. Sci.
889 72-83
_________, Mann M and DuBois R N 1999b The role of
cyclooxygenases in inflammation, cancer, and
development; Oncogene 18 7908-7916
Wilson D E 1991 Role of prostaglandins in gastroduodenal
mucosal protection; J. Clin. Gastroenterol. 13 Suppl 1
S65-71
Wilson J W and Potten C S 2000 The effect of exogenous
prostaglandin administration on tumour size and yield
in Min/+ mice; Cancer Res. 60 4645-4653
Worthington M T, Pelo J W, Sachedina M A, Applegate J L,
Arseneau K O and Pizarro T T 2002 RNA binding
properties of the AU-rich element-binding recombinant
Nup475/TIS11/tristetraprolin protein;J. Biol. Chem. 277
48558-48564
Xu N, Loflin P, Chen C Y and Shyu A B 1998 A broader role
for AU-rich element-mediated mRNA turnover revealed
by a new transcriptional pulse strategy; Nucleic Acids Res.
26 558-565
Yamada Y, Oyama T, Hirose Y, Hara A, Sugie S, Yoshida K,
Yoshimi N and Mori H 2003 beta-Catenin mutation is
selected during malignant transformation in colon
carcinogenesis; Carcinogenesis 24 91-97
Zhang S, Thomas K, Blanco J C, Salkowski C A and Vogel
S N 2002 The role of the interferon regulatory factors,
IRF-1 and IRF-2, in LPS-induced cyclooxygenase-2
(COX-2) expression invivo and invitro;J. Endotoxin Res.
8 379-388
Yang J, Xia M, Goetzl E J and An S 1994 Cloning and
expression of the EP3-subtype of human receptors for
prostaglandin E2; Biochem. Biophys. Res. Commun. 198
999-1006
Zalewska I and Tobi M 2003 The “innocent colon” and
K-ras mutation—guilty by (ACF) association?;
Gastroenterology 124 274-275

