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Abstract Colorectal cancer is a major cause of morbidity
and mortality accounting for an estimated 550,000
deaths annually worldwide. Colonic neoplasia develops
in a stepwise fashion progressing from normal mucosa
to adenomatous polyps to carcinoma, a process that
takes years, thereby providing a prime opportunity for
intervention. Although early detection by fecal occult
blood testing and sigmoidoscopy can decrease the risk of
cancer-related death by 20-30%, most persons never
undergo appropriate screening. Population-based stud-
ies have previously determined that long-term ingestion
of aspirin or other nonsteroidal antiinflammatory drugs
(NSAIDs) leads to a 40-50% reduction in mortality
from colorectal cancer. These observational studies
fueled subsequent mechanistic investigations that led to
the identification of a molecular target, cyclooxygenase-
2 (COX-2). COX-2 has tumor-promoting properties.
Expression of COX-2 is virtually undetectable in normal
intestinal mucosa, but is increased in approximately
50% of colonic adenomas and in 90% of colorectal
carcinomas. Experimental studies in mice have revealed
that genetic ablation or pharmacologic inhibition of
COX-2 attenuates the number and size of intestinal
polyps that develop in animals harboring a mutation in
Apc, which confers an increased risk for intestinal neo-
plasia. Recent clinical studies using specific COX-2
inhibitors have shown that these compounds can: (1)
reduce intestinal polyp burden in patients with familial
adenomatous polyposis; (2) prevent the occurrence and/
or recurrence of colorectal adenomas and cancers; and
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(3) negatively regulate angiogenesis in colorectal cancer
liver metastases. Compared to nonselective NSAIDs,
COX-2 specific inhibitors cause substantially fewer
gastrointestinal side effects. These findings indicate that
a widely used and relatively safe class of drugs may
represent a viable and effective anticancer strategy for a
disease that causes over a half-million deaths per year.
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Introduction

Colorectal carcinoma is a major cause of mortality
worldwide and accounts for nearly 4% of all deaths in
industrialized countries [16, 31]. The incidence of
this malignancy is clearly age-dependent and affects
approximately 3 per 1000 persons over the age of 65 years
[2, 11] (Fig. 1). Colon cancer progresses through a well-
defined series of steps initiated by the transition from
normal mucosa to adenomatous polyps, and finally to
dysplasia and adenocarcinoma. The fact that this pro-
cess takes several years affords prime opportunities for
early detection and intervention, and it is widely ac-
cepted that removing polyps at an early stage prevents
the progression to neoplasia. However, despite evidence
that early detection by fecal occult blood testing and
flexible sigmoidoscopy can decrease the risk of colorec-
tal cancer mortality by 20-30%, most persons do not
undergo appropriate screening [15].

An emerging trend in cancer research is rational drug
design, which begins with a molecular target that is first
identified in the laboratory. Investigations into chemo-
prevention of colon cancer, however, have proceeded in
a reverse direction. The current emphasis on inhibition
of cyclooxygenase-2 (COX-2) was initiated by astute
clinical observations that persons ingesting aspirin or
other nonsteroidal antiinflammatory drugs (NSAIDs)
on a regular basis have a 40-50% reduction in risk of
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Fig. 1 Worldwide Incidence of colorectal cancer [2, 11]

mortality from colorectal cancer [13, 14, 49]. These
observational studies formed the nidus for laboratory-
based investigations that identified COX-2 as a molecule
with tumor-promoting properties. A seamless transition
from the bench back to the bedside has now occurred
with recent data demonstrating that specific COX-2
inhibitors can reduce intestinal polyp burden in patients
with familial adenomatous polyposis (FAP), prevent the
occurrence and/or recurrence of colorectal adenomas
and cancers, and negatively regulate angiogenesis in
colorectal cancer liver metastases [10, 37, 45]. These re-
sults have raised the tantalizing possibility that a widely
available and relatively safe class of pharmacologic
agents may represent a viable preventive strategy for a
disease that causes over 500,000 deaths annually
worldwide. These observations also underscore the
importance of continuing to identify mechanisms that
promote colon carcinogenesis, which will ultimately
enable physicians to appropriately focus diagnostic
testing and prevention therapy.

NSAIDs reduce the risk of colorectal cancer

One of the first observations that NSAID use may be
beneficial in the treatment of colon cancer was detailed
in a report from Waddell and Loughry who observed a
reduction in polyp burden in patients with FAP fol-
lowing ingestion of NSAIDs on a regular basis for pain
relief [54]. This seminal paper stimulated a number of
population-based studies designed to investigate if
NSAIDs exerted protective effects on colon cancer.
Results from both retrospective and prospective studies
clearly indicated that continued ingestion of aspirin or
other NSAIDs was associated with a 40-50% reduction
in colon cancer risk [13, 14, 49]. The most compelling
evidence that these medications can decrease the risk of
polyp formation and cancer is derived from studies fo-
cused on patients with FAP. Three independent inves-
tigations have demonstrated that use of the NSAID
sulindac significantly reduces the number and size of
colonic polyps in FAP patients, and, when therapy is
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halted, this trend is reversed [12, 24, 34]. Thus, sulindac
exerts biologically relevant effects on polyp regression in
patients with an inherited predisposition for colorectal
carcinogenesis.

There have also been numerous prospective ran-
domized trials investigating the role of aspirin for pre-
vention of colorectal polyps. Sandler and coworkers
evaluated the effects of aspirin (325 mg daily) versus
placebo on polyp burden in patients with a history of
colorectal cancer and demonstrated a statistically sig-
nificant reduction in the incidence of polyp development
[40]. Baron and colleagues found a similar reduction in
the risk of recurrent adenomatous polyps in patients
treated with aspirin versus placebo [3]. A recent study
performed by Benamouzig and coworkers evaluated
more than 200 patients with a history of colorectal
adenomas 1 year after treatment with two different do-
ses of a soluble aspirin formulation (lysine acetylsalicy-
late) compared to placebo [4]. Both doses of aspirin
significantly reduced the risk for recurrent adenomas [4].
Collectively, these studies indicate that aspirin causes a
measurable reduction in colonic adenoma recurrence
among high-risk patients.

Mechanisms for chemoprevention of colorectal cancer
by NSAID medications

NSAIDs possess antiinflammatory properties via their
ability to inhibit COXs [15]. These enzymes catalyze key
steps in the conversion of arachidonic acid to endoper-
oxide (PGH,), a substrate for a variety of prostaglandin
synthases that, in turn, catalyze the formation of
prostaglandins and other eicosanoids [15] (Fig. 2).
Prostaglandins regulate a diverse array of physiologic
processes including immunity, maintenance of vascular
tone and integrity, nerve development and bone
metabolism [15]. Three isoforms of COX have been
identified to date, each possessing similar activities, but
differing in expression characteristics and inhibition
profiles by NSAIDs. COX-1 was purified in 1976 and is
expressed constitutively in many cells and tissues [32,
58]. A second COX enzyme, COX-2, was later identified
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Fig. 2 COXs catalyze key steps in the prostaglandin pathway
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and cloned by two independent groups [23, 44]. In
contrast to COX-1, COX-2 expression was found to be
inducible in cells transformed with the oncogene v-src¢ or
treated with phorbol esters [23, 61]. Subsequent studies
have now shown that COX-2 can be induced by a
variety of growth factors and proinflammatory cyto-
kines in a number of pathophysiologic conditions [58].

The discovery of an inducible COX led to subsequent
investigations designed to determine whether dysregu-
lation of COX-2 expression affects colon carcinogenesis.
COX-2 is overexpressed in the majority of colorectal
cancers and adenomas when compared to normal adja-
cent colonic mucosa [9, 20, 41]. The most direct evidence
implicating COX-2 in colon carcinogenesis has been
obtained using genetic models of COX-2 deficiency.
Oshima and colleagues examined intestinal polyp num-
ber in mice (Apc®’'® mice) engineered to express a
truncated Apc gene that were then bred onto either a
wildtype or a COX-2-null background [35]. The number
and size of polyps was reduced in COX-2-deficient ver-
sus wildtype mice, and treatment of Apc®’'® COX-2
wildtype mice with a specific COX-2 inhibitor or sulin-
dac also reduced polyp number [35]. Two independent
groups have shown a similar reduction in tumor multi-
plicity using another mouse model of FAP (Min) treated
with the nonselective NSAIDs sulindac or piroxicam [5,
19]. Reddy and coworkers also reported a 40% reduc-
tion in aberrant crypt formation in carcinogen-treated
rats which were maintained on a selective COX-2
inhibitor [38].

There are additional genetic data implicating a role
for COX-2 in carcinoma growth. When injected into
COX-2-null mice, transformed lung carcinoma cells
grow more slowly than when implanted into wildtype
mice [59]. Liu and colleagues generated transgenic mice
that express COX-2 under the control of the murine
mammary tumor virus (MMTYV) promoter/enhancer
[26]. Although nulliparous mice did not develop tumors,
multiparous mice demonstrated a significant increase in
mammary-gland carcinomas compared to controls,
indicating that overexpression of COX-2 per se is suffi-
cient to induce cellular transformation [26]. Transgenic
expression of COX-2 in basal keratinocytes similarly
leads to epidermal hyperplasia and dysplasia [33]. Col-
lectively, these studies implicate COX-2 as a tumor
promoter in a variety of organ systems.

COX-independent effects of NSAIDs

Certain NSAIDs can alter cellular growth and death
independently of their ability to inhibit COXs when
administered at high doses [15]. On the basis of these
results, several alternative targets have been proposed
that may mediate the effects of NSAIDs on cellular re-
sponses. High doses of aspirin or sulindac can inhibit the
kinase activity of Ikappa B kinase beta, which prevents
nuclear factor-kB nuclear translocation [22, 62].
Another specific host pathway through which NSAIDs

may influence cell growth and death are the peroxisome
proliferator-activated receptors (PPARs). PPARaq,
PPARS, and PPARy constitute a family of nuclear
hormone receptors with important roles in the regula-
tion of fatty acid oxidation and glucose utilization [21,
60]. PPARs form functional heterodimers with the reti-
noid X receptor (RXR) family of nuclear receptors [21,
60], and it is now appreciated that these receptors are
important in regulating pathways beyond energy
homeostasis. For example, although PPARy was origi-
nally identified as a transcription factor essential for
adipocyte differentiation, there is now increasing evi-
dence to indicate a role for this receptor in regulating
other cell types including macrophages, lymphocytes,
and epithelial cells [8, 46, 48]. Fatty acids and certain
fatty-acid metabolites have been identified to be putative
endogenous ligands for these receptors and PPARs have
been proposed as direct targets for NSAIDs [15]. Indo-
methacin, a nonselective NSAID, binds to and induces
PPARo and PPARy transcriptional activity [25], while
PPAROY is a direct target of sulindac [17]. NSAIDs have
also been shown to reduce levels of bcl-x, an antiapop-
totic gene, which increases apoptosis in colon cancer cell
lines [63]. A concern with each of these studies, however,
is that the NSAID concentrations required to induce
cellular responses are in the 50-1000 pM range, which is
nearly 200-fold higher than the concentrations of selec-
tive COX-2 inhibitors that are required to suppress
tumorigenesis in rodent models of intestinal cancer.

Mechanisms through which COX-2 promotes
tumorigenesis

Although the results described above suggest that NSAID
therapy may suppress colon carcinogenesis via non-COX
pathways, the doses required to exert such effects are ex-
tremely high, and thus the balance of in vivo and in vitro
data overwhelmingly implicate a role for COX-2 in tumor
development and progression. COX-2 overexpression in
human and murine tumor samples is localized to both the
epithelial cell compartment and/or the stroma (e.g. mac-
rophages, fibroblasts, endothelial cells) [15]. This pattern
of localization has raised intriguing hypotheses regarding
mechanisms by which COX-2 metabolites may facilitate
oncogenesis. Data that support epithelial cell autono-
mous effects of COX-2 include the following. Overex-
pression of COX-2 in intestinal epithelial cell lines confers
resistance to apoptosis via increasing the level of the an-
tiapoptotic protein Bcel-2 [51]. COX-2 upregulation also
leads to increased cell migration and invasion that is
accompanied by enhanced expression of several matrix
metalloproteinases [52], and facilitates the formation of
endothelial tubes which is associated with increased levels
of angiogenic factors [53]. Conversely, transfection with
COX-2 antisense cDNA reduces cellular proliferation [6].

The observation that cells adjacent to neoplastic
epithelium also overexpress COX-2 forces consideration
of the possibility that carcinogenesis may be directly



affected by the stromal compartment, and data exist to
bolster this hypothesis. Inhibition of COX-2 blocks
neovascularization in response to exogenous growth
factors and this can be reversed by treatment with an
agonist of the COX-2 metabolite, TxA, [7, 27, 28].
Similarly, corneal blood vessel formation in rats is sup-
pressed by COX-2, but not COX-1, inhibitors [30]. Skin
fibroblasts isolated from COX-2-null mice display
defects in their ability to secrete several angiogenic
factors compared to cells harvested from wildtype mice
[59], suggesting that COX-2 may modify transformation
by regulating the ability of fibroblasts to stimulate
neovascularization.

Molecular mediators of the cellular effects of COX-2
in carcinogenesis

Prostaglandin metabolites of COX-2 exert their effects
on cells by binding to G-protein-coupled receptors,
which then alter cytosolic levels of cCAMP and/or cal-
cium [15, 47]. There are emerging data indicating that
certain prostaglandins (PGI,, PGD, metabolites) can
also activate PPAR receptors and thus regulate gene
expression [15]. PGE, has been reported to be increased
in colon cancer tissue compared to normal colonic
mucosa [39] and in vitro, this prostaglandin exerts
procarcinogenic effects. For example, PGE, decreases
apoptosis in colon cancer cell lines, which is accompa-
nied by an increase in the antiapoptotic protein Bcl-2
[42]. Transformed colon cell lines also proliferate and
migrate more rapidly when exposed to PGE,, an effect
that is likely mediated by binding of the PGE, receptor
subtype EP4 [43]. PGE, has also been shown to induce
hereregulin-B1, which increases cellular migration and
invasion [1].

Genetic studies in mice also support the contention
that prostaglandin signaling regulates tumor growth.
Mice deficient in the prostaglandin receptor Epl are
partially resistant to azoxymethane-induced aberrant
crypt foci, and these changes are recapitulated in wild-
type mice treated with an Epl antagonist [56, 57]. Fur-
ther, Min mice with a genetic predisposition towards
intestinal cancer exhibit a significant reduction in polyp
burden following treatment with an antagonist of Epl
[56]. Future studies of the role of specific prostaglandins
and their cognate receptors using transgenic and
knockout mice should more precisely define which syn-
thases and receptors regulate specific points in the
colorectal carcinogenic cascade.

Selective COX-2 inhibitors and prevention of colorectal
neoplasia in human subjects

Numerous studies have demonstrated a significant
reduction in risk and/or mortality from colorectal cancer
in persons ingesting aspirin or other NSAIDs on a
chronic basis. However, there are concerns regarding the
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long-term safety of these drugs in humans. Chronic
aspirin and/or NSAID use results in an increased risk of
gastrointestinal bleeding, even at relatively low doses,
and side effects accelerate as populations age [58]. Based
on these concerns, a new class of NSAIDs was designed
that is highly selective for inhibition of COX-2, but
which lacks the ability to inhibit the COX-1 isoform.
Although these compounds were originally developed as
antiinflammatory agents that could attenuate gastroin-
testinal side effects caused by concomitant COX-1
inhibition, they have the potential for use as chemo-
preventive agents [58]. This is primarily due to the fact
that selective COX-2 inhibitors effectively inhibit tumor
growth in animal models [15] (Table 1), and these
encouraging results have stimulated recent studies in
humans designed to address whether COX-2 inhibitors
can slow or even reverse the development of colorectal
cancer growth.

Steinbach and colleagues demonstrated that ingestion
of celecoxib, a selective COX-2 inhibitor, reduces the
number of colorectal adenomas in patients with FAP
[45]. Rahme and coworkers performed a nested case-
control study to evaluate the effects of exposure to
selective or nonselective COX-2 inhibitors on the
occurrence or recurrence of colorectal neoplasia in
average-to-high-risk patients [37]. Exposure to at least
3 months of selective COX-2 inhibitors (rofecoxib
or celecoxib) conferred a significant protective effect
against colorectal adenomas and carcinomas, which is
the first demonstration that agents specific for COX-2
protect against the development of these lesions in a
general population [37]. Another recent clinical trial
investigated the effects of rofecoxib on parameters of cell
growth and death, and neovascularization in patients
with colorectal cancer liver metastases [10]. Rofecoxib-
treated metastases had a marginal decrease in micro-
vessel density compared with placebo-treated tissue, but
there were no differences in apoptosis or proliferation
between the groups [10]. The dose of rofecoxib used
(25 mg daily) was safe and well tolerated and signifi-
cantly reduced ex vivo PGE, synthesis by metastatic

Table 1 Effects of COX-2 selective inhibitors in animal models of
colorectal cancer

NSAID treatment Outcome

min

Apc™™ mouse

Celecoxib 1 polyp multiplicity

Apch(’ mouse

Rofecoxib { polyp multiplicity

Azoxymethane-treated rat

Celecoxib { tumor incidence
d multiplicity

NS-398 d tumor incidence
| multiplicity

Nimesulide d tumor incidence

1 multiplicity
Nude mouse xenograft
SC-58125
Celecoxib

{ colon carcinoma cell growth
1 colon carcinoma cell growth
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tissue [10]. These results have set the stage for future
studies that can more definitively evaluate the role of
COX-2 inhibition in abrogating different points in the
colorectal carcinogenic cascade.

Conclusions

The collective evidence from human, animal, and cell
culture studies clearly indicates that targeted inhibition
of COX-2 is a viable approach to colorectal cancer
prevention and/or treatment. Future clinical studies
assessing the ability of COX-2 inhibitors to prevent
polyp formation will undoubtedly help to clarify the role
of these compounds in cancer prevention. An exciting
area of investigation is testing whether multimodality
therapies that combine COX-2 inhibitors with drugs
targeting additional cellular pathways can synergistically
affect cancer occurrence or recurrence. Examples of this
approach include combining selective COX-2 inhibitors
with EGF receptor inhibitors and/or protein kinase A
inhibitors [50], coupling inhibitors of COX-2 with
compounds that block matrix metalloproteinases [55],
combining specific COX-2 inhibitors with herceptin [29],
or simply adding COX-2 inhibitors to standard colon
cancer chemotherapy regimens.

Along with combinatorial approaches for treatment
or prevention of spontaneous colon cancer, investiga-
tions focused on other types of colorectal cancer that
may respond to COX-2 inhibition are areas ripe for
exploration. For example, does inhibition of COX-2
affect the development of colorectal cancers that are
associated with microsatellite instability? Persons with
inflammatory bowel disease (IBD) have a significantly
increased risk of colon cancer, and COX-2 has been
reported to be increased in epithelial cells and mono-
cytes within active foci of IBD [18, 36]. Does inhibition
of COX-2, therefore, suppress the development of
intestinal-type malignancies that arise within foci
of chronic inflammation? Continued research on the role
of COX-2 in colorectal carcinogenesis will undoubtedly
permit novel treatment approaches to be identified for a
disease that has few therapeutic options.

References

1. Adam L, Mazumdar A, Sharma T, Jones TR, Kumar R (2001)
A three-dimensional and temporo-spatial model to study
invasiveness of cancer cells by heregulin and prostaglandin E2.
Cancer Res 61:81

2. Bakhle YS (2001) COX-2 and cancer: a new approach to an old
problem. Br J Pharmacol 134:1137

3. Baron JA, Cole BF, Sandler RS, Haile RW, Ahnen D, Bresalier
R, McKeown-Eyssen G, Summers RW, Rothstein R, Burke
CA, Snover DC, Church TR, Allen JI, Beach M, Beck GJ,
Bond JH, Byers T, Greenberg ER, Mandel JS, Marcon N,
Mott LA, Pearson L, Saibil F, van Stolk RU (2003) A ran-
domized trial of aspirin to prevent colorectal adenomas. N Engl
J Med 348:891

20.

21.

22.

. Benamouzig R, Deyra J, Martin A, Girard B, Jullian E, Pied-

noir B, Couturier D, Coste T, Little J, Chaussade S (2003)
Daily soluble aspirin and prevention of colorectal adenoma
recurrence: one-year results of the APACC trial. Gastroenter-
ology 125:328

. Boolbol SK, Dannenberg AJ, Chadburn A, Martucci C, Guo

XJ, Ramonetti JT, Abreu-Goris M, Newmark HL, Lipkin ML,
DeCosse JJ, Bertagnolli MM (1996) Cyclooxygenase-2 over-
expression and tumor formation are blocked by sulindac in a
murine model of familial adenomatous polyposis. Cancer Res
56:2556

. Chinery R, Coffey RJ, Graves-Deal R, Kirkland SC, Sanchez

SC, Zackert WE, Oates JA, Morrow JD (1999) Prostaglandin
J2 and 15-deoxy-deltal2,14-prostaglandin J2 induce prolifera-
tion of cyclooxygenase-depleted colorectal cancer cells. Cancer
Res 59:2739

. Daniel TO, Liu H, Morrow JD, Crews BC, Marnett LJ (1999)

Thromboxane A2 is a mediator of cyclooxygenase-2-dependent
endothelial migration and angiogenesis. Cancer Res 59:4574

. Desreumaux P, Dubuquoy L, Nutten S, Peuchmaur M, Engl-

aro W, Schoonjans K, Derijard B, Desvergne B, Wahli W,
Chambon P, Leibowitz MD, Colombel JF, Auwerx J (2001)
Attenuation of colon inflammation through activators of the
retinoid X receptor (RXR)/peroxisome proliferator-activated
receptor gamma (PPARgamma) heterodimer. A basis for new
therapeutic strategies. J Exp Med 193:827

. Eberhart CE, Coffey RJ, Radhika A, Giardiello FM, Ferren-

bach S, DuBois RN (1994) Up-regulation of cyclooxygenase 2
gene expression in human colorectal adenomas and adenocar-
cinomas. Gastroenterology 107:1183

. Fenwick SW, Toogood GJ, Lodge JP, Hull MA (2003) The

effect of the selective cyclooxygenase-2 inhibitor rofecoxib on
human colorectal cancer liver metastases. Gastroenterology
125:716

. Gaudette LA, Altmayer CA, Wysocki M, Gao RN (1998)

Cancer incidence and mortality across Canada. Health Rep
10:51

. Giardiello FM, Hamilton SR, Krush AJ, Piantadosi S, Hylind

LM, Celano P, Booker SV, Robinson CR, Offerhaus GJ (1993)
Treatment of colonic and rectal adenomas with sulindac in
familial adenomatous polyposis. N Engl J Med 328:1313

. Giovannucci E, Rimm EJ, Stampfer MJ, Colditz GA, Ascherio

A, Willett WC (1994) Aspirin use and the risk for colorectal
cancer and adenoma in male health professionals. Ann Intern
Med 121:241

. Giovannucci E, Egan KM, Hunter DJ, Stampfer MJ, Colditz

GA, Willett WC, Speizer FE (1995) Aspirin and the risk of
colorectal cancer in women. N Engl J Med 333:609

. Gupta RA, Dubois RN (2001) Colorectal cancer prevention

and treatment by inhibition of cyclooxygenase-2. Nat Rev
Cancer 1:11

. Gwyn K, Sinicrope FA (2002) Chemoprevention of colorectal

cancer. Am J Gastroenterol 97:13

. He TC, Chan TA, Vogelstein B, Kinzler KW (1999) PPARdelta

is an APC-regulated target of nonsteroidal anti-inflammatory
drugs. Cell 99:335

. Hendel J, Nielsen OH (1997) Expression of cyclooxygenase-2

mRNA in active inflammatory bowel disease. Am J Gastro-
enterol 92:1170

. Jacoby RF, Marshall DJ, Newton MA, Novakovic K, Tutsch

K, Cole CE, Lubet RA, Kelloff GJ, Verma A, Moser AR, Dove
WF (1996) Chemoprevention of spontaneous intestinal ade-
nomas in the Apc Min mouse model by the nonsteroidal anti-
inflammatory drug piroxicam. Cancer Res 56:710

Kargman SL, O’Neill GP, Vickers PJ, Evans JF, Mancini JA,
Jothy S (1995) Expression of prostaglandin G/H synthase-1
and -2 protein in human colon cancer. Cancer Res 55:2556
Kersten S, Desvergne B, Wahli W (2000) Roles of PPARs in
health and disease. Nature 405:421

Kopp E, Ghosh S (1994) Inhibition of NF-kappa B by sodium
salicylate and aspirin. Science 265:956



23.

24.

25.

26.

27.

28.

29.

30.

3L

32.

33.

34.

35.

36.

37.

38.

39.
40.

Kujubu DA, Fletcher BS, Varnum BC, Lim RW, Herschman
HR (1991) TIS10, a phorbol ester tumor promoter-inducible
mRNA from Swiss 3T3 cells, encodes a novel prostaglan-
din synthase/cyclooxygenase homologue. J Biol Chem
266:12866

Labayle D, Fischer D, Vielh P, Drouhin F, Pariente A, Bories
C, Duhamel O, Trousset M, Attali P (1991) Sulindac causes
regression of rectal polyps in familial adenomatous polyposis.
Gastroenterology 101:635

Lehmann JM, Lenhard JM, Oliver BB, Ringold GM, Kliewer
SA (1997) Peroxisome proliferator-activated receptors alpha
and gamma are activated by indomethacin and other non-ste-
roidal anti-inflammatory drugs. J Biol Chem 272:3406

Liu CH, Chang SH, Narko K, Trifan OC, Wu MT, Smith E,
Haudenschild C, Lane TF, Hla T (2001) Overexpression of
cyclooxygenase-2 is sufficient to induce tumorigenesis in
transgenic mice. J Biol Chem 276:18563

Majima M, Isono M, Ikeda Y, Hayashi I, Hatanaka K, Harada
Y, Katsumata O, Yamashina S, Katori M, Yamamoto S
(1997) Significant roles of inducible cyclooxygenase (COX)-2
in angiogenesis in rat sponge implants. Jpn J Pharmacol 75:105
Majima M, Hayashi I, Muramatsu M, Katada J, Yamashina S,
Katori M (2000) Cyclo-oxygenase-2 enhances basic fibroblast
growth factor-induced angiogenesis through induction of vas-
cular endothelial growth factor in rat sponge implants. Br J
Pharmacol 130:641

Mann M, Sheng H, Shao J, Williams CS, Pisacane PI,
Sliwkowski MX, DuBois RN (2001) Targeting cyclooxygen-
ase 2 and HER-2/neu pathways inhibits colorectal carcinoma
growth. Gastroenterology 120:1713

Masferrer JL, Leahy KM, Koki AT, Zweifel BS, Settle SL,
Woerner BM, Edwards DA, Flickinger AG, Moore RJ, Seibert
K (2000) Antiangiogenic and antitumor activities of cyclooxy-
genase-2 inhibitors. Cancer Res 60:1306

Micheli A, Mugno E, Krogh V, Quinn MJ, Coleman M,
Hakulinen T, Gatta G, Berrino F, Capocaccia R (2002) Cancer
prevalence in European registry areas. Ann Oncol 13:840
Miyamoto T, Ogino N, Yamamoto S, Hayaishi O (1976)
Purification of prostaglandin endoperoxide synthetase from
bovine vesicular gland microsomes. J Biol Chem 251:2629
Neufang G, Furstenberger G, Heidt M, Marks F, Muller-
Decker K (2001) Abnormal differentiation of epidermis in
transgenic mice constitutively expressing cyclooxygenase-2 in
skin. Proc Natl Acad Sci U S A 98:7629

Nugent KP, Farmer KC, Spigelman AD, Williams CB, Phillips
RK (1993) Randomized controlled trial of the effect of sulindac
on duodenal and rectal polyposis and cell proliferation in
patients with familial adenomatous polyposis. Br J Surg
80:1618

Oshima M, Dinchuk JE, Kargman SL, Oshima H, Hancock B,
Kwong E, Trzaskos JM, Evans JF, Taketo MM (1996) Sup-
pression of intestinal polyposis in Apc delta716 knockout mice
by inhibition of cyclooxygenase 2 (COX-2). Cell 87:803

Raab Y, Sundberg C, Hallgren R, Knutson L, Gerdin B (1995)
Mucosal synthesis and release of prostaglandin E2 from acti-
vated eosinophils and macrophages in ulcerative colitis. Am J
Gastroenterol 90:614

Rahme E, Barkun AN, Toubouti Y, Bardou M (2003) The
cyclooxygenase-2-selective inhibitors rofecoxib and celecoxib
prevent colorectal neoplasia occurrence and recurrence. Gas-
troenterology 125:404

Reddy BS (1996) Chemoprevention of colon cancer by minor
dietary constituents and their synthetic analogues. Prev Med
25:48

Rigas B, Goldman IS, Levine L (1993) Altered eicosanoid levels
in human colon cancer. J Lab Clin Med 122:518

Sandler RS, Halabi S, Baron JA, Budinger S, Paskett E,
Keresztes R, Petrelli N, Pipas JM, Karp DD, Loprinzi CL,
Steinbach G, Schilsky R (2003) A randomized trial of aspirin to
prevent colorectal adenomas in patients with previous colo-
rectal cancer. N Engl J Med 348:883

41.

42.

43.

44.

45.

46

47.

48.

49.

50.

S

52.

53.

54.

55.

56.

57.

S8.

59.

S55

Sano H, Kawahito Y, Wilder RL, Hashiramoto A, Mukai S,
Asai K, Kimura S, Kato H, Kondo M, Hla T (1995) Expres-
sion of cyclooxygenase-1 and -2 in human colorectal cancer.
Cancer Res 55:3785

Sheng H, Shao J, Morrow JD, Beauchamp RD, DuBois RN
(1998) Modulation of apoptosis and Bcl-2 expression by pros-
taglandin E2 in human colon cancer cells. Cancer Res 58:362
Sheng H, Shao J, Washington MK, DuBois RN (2001) Pros-
taglandin E2 increases growth and motility of colorectal car-
cinoma cells. J Biol Chem 276:18075

Simmons DL, Levy DB, Yannoni Y, Erikson RL (1989)
Identification of a phorbol ester-repressible v-src-inducible
gene. Proc Natl Acad Sci U S A 86:1178

Steinbach G, Lynch PM, Phillips RK, Wallace MH, Hawk E,
Gordon GB, Wakabayashi N, Saunders B, Shen Y, Fujimura
T, Su LK, Levin B (2000) The effect of celecoxib, a cyclooxy-
genase-2 inhibitor, in familial adenomatous polyposis. N Engl J
Med 342:1946

. Su CG, Wen X, Bailey ST, Jiang W, Rangwala SM, Keilbaugh

SA, Flanigan A, Murthy S, Lazar MA, Wu GD (1999) A novel
therapy for colitis utilizing PPAR-gamma ligands to inhibit the
epithelial inflammatory response. J Clin Invest 104:383
Sugimoto Y, Narumiya S, Ichikawa A (2000) Distribution and
function of prostanoid receptors: studies from knockout mice.
Prog Lipid Res 39:289

Tanaka T, Kohno H, Yoshitani S, Takashima S, Okumura A,
Murakami A, Hosokawa M (2001) Ligands for peroxisome
proliferator-activated receptors alpha and gamma inhibit
chemically induced colitis and formation of aberrant crypt foci
in rats. Cancer Res 61:2424

Thun MJ, Namboodiri MM, Heath CW Jr (1991) Aspirin
use and reduced risk of fatal colon cancer. N Engl J Med
325:1593

Tortora G, Caputo R, Damiano V, Melisi D, Bianco R, Fon-
tanini G, Veneziani BM, De Placido S, Bianco AR, Ciardiello
F (2003) Combination of a selective cyclooxygenase-2 inhibitor
with epidermal growth factor receptor tyrosine kinase inhibitor
ZD1839 and protein kinase A antisense causes cooperative
antitumor and antiangiogenic effect. Clin Cancer Res 9:1566
Tsujii M, DuBois RN (1995) Alterations in cellular adhesion
and apoptosis in epithelial cells overexpressing prostaglandin
endoperoxide synthase 2. Cell 83:493

Tsujii M, Kawano S, DuBois RN (1997) Cyclooxygenase-2
expression in human colon cancer cells increases metastatic
potential. Proc Natl Acad Sci U S A 94:3336

Tsujii M, Kawano S, Tsuji S, Sawaoka H, Hori M, DuBois RN
(1998) Cyclooxygenase regulates angiogenesis induced by colon
cancer cells. Cell 93:705

Waddell WR, Loughry RW (1983) Sulindac for polyposis of
the colon. J Surg Oncol 24:83

Wagenaar-Miller RA, Hanley G, Shattuck-Brandt R, DuBois
RN, Bell RL, Matrisian LM, Morgan DW (2003) Cooperative
effects of matrix metalloproteinase and cyclooxygenase-2 inhi-
bition on intestinal adenoma reduction. Br J Cancer 88:1445
Watanabe K, Kawamori T, Nakatsugi S, Ohta T, Ohuchida S,
Yamamoto H, Maruyama T, Kondo K, Ushikubi F, Narumiya
S, Sugimura T, Wakabayashi K (1999) Role of the prosta-
glandin E receptor subtype EP1 in colon carcinogenesis. Cancer
Res 59:5093

Watanabe K, Kawamori T, Nakatsugi S, Ohta T, Ohuchida S,
Yamamoto H, Maruyama T, Kondo K, Narumiya S, Sugimura
T, 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

Williams CS, Smalley W, DuBois RN (1997) Aspirin use and
potential mechanisms for colorectal cancer prevention. J Clin
Invest 100:1325

Williams CS, Tsujii M, Reese J, Dey SK, DuBois RN (2000)
Host cyclooxygenase-2 modulates carcinoma growth. J Clin
Invest 105:1589



S56

60.

6l.

Willson TM, Brown PJ, Sternbach DD, Henke BR (2000) The
PPARSs: from orphan receptors to drug discovery. J] Med Chem
43:527

Xie WL, Chipman JG, Robertson DL, Erikson RL, Simmons
DL (1991) Expression of a mitogen-responsive gene encoding
prostaglandin synthase is regulated by mRNA splicing. Proc
Natl Acad Sci U S A 88:2692

62. Yamamoto Y, Yin MJ, Lin KM, Gaynor RB (1999) Sulindac
inhibits activation of the NF-kappaB pathway. J Biol Chem
274:27307

63. Zhang L, Yu J, Park BH, Kinzler KW, Vogelstein B (2000)
Role of BAX in the apoptotic response to anticancer agents.
Science 290:989



