PREFACE

The revelation that aspirin and aspirin-like compounds have notable antineo-
plastic propertieshasrevol utionized cancer research. COX-2 Blockadein Cancer
Prevention and Therapy chronicles the evidence and presents exciting new op-
portunitiesfor the use of cyclooxygenase-2 (COX-2) blockade in the prevention
and treatment of cancer. The text is divided broadly into five areas. First, an
historical overview documentsthescientificdiscovery of COX-2 andthe pharma-
ceutical development of nonsteroidal anti-inflammatory drugs (NSAIDS)
designed for selective COX-2 inhibition. The process by which essential poly-
unsaturated fatty acids (PUFAS) stimulate prostaglandin biosynthesisand cancer
development, and its interruption by COX-2 inhibition, is elucidated. Thisis
followed by a section on the epidemiology of NSAIDs and cancers of the colon
and breast, and other anatomic sites. These chapters reflect significant cancer
protection owing to the regular use of common NSAIDs such as aspirin and
ibuprofen. A sectiononanimal modelsof carcinogenesi spresentscomprehensive
evidence that general NSAIDs inhibit avariety of malignant neoplasmsin vivo,
and highlights recent findings which show that COX-2 blocking agents produce
striking chemopreventive effects against colon cancer and breast cancer as well
as other malignancies. Genetic models are presented confirming the critical role
of COX-2in carcinogenesis. Section |V then discusses the molecular biology of
COX-2vis-a-visthe roleof COX-2 and, to alesser extent, COX-1, inmodulating
anumber of important processes in molecular carcinogenesis such as mutagen-
esis, cell division, angiogenesis, cell differentiation, and apoptosis. Autocrineand
paracrine mechanisms of carcinogenesis are addressed, as well as COX-depen-
dent and COX-independent effects of NSAIDs. Finally in Section V, clinical
applications of selective NSAIDs are discussed that areimmediately relevant to
cancer prevention and control, and future perspectives of utilizing COX-2 block-
ing agents are projected, which may help reduce the burden of cancer. The
comprehensive nature of COX-2 Blockade in Cancer Prevention and Therapy
makes it an important reference text for applied cancer research and provides a
general basisfor extended research and devel opment on the antineoplastic prop-
erties of COX-2 blockers.
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1. INTRODUCTION

The prostanoids and the leukotrienes are the two major subclasses of the bioactive
compounds known as eicosanoids. These hormones are derived from C,, fatty acids.
Although avariety of polyunsaturated fatty acids (PUFAS) can serveasprecursorsto the
eicosanoids, the bulk of the prostanoids and leukotrienes are derived from arachidonic
acid (AA). Precursor AA does not exist freein cells; AA is present in membrane bound
glycerophospholipids. When cellsreceive an appropriate stimulus, either a secretory or
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Fig. 1. Thepathwaysof |eukotrieneand prostanoid biosynthesis. PLA,, phosopholipaseA,. COX,
cyclooxygenase; 5'-LOH, 5' lipoxygenase; PG, prostaglandin; Tx, thromboxane; LT, leukotriene.

acellular phospholipaseisactivated to cleave AA from the membrane phospholipid pool
(Fig. 1). Thefree AA liberated by ligand-stimulated phospholipase activation can then
serve as substrate for the formation either of prostanoids or leukotrienes. The prostag-
landin synthase/cyclooxygenase (COX) enzyme carries out a two-step reaction. In the
first step, AA issubjected to abisoxygenation COX reactionthat resultsin theformation
of prostaglandin G, (PGG,). ThisCOX reactionisrapidly followed by ahydroperoxidase
reaction, occurring at a distinct site on the prostaglandin synthase/COX enzyme, to
convert PGG,to PGH,. PGH, isthecommon intermediatefor the synthesisof thevarious
prostaglandins(e.g., PGE,, PGF,,, PGD,, etc.), the prostacyclins, and thethromboxanes.
The specific nature of the prostaglandins produced in various cell types depends on the
presenceof specific prostaglandin synthases(e.g., prostaglandin E, synthase, prostaglan-
din D, synthase, etc.); each of these enzymes uses as substrate the common PGH,, pro-
duced by (COX) from free AA. Alternatively, the free AA released by ligand-activated
phospholipasescan serveassubstratefor thelipoxygenase pathway, |eadingto theforma-
tion of the leukotrienes.

2. THE ROLE OF PROSTAGLANDINS
IN NORMAL PHYSIOLOGY AND PATHOPHYSIOLOGY

Experimental and clinical studieshave demonstrated that the prostaglandins play major
rolesin anumber of biological processes, including thermoregulation, platel et aggrega-
tion, wound healing, luteinization, ovulation, parturition, water balance, glomerular fil-
tration, and hemostasis. However, the pharmacol ogi c bl ocking of prostaglandin production
has provided uswith probably the greatest insight into the role of these hormones. In 1971,
Vane(1) reported that the pharmacol ogic effectsof aspirin resulted fromitsability to prevent
prostaglandin production. Aspirin, and all the commonly used nonsteroidal anti-inflam-
matory pharmaceuticals, exert their pharmacologic effects by inhibiting COX activity and
blocking prostaglandin production. The analgesic, antipyretic and anti-inflammatory
effects of aspirin and other nonsteroidal anti-inflammatory drugs (NSAIDs) therefore
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suggest major rolesfor prostaglandinsin pain perception, thermoregulation, and chronic
inflammatory illnesses such asarthritis, asthma, and inflammatory bowel disease. Aspirin
isusedto prevent cardiovascul ar disease, suggesting arolefor prostaglandinsin heartand
blood vessel biology. The ulcerogenic effectsof NSAIDs suggest arolefor prostaglandins
in epithelial cell physiology in the gut, whereas excessive prostaglandin production has
been has associated with bone resorption. In the context of this book, perhaps the most
notable effect ison thefrequency of colon cancer; moderate doses of aspirin reduce both
morbidity and mortality because of colon cancer by nearly 50% (2). Morerecently, asdis-
cussed in other chapters, COX activity and prostaglandin production have been suggested
to play arolein other types of cancers.

3. COX ACTIVITY IS FOUND IN NEARLY ALL CELLS

COX activity isnearly ubiquitous. When extracts are prepared from almost all tissues
or cells, theability to convert AA to prostaglandinsisanearly universal property. Follow-
ing ligand stimulation, secretory or cytoplasmic phospholipases are activated and release
AA from membrane phospholipids. Because COX activity ispresentinnearly all tissues,
the rate-limiting step in the synthesis of prostaglandins was thought to be the activation
of phospholipasesto releasefree AA; constitutive COX present in cells should convert the
newly synthesized AA substrateto PGH,. The cell-type specific prostaglandin synthases
should then convert the PGH,, to the appropriate prostanoid.

4. PURIFICATION AND CLONING
OF COX FROM SHEEP SEMINAL VESICLES

Because of itsintense importance to the pharmaceutical industry, the purification and
characterization of COX hasbeen amajor goal of protein chemists. Early studiesdemon-
strated that the enzymeisfound asahomodimer of two ~70,000 Dalton subunitslocalized
to the endoplasmic reticulum. Sheep seminal vesicles have served asthe richest source of
the enzymefor purification and characterization (3-5). In 1988, three laboratories (6-8)
used amino acid sequence data from peptidesisolated from sheep seminal vesicle COX
to create oligonucleotide probes. Lambda phage cDNA libraries prepared from ram
seminal vesicle RNA preparationswerethen screened toisolate cDNA clonesfor the COX
message. All three laboratories reported the cloning of a COX cDNA that predicts ames-
senger RNA of approx 2.8 kb encoding aprotein of 576 amino acids. Using the sequence
datafrom the ovine COX cDNA, orthologs from murine (9) and human (10,11) cDNA
libraries were subsequently cloned and sequenced.

5. NOTHING IS SIMPLE; EVIDENCE FOR LIGAND
AND ONCOGENE-INDUCED COX ACCUMULATION

Because 1) ligand activationisnecessary to activate the phospholipasestorelease AA
from phospholipid membrane storesand 2) COX activity ispresent in nearly all unstim-
ulated cells, it appeared that theregul ation of ligand-induced prostagl andin synthesiswas
quitestraightforward. Substratefor the COX would belimiting; ligand stimulationwould
activate phospholipaseto release AA. The constitutive COX present in most tissues, pres-
entinexcess, would convert thefree AA to PGH,. Thecell type-specific enzymes present
invarioustissueswouldthen convert the PGH, tothefinal prostanoid product(s). However,
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anumber of studies suggested that ligand-stimulated prostanoid synthesis is accompa-
nied by anincrease in COX activity in addition to activation of phospholipase activity.

5.1. Transcriptional and Translational
I nhibitors Suggested that Ligand and Oncogene-I nduced
COX Activity is the Result of New Gene Expression

Whiteley and Needleman (12) demonstrated that conditioned medium from mono-
nuclear cells[presumably containing interleukin 1 (IL-1)] could stimulate the rel ease of
PGE, from human dermal fibroblasts. Moreover, the ligand-stimulated prostaglandin
production could beblocked by concomitant i ncubati on with actinomycin D, aninhibitor
of transcription, or with cycloheximide, an inhibitor of translation. Microsomal COX
prepared from the stimulated fibroblasts had a threefold increase in the V., but no
changein the Michaelis constant (Km) when compared to control cells. These datasug-
gest that ligand stimulation increases COX activity incellsin atranscriptionally and trans-
lationally dependent fashion.

When murine 3T 3 fibroblasts are treated with platel et derived growth factor (PDGF),
they accumulate PGE, over a4 h period (13). Simultaneous addition of cycloheximide,
an inhibitor of protein synthesis, with PDGF can block the long-term accumulation of
PGE,. Moreover, if the COX activity inthe cellsisfirst covalently inactivated by aspirin
treatment, the PDGF treated cells can recover and synthesize prostaglandinswithin 3 h.
Habenicht et al. (13) suggest that “PDGF stimulates prostaglandin synthesis by direct
effects on the prostaglandin-synthesizing enzyme system...”

Treatment of the murine osteoblastic cell line MC3T3-E1 with epidermal growth
factor (EGF) alsoleadsto PGE, production. After a“lag phase’ of 1-2 h, PGE, synthesis
peaksat about 3 h. EGF-stimulated PGE, synthesisisalmost compl etely blocked by cyclo-
heximide or by actinomycin D (14). Following EGF treatment, microsomal preparations
fromMC3T3-E1 cellshaveincreased COX activity. Theauthorsconcludethat their results
“...suggested an EGF-mediated induction of COX.”

5.2. Antibodies to Sheep Seminal Vesicle COX Confirmed
Ligand and Oncogene I nduced Synthesis of COX in Cultured Cells

Treatment of human umbilical vein endothelial cells and bovine aortic endothelial
cellswithinterleukin 2 (1L-2) stimulatesthe production of PGl (15). Both cycloheximide
and actinomycin D can prevent the ligand-induced accumulation of prostacyclin. Using
an affinity purified antibody to sheep seminal vesicle COX, Frasier-Scott et al. (15) dem-
onstrated, by Western blotting, anincreaseinimmunoreactive COX 4 h after ligand stim-
ulation. They conclude, from their data, “...that IL-2 induces de novo synthesis of PGH
synthase.”

Like EGF (14), epinephrine can stimulate PGE, productionin MC3T3-E1 murine oste-
oblasts (16). Inhibitors of transcription and translation were able to block the hormone-
induced accumulation of prostaglandin. WWhen microsome preparationswere assayed for
COX activity, anincrease in COX activity was observed in microsomes from epineph-
rine-treated cells. Theincreased COX activity demonstrated in the microsomesfrom epi-
nephrine-treated cellscoul d beimmunopreci pitated with antibody to COX protein. These
authorsal so concludethat theligand-inducedincreasein prostaglandin productionisdepen-
dent on induction of COX synthesis.
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Humandermal fibroblaststreated with IL-1 synthesizeincreased levelsof prostaglandin
(17). The Needleman laboratory, using an antibody to sheep seminar vesicle COX, dem-
onstratedincreasedincorporation of radi oactivemethionineintoimmunopreci pitable COX
following IL-1 stimulation. Using both N-terminal sequencing and endoglycosidaseH treat-
ment of the labeled, immunoprecipitated product from IL-1 stimulated cells, the authors
concludedthat the COX producedfromIL-1stimulatedfibroblastswassimilar tothenative
sheep COX useto prepare the antiserum, and suggested that “the I L-1 effect ismediated
mainly, if not solely, viainduction of COX synthesis.” Inasubsequent paper, Razet al. (18)
demonstrated that the | L-1 induced synthesis of immunoprecipitable COX inthese human
dermal fibroblastsisinhibited both by actinomycin D at early times and by concomitant
administration of dexamethasone. They concluded that “...glucocorticoids exert their
effect via a newly synthesized protein, causing a profound translational control of PG
synthase synthesis.”

PGE, and PGF,,, play important stepsin the process of ovulation. When preovul atory
follicles from the rat are stimulated with luteinizing hormone (LH), thereis a dramatic
induction of COX protein, as measured by immunoblotting (19). When granulosa cells
were prepared from LH-stimulated follicles, induced expression of immunoreactive COX
was observed in these cells. Co-incubation with the transcriptional inhibitor o-amanitin
blocked the LH induction of immunoreactive COX inthe granulosacells. Wong et al. (19)
also examined their LH-treated cultures by Northern blot for the level of the 2.8 kb COX
message(6) and found no changeinthelevel of thismRNA, despitethe substantial increase
in immunoprecipitable COX protein. The authors concluded that the increased levels of
COX proteinin LH treated cells“...may not involve increased transcription of the PGS
gene. Or, if increased transcription of PGS gene does occur, it is rapid and coupled to
cotranslational degradation of the message.”

Needleman’s group extended their work from human dermal fibroblasts (17,18) to
human blood monocytes, and demonstrated that endotoxin-treated cellsproduce* prodig-
ious amounts’ of prostaglandins and thromboxanes (20). Endotoxin also stimulated
substantial increasesin microsomal COX activity and the accumul ation of radioactively
labeled protein immunoprecipitated by their anti-COX antiserum. Endotoxin-induced
accumulation of prostaglandins, increased COX activity and increased COX synthesis
wereall inhibited by dexamethasone. The authors suggest that cells*...may containtwo
pools of COX, each with a differential sensitivity to endotoxin or dexamethasone.”

Han et al. (21) in asearch for molecular alterations induced by oncogene expression,
used “giant two-dimensional gel electrophoresis’ to examine radioactively labeled pro-
teins of chicken embryo fibroblasts (CEF) transformed with atemperature-sensitive v-src
gene, the oncogene of Avian Sarcoma Virus. After shifting the cells to the permissive
temperature and labeling with radioactive methionine, the cellular proteins were sepa-
rated by thetwo-dimensional gel electrophoresis procedure and the gel was subjected to
autoradiography. Remarkably, these investigators tentatively identified a radioactive
doublet on their gels as COX, based on the molecular mass, isoelectric point, and sub-
cellular distribution of the labeled protein. They demonstrated that the protein induced
by oncogene activation could be immunopreci pitated with anti-COX antibodies. More-
over, the oncogene-induced induction of COX synthesiswas blocked by glucocorticoid
administration. Theauthorssuggested that oncogene stimulation coul d bring about trans-
formation by causing “ ... persistent changesin the expression of genesnormally induced
only transiently during passage from the G, stage of the cell cycle.”
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6. EVIDENCE FOR A SECOND, INDUCIBLE COX GENE

When pulmonary epithelial cellsisolated from sheep tracheawere cultured and exposed
to serum, thelevel of PGE, wasdramatically increased when compared to PGE, produced
by control cells(22). A dramatic increasein COX specific activity wasalso observedin
the serum-treated cells. When radioactively labeled COX was precipitated from control
and serum-treated cells, using the antiserum prepared by Raz et al. (17), al12-fold increase
inlabeling of immunoprecipitable COX wasobserved in the serum-stimulated popul ation.
To determine whether a corresponding increase in COX message was present, northern
blotsof RNA from control and serum-stimulated pulmonary epithelial cellswere probed
withthe2.8-kb cDNA for sheep seminal vesicle COX (7). At high stringency, rather than
anincreasein thismessage, aslight decrease inthelevel of the 2.8-kb message occurred
in the serum-stimulated cells. However, when similar northern blots were hybridized
at alower stringency, a4.0-kb crossreacting message was seen. In contrast to the signal
present at 2.8 kb, the 4.0-kb band hybridizing with the cDNA probe increased in the
serum-treated pulmonary epithelial cells. Rosen et al. (22) suggested that “...the 4.0 kb
MRNA species may be derived from adistinct COX related gene and that it may encode
for aprotein with COX activity.”

Needleman’ sgroup extended their study of the rolesof endotoxin and glucocorticoidin
COX synthesistoin vivo studies (23). Peritoneal macrophagesisolated from endotoxin
treated mice showed asubstantial increase bothin COX activity andintheamount of radio-
active, immunoprecipitable COX labeled in cell culture with radioactive methionine.
Dexamethasone blocked the induction of prostaglandin production and COX synthesis
inmacrophagesisol ated from endotoxin-treated mice. In contrast, glucorticoid administra-
tiondidnot substantially modul atebasal prostaglandin productionor COX levelsinuntreated
cells. Masferrer et al. (23) suggested that thetwo functionally distinct COX enzymes, dif-
ferentially regulated by glucocorticoids, may arisethroughtheexpression of different COX
genes.

7. CLONING THE INDUCIBLE COX

Althoughintenseinterest intheregulation of COX geneexpressionanditsroleinpros-
taglandin synthesis had developed in the late 1980s, the cloning of the inducible COX
gene occurred in three laboratories whose primary interests were not in the area of eico-
sanoid metabolism or biology. Each of thelaboratoriesthat isolated acDNA for theinduci-
ble COX had, astheir primary interest, the regul ation of gene expression by growth factors
and/or oncogenes.

Ray Eriksonet al. had, for many years, beeninvestigating themol ecul ar changesinduced
by the v-src oncogenethat lead to oncogenic transformation in chick embryo fibrobl asts.
Asone approach to this problem, Simmonset al. (24) cloned aset of cDNAsfor “imme-
diate early genes’ whose mRNA levelswere increased soon after CEF cells expressing
a temperature-sensitive v-src gene were shifted to the “permissive” temperature. Xie
et a. (25) sequenced one of these genes CEF-147. The CEF-147 messageis 4.1 kb long
and contains an open reading frame that encodes a protein with 59% homology to the
sheep COX cDNA. Xieet . (25) renamed CEF-147 asmiPHS,;,, for “mitogen-inducible
PGSahiaen - Theauthorspointed out significant differencesat the proteinand mRNA levels
between miPHS, and the sheep seminal vesicle COX message and predicted protein
product, and suggested that miPHS,“ may beanew form of theenzyme..” They observed
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anumber of 5'-AUUUA-3' sequences characteristic of rapidly degraded messagesinthe
3'-untranslated region of the miPHS, message. In concluding their report, Xieet al. (25)
remark “ ... our dataimply possible homology between Rosen’s 4.0 kb mRNA and the
CEF-147-encoded 4.1 kb mRNA, suggesting theexistence of twoformsof PGHS.” How-
ever, because no orthologue of the sheep seminal vesicle COX had been cloned from
chickens, Xieet al. (25) could not conclusively determine whether miPHS, isthe ortho-
logue of the ovine/murine/human COX encoded by the 2.8 kb message or isthe product
of adistinct gene.

My own laboratory was, at the time, interested in the nature and role of genes whose
transcription is induced when mitogens stimulate nonproliferating, G,-arrested cells to
re-enter the cell cycle (26,27). We treated resting, G, murine 3T3 fibroblasts with the
mitogen/tumor promoter tetradecanoyl phorbol acetate (TPA) and prepared a lambda
phage cDNA library from cells shortly after stimulation. The library was differentially
screened with cDNAS from control and TPA-treated cells, to isolate cDNASs for TPA
Induced Sequences, or TISgenes (26). One of the TISCDNAS, T1S10, was subsequently
sequenced and striking homology with the murine COX encoded by the 2.8 kb message
(28) was observed. Because we could directly compare the sequences of the murine
2.8 kb COX message and theinduced T1S10 4.0 kb message, and their predicted open read-
ing frames, we could conclude without any ambiguity that the 2.8 kb message and the
4.0 kb message encoded distinct, but similar proteinsthat arethe productsof two separate
genes. The TIS10 message, which also contained multiple 5-AUUUA-3' sequences,
could be rapidly and transiently induced in murine fibroblasts not only by TPA, but also
by EGF, forskolin and serum (28). From these data, we could conclude unequivocally
that “TIS10.....EncodesaNovel Prostaglandin Synthase/COX Homologue (28).” From
this point on, | will refer to the “constitutive COX” encoded by the 2.8 kb message as
COX-1 and to the “inducible COX” encoded by the 4.0 kb message as COX-2.

Using“ giant two-dimensional gel electrophoresis(21),” O’ Bannionetal. (29) demon-
strated i nduction of animmunoprecipitable COX molecul einduced by thev-srconcogene
and by serum treatment of murine fibroblasts. When Northern blots were probed with a
cDNA for the 2.8 kb message, a 4.0 kb message was observed in serum-treated cells at
lowered stringency—a result similar to that of Rosen et al. (22). O’Bannion et al. (29)
screened a cDNA library and sequenced a small fragment of one of their clones. They
concluded, from sequence comparison data, that the 4.0 kb messageinduced by v-srcand
serum encodes a COX-related protein. The following year O’ Bannion et al. (30) cloned
afull length cDNA for COX-2, and confirmed our predicted amino acid sequence (28),
with the exception of asingleamino acid. Ryseck et al. (31) also cloned aCOX-2 cDNA
from amitogen-induced murinefibroblast cDNA library and demonstrated itsinduction
by PDGF, EGF, cAMP, and TPA. Using sequence information from the murine COX-2
cDNA, the human (32,33), and rat (34,35) COX-2 cDNASs were subsequently cloned.

8. COMPARING THE COX-1 AND COX-2 GENES

The COX-1 gene was cloned from both human (36) and murine (37) cDNA libraries.
The genomic sequence that encodes the COX-1 2.8 kb messageis approx 22 kb for both
species (Fig. 2). Both the murine and human COX-1 genes consist of eleven exons and
ten introns. Theintron-exon borders for murine and human COX-1 are completely con-
served, and the intron sizes are quite similar for the two species.
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Fig. 2. Exon-intron structure of the COX-1 and COX-2 genes. The (upper panel) showsthe number
of nucleotidesineach exon. Theopenreading framesareshown by thearrowsbel ow thegenes. The
(lower panel) showstheintrons and exons of the COX-1 and COX-2 genes drawn to scale.

We cloned the murine COX-2 gene and characterized its structure (Fig. 2). The COX-2
gene is much smaller than the COX-1 gene; the genomic sequence that encodes the
COX-2 4.0 kb messageisapprox 8 kb long (38). The murine COX-2 consists of only ten
exons and nine introns. COX-1 has an hydrophobic leader sequence in its N-terminal
regionthat isencoded by an exon that ismissing in the COX-2 gene. All other exonsand
intronsfor the COX-1 and COX-2 transcription unit are similar; the sites of splicing are
similar—with the exception of thedistal (C-terminal) 3' exon. The 3' untranslated region
of the COX-2 message is substantially longer than that of the COX-1 message and con-
tains multiple copies of the AUUUA sequence that confers message instability. The
chicken COX-2 gene, cloned by Simmons et al. (39) also containsonly ten exonsand is
approx 8-9 kb in length. Like the murine (38) and chicken genes (39) the human COX-2
geneissimilarly 8.3 kb inlength and is composed of ten exons and nineintrons (40,41).
Bothinthemouse (31,42) and in the human (40) the COX-1 and COX-2 genesmaptodis-
tinct chromosomes. Unliketheir coding regions, theregulatory regionsof the COX-2and
COX-1genesproximal tothestart site of transcription bear essentially no sequencesimi-
larity. However, the regulatory regions of the human and murine COX-2 genes share
substantial sequence similarity and putative cis-acting transcription factor binding sites.

9. THE STRUCTURE AND FUNCTION
OF THE COX-1 AND COX-2 GENE PRODUCTS

It was, of course, essential to demonstrate that message derived from the presumptive
COX-2 cDNA does, in fact, encode for afunctional COX/hydroperoxidase. The initial
paper describing thecloning of themurine COX-2 cDNA demonstrated sequencehomol-
ogy between COX-1 and COX-2 (28), but did not demonstrate COX-2 enzymatic activity.
When aplasmid expressing the murine COX-2 coding region was transiently expressed
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Fig. 3. The COX-1 and COX-2 proteins. The aspirin-sensitive serine acetylation siteisidentified
in each openreading frame. The 17 amino acid del etion of the N-terminal region of COX-2 andthe
18 amino acid deletion of the COX-1 proteinsareindicated by gaps. Theregionsof greatest amino
acidsimilarity areindicated by the solid barsbetween thetwo proteins. Thesolid barsshownwithin
the proteinsarethe axia (TIWLREHNRYV) and distal (KALGH/RGLGH) heme binding sites.

in COS cells, microsomal COX and hydroperoxidase activities were substantially ele-
vated; control cellsexhibited no activity (38). Expression of the murine COX-2 ininsect
cells, using a baculovirus vector, led to substantial prostaglandin production (31). The
subsequent use of recombinant COX-1 and COX-2 provided the platform to identify the
lead compounds and the subsequent derivatives that have now found their way into the
pharmaceutical marketplace as the COX-2 inhibitors Celebrex and Vioxx.

At the amino acid sequence level, COX-1 and COX-2 share nearly 80% amino acid
sequence similarity. Theamino terminal sequence of COX-1 hasahighly hydrophobic 17
amino acid sequencethat isnot presentin COX-2(Fig. 3). Incontrast, thereisan 18 amino
acid sequence present in the COX-2 C-terminal region that is not present in COX-1.
Many of the important amino acidsimplicated in COX function are conserved between
COX-1and COX-2, includingthe TIWLREHNRYV and RGL GF sequencesthought to be
the axial and distal heme binding sites, the serineresidue (at 516 in COX-2 and 530in
COX-1), whichisthe site of aspirin acetylation, and atyrosine (371 in COX-2 and 385
in COX-1) essential for COX activity. A number of potential N-glycosylation sites are
conserved between COX-1and COX-2. Thegreatest differenceinthe sequencesbetween
COX-1and COX-2areinaregion that was subsequently found to bethe membrane bind-
ing domain(s) of the molecules.

Thecrystal structuresof the ovine COX-1 (43) and the murineand human COX-2 pro-
teins (44,45) have been solved. The structures of the human and murine COX-2 mole-
cules are essentially indistinguishable, and nearly superimposable on the ovine COX-1
structure (the C-terminal tailsof themol ecules, wherethe COX -2 18 amino acidinsertion
occurs, are not resolved in the crystal structures). The amino terminal domains of both
COX-1and COX-2 contain sequencesresembling the EGF mol ecule. Themembranebind-
ing domainsfollow the EGF domainsin both COX-1and COX-2. The C-terminal domains
of COX-1 and COX-2 include the catalytic sites. Small variationsin the size and shape
of the active sites of COX-1 and COX-2 account for the structural basis of differential
inhibition of COX-2vsCOX-1hy COX-2 specificinhibitorssuch asVioxxand Celebrex.
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Thereview by Smith et al. (46) describes more fully the structural characteristics of
the COX-1 and COX-2 proteins, and provides models for 1) the association of the two
COXswithcellular membranes, 2) thenatureof theaccessibility of fatty acidsand NSAIDs
totheenzymeactivesites, 3) mechanismsof catal ysisinthetwo enzymes, 4) kinetic com-
parisons of the two enzymes, and 5) the structural differences that may account for the
ability of COX-2 specific inhibitorsto gain preferential accessto the COX-2 active site.
Because thischapter ischarged with presenting the historical aspects of COX-2 molecu-
lar and cell biology and, more significantly, the author isout of hisdepth in areas of pro-
tein structure and enzyme catalysis, readers are referred to Smith et al. (46) for areview
and otherslikeit for amore comprehensive and expert discussion of structure, catalysis
and kinetics of the COX-1 and COX-2 enzymes.

10. THE COX PARADOX

The discovery of COX-2 raises an interesting and as yet unsolved paradox. In fact, it
isaparadox that was essentially ignored in much of the subsequent literature on COXs
that appeared for several years following the discovery of COX-2. The question is as
follows: “If activation of phospholipases to release AA from membrane phospholipids
istherate-limiting stepin providing substratefor COX following ligand stimulation, and
if most cellsexpress COX-1 constitutively, why do cellsneed COX-2?" Onewould expect
the constitutive COX-1 enzyme, present in most cells, to convert to prostaglandinthe AA
released from membrane phospholipids by ligand-activated phospholipases. From this
paradox follows a second question: “If COX-1 is present in cells, and can convert AA
released from membrane phospholipids to prostaglandins, why do COX-2 inhibitors
“work”? Why do COX-2 inhibitors prevent prostaglandin production in ligand-stimu-
lated cells that contain constitutive COX-1?" This could now be considered the “four
billion dollar (annually) question,” because sales of Celebrex and Vioxx are expected to
reach thislevel in 2001.

To address this question, we wanted to specifically inhibit the synthesis of COX-2in
ligand-stimulated cells and ask whether prostaglandin expression was inhibited. Anti-
senseoligonucleotidesspecificfor COX-2 mRNA wereused to block theligand-induced
expression of COX-2inboth mitogen (TPA or PDGF)-stimulated murinefibroblastsand
endotoxin-stimulated murine macrophages (47). Immunofluorescence analysis showed
that COX-2 protein expression was prevented and that COX-1 protein levelswere unaf-
fected by COX-2antisenseoligonucleotides. However, the COX -2 anti senseoligonucl eo-
tides(but not random or senseoligonucl eotides) blocked theligand-stimul ated production
of PGE, inboth fibroblastsand macrophages. Toruleout the possibility that theanti sense
COX-2oligonucleotideshad someeffect on COX -1 enzymeactivity, exogenousAA was
provided to al cells(control, ligand-induced, ligand-induced + COX-2 antisense oligo-
nucleotides, ligand-induced + random oligonucl eotidesand ligand-induced + senseoligo-
nucleotides), and theahility of thecultured cell sto produce prostaglandinsfrom exogenous
AA wasdetermined. All the cultures produced substantial levels of PGE,; cellsinwhich
expression of COX-2 was blocked by COX-2 antisense oligonucleotides were capable
of producing prostaglandin from exogenous AA, using constitutive COX-1.

Oneother possibility remained; perhapsthe COX -2 anti sense oligonucl eotide—in addi-
tion to blocking COX -2 expression—could block the mitogen or endotoxin activation of
phospholipase, preventing therelease of AA. However, when we measured rel ease of mem-
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brane-bound AA in response to mitogen treatment of fibroblasts or endotoxin treatment
of macrophages, the presence of COX -2 anti sense oligonucl eotides enhanced theligand-
induced accumulation of free AA in the cellsand medium. AA released from membrane
lipid stores by ligand stimulation of fibroblasts or macrophagesis not availableto con-
stitutive COX-1; ligand-induced COX-2 expressionisessential for ligand-induced prosta-
glandin production (47).

If COX-2 antisense oligonucleotides, which block the synthesis of COX-2 but not of
COX-1, can prevent ligand-induced prostaglandin production in cells that contain COX-1,
then perhaps COX-2 specific inhibitors—that block the enzymatic activity of COX-2,
but not COX-1—might similarly prevent ligand-induced prostaglandin production in
cellsthat contain COX-1. When NS-398, thefirst COX-2 specificinhibitor (48), became
available, wetested thishypothesis. NS-398 isableto bl ock the production of PGE, from
endogenousmembrane AA storesin mitogen-treated murinefibroblasts. Incontrast, NS-
398 is unable to prevent conversion of exogenous AA to prostaglandin (49). The AA
released by ligand stimulation cannot be converted to prostaglandin PGH, by constitu-
tive COX-1; COX-2 inductionisrequired for the conversion to PGH,, of AA released by
ligand stimulation.

Although this observation regarding access of endogenous AA to prostaglandins by
COX-1versusCOX-2providestherational efor ablockbuster pharmaceutical, themol ec-
ular/mechanistic basisfor this difference in the ability of COX-1 and COX-2 to convert
endogenousAA to prostaglandin still isnot clear. Why isendogenousAA, released from
membrane stores by ligand activation of phospholipase, not accessible to COX-17?

10.1. Subcellular Localization is not Likely to Account
for the Difference in Arachidonic Accessibility of COX-1 and COX-2

One simple potential explanation is that differential cellular compartmentation of
COX-1 and COX-2 accounts for the difference of COX-1 vs COX-2 accessihility for
endogenous AA. Although initial immunofluorescence data suggested that differences
in subcellular localization of COX-1 and COX-2 might, indeed, account for the difference
in AA accessibility (50), subsequent immunofluorescent (47,51) and immunogold elec-
tron microscopy (EM) (51) demonstrated that differential subcellular localization is not
likely to be the explanation.

10.2. Temporal Distinctionsin the Expression of COX-1 and COX-2
can Account for Differential Utilization of AA in Activated Mast Cells

Inmost cells, COX-1ispresent prior to ligand-stimulation and COX -2 expression and
accumulation areinduced by ligand stimul ation. For fibrobl asts, endothelial cells, macro-
phages, epithelia cells, etc., the bulk of the ligand-induced prostaglandin occursfoll ow-
ing COX-2 expression, and the paradox discussed above needsto be considered. In mast
cells, following activation by antigen-dependent aggregation of I1gE receptors, PGD, is
released in abiphasic fashion (52,53). Using glucocorticoid inhibition, aspirin inactiva-
tion and COX-1 or COX-2 specific inhibitors, the initial burst of PGD, production in
activated mast cellshasbeen shown to bedueto COX-1, whereasthe del ayed production
of PGD,resultsfrom COX-2 activity induced asaresult of IgE receptor aggregation (52,
53). Inthisspecial case, itisclear that temporal separation of COX-1and COX-2 expres-
sion accounts for the distinction in temporal production of prostaglandin.
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10.3. Concentration-Dependent Differencesin AA Utilization
by COX-1 and COX-2 Have Been Described In Vivo and in Cultured Cells

Antisensenseinhibition experiments (47) and transcel lular prostaglandin studies (54)
suggest that COX-1 can preferentially utilize exogenous arachidonic acid and that COX-
2 can preferentially utilize endogenous AA. When COX-1 and COX-2 were ectopically
expressed, following retroviral infection, COX-2 was ableto convert exogenous arachi-
donic acid to prostaglandin more effectively that COX-1 (55). In contrast, when phorbol
esters were used to stimulate endogenous AA release, COX-1 was more effective in
prostaglandin production, again suggesting that “ PGHS1 and PGHS2 preferentially uti-
lize different pools of arachidonic acid.”

Swinny et al. (56), using recombinant COX-1 and COX-2, demonstrated positive
cooperativity for AA assubstratefor COX-1, whereasno cooperativity was observed for
COX-2. Thus, at low AA concentrations (below 0.5 uM) COX-2 was more active than
COX-1;incontrast, at higher AA concentrations(above2.5uM) COX-1wasmoreactive
than COX-2. Theauthorssuggest that one consequence of thisdifferencein cooperativity
would bethe preferential utilization of AA by COX-2vsCOX-1 under conditionswhere
substrate concentration islimiting. Using acontinuous assay for COX activity, Chenet al.
(57) confirmed the positive cooperativity of the COX-1 enzyme. Studieswith cellsstably
transfected with COX-1 and COX-2 expression vectors support this argument; COX-1
ismoreeffectivethan COX-2when high concentrationsof AA areprovided. Conversely,
COX-2 is more effective than COX-1 when low concentrations of exogenous AA are
provided (58).

10.4. Why Does COX-1 Exhibit
Positive Co-Operativity for AA as Substrate?

Both COX-1 and COX-2 COX activity requireinitiation by peroxide (for areview of
these studies, see ref. 57), resulting from reaction of the peroxidase with heme in the
peroxidase site, leading to formation of atyrosyl radical inthe COX active site. Chen et
al. (57) suggest that PGG,, which isahydroperoxide, can participatein afeedback loop
that initiates COX activity in previously latent enzyme. This feedback loop is stronger
in COX-2thanin COX-1 (59). Using kinetic simulations, Chen et al. (57) concluded that
“...a positive cooperative response to arachidonate is a consequence of the complex
feedback activation loop.” These authorsconcludethat “ .. .the difference between thetwo
PGHS isoformsin the degree of COX cooperativity can be simply explained by the dif-
ferenceinthe efficiency of the hydroperoxide feedback loopsin PGHS-1 and PGHS-2.”

10.5. Differential Coupling of Upstream
(Phospholipase) and Downstream (Prostaglandin Synthases)
to COX-1 and COX-2 may also Modulate Prostaglandin Production in Cells

Theliterature has seen aproliferation in the identification of new secretory and cyto-
plasmic phospholipases and in the identification of alternative prostaglandin synthases
that convert PGH,, to prostaglandins. An extensive and currently confusing literature
exists on the preferential coupling of secretory and cytoplasmic phospholipases with
COX-1 and COX-2. Without attempting to review thisliterature, itisclear 1) that COX-1-
or COX-2-preferential utilization of AA produced by alternative phospholipases has been
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demonstrated and 2) that the specific phospholipase-to-COX pathways vary from cell-
type to cell-type, making generalizations about such coupling difficult. Very recently,
distinct PGE, synthases that couple preferentially to COX-1 and COX-2 have been
described (60—63). The picture that is emerging is one of ligand-induced activation of
specific phospholipases that preferentially provide AA to one of the COX isoforms,
which then preferentially passthe PGH, intermediate to a coupled prostaglandin synthase
for formation of the final prostanoid. Whether kinetically or physically separated, these
“channeled” biosynthetic pathways can be thought of as “eicosasomes’—functional
enzyme* complexes’ that synthesizespecific prostanoidsinresponsetoligand stimulation.

11. REGULATION OF COX-2 GENE EXPRESSION

Prior to the cloning of COX-2, avariety of studies suggested that synthesis of COX
MRNA, protein and activity might play an essential rolein ligand-induced prostaglandin
productionin avariety of cells (12-21). All theinitial reports of COX-2 cDNA cloning
weretheresult of paradigmsthat examined differencesin gene expressionfollowing growth
factor or oncogene activation in fibroblasts (25,28,29). Since these initial reports, dozens
of stimulatory agents have been shown to induce COX-2 expression in an extraordinary
variety of cells. Simply providingatableof al thecell typesinwhich COX-2 can beinduced
andtheagentsthat have been demonstrated to elicit elevated COX-2 mRNA and/or protein
would take several pages; readers are referred to previous tabulations (46,49).

We know, from theinitial cloning exercise (25,28,29), that increased COX-2 mRNA
levels occur infibroblasts stimulated by growth factors and oncogenes. Since that time,
amultitude of experiments have shown that COX-2 induction by endotoxins, inflamma-
tory cytokines, hormones, neurotransmitters, depolarization, radiation, free-radical gen-
erators, and stressors can induce COX-2 mRNA and/or protein accumulation in awide
range of appropriate target cells.

In the context of this set of manuscripts, which focus on the role of COX-2 in cancer,
the mechanisms by which growth factorsand oncogeneselicit elevated COX-2 are prob-
ably themost relevant. In my own laboratory, weinitially confined our effortsto the mech-
anismsof COX-2induction by growth factors (serum and PDGF) and oncogenes (v-src).
Use of COX-2 promoter-luciferase chimeric reporter gene constructs demonstrated that
v-src (64,65) and PDGF (66) induced expression from the COX-2 gene was due, at least
in part, to ligand-stimul ated transcriptional activation. Among the factorsto consider in
ligand-dependent transcriptional activation of gene expression in general, and COX-2
expressioninparticular, are 1) the cis-acting regulatory elements of theresponsive gene,
2) the transcription factors activated by the signal transduction pathways, and 3) the sig-
nal transduction pathway(s) activated by ligand-receptor interactions or by oncogenes.

11.1. Cis-Regulatory Elements
of the COX-2 Gene that Regulate COX-2 Expression

Sequencing the murine COX-2 regulatory region suggested a number of putative
transcription response sequences, including an E-Box, a cyclic AMP response element
(CRE), NF-IL6 sites, nuclear factor-kB (NFkB) sites, etc. (38). The human COX-2 gene
shares many of these same potential regulatory elements (40,41). By using luciferase
reporter geneswith mutationsin thevarious putative COX-2 cis-regulatory elements, we
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were able to demonstrate a critical role for the CRE in both v-src (65) and PDGF (66)
induction of COX-2 gene expression. The CRE site of the murine and human COX-2
promoter has subsequently been shown to play amajor rolein the regulation of COX-2
gene expression by anumber of ligands, in avariety of cell types (46). Surprisingly, the
rat COX-2 gene does not share a CRE with the human and murine COX-2 genes. Instead,
it appears that—in the rat—the E-Box may play arole in COX-2 gene regulation (67).

Sincetheinitial characterization of the cis-acting regionsof the COX-2 genethat play
major rolesin v-src and PDGF induction were carried out, the COX-2 promoter of the
human, rat, murine and chicken COX -2 genes have been subjected to an enormous num-
ber of studies; summarizing these many studies would be well beyond both the limited
space and my own organizational capabilities. NFkB regulation of COX-2 gene expres-
sion has been implicated in well over 50 studies. However, mutational analysis of the
COX-2 promoter to demonstrate arole for NFkB at appropriate sites has been demon-
strated in only afew instances (68,69).

We demonstrated, by mutational analysis, that NF-IL6 sites of the COX-2 promoter
play aroleinendotoxin-treated COX -2 induction macrophages(70), activated mast cells
(71) and ligand-stimul ated osteoblasts (72). Mutational analysis has also demonstrated
arole for NF-1L6 sitesin TNFo treated (68) and fluid shear stressed (73) osteoblasts,
endotoxin treated vascular endothelial cells(74) and macrophages(75) and IL-1f stimu-
lated chondrocytes (76), amnion cells (77) and endothelial cells(78). A variety of addi-
tional cis-acting regulatory regionsof the COX-2 gene have been suggested to play roles
in ligand-induced activation. However, the CRE and NF-1L6 sites have been the best
characterized by mutational analysis.

11.2. Transcription Factors
that Modulate COX-2 Gene Expression

Probably thebiggest surpriseinour early analysisof the pathwaysof COX-2induction
by oncogenes and growth factors came in our identification of the transcription factor
acting at the COX -2 CRE. Wehad assumed that theactivefactor would bethecyclicAMP
Response Element Binding protein, or CREB. CREB can, indeed, bind to the CRE of the
murine COX-2 gene (64). However, cotransfection experimentswith plasmids express-
ing wild-type CREB, c-JUN and chimeric transcription factors demonstrated that c-JUN
playstheprimary rolein activation of the COX-2 genein murinefibroblaststreated with
PDGF (66) or stimulated by v-src expression (65). Subsequent to these early experiments,
we found that activation of c-JUN playsamajor rolein COX-2 induction in endotoxin-
treated macrophages (70), activated mast cells (71) and ligand-stimul ated osteoblasts (72).

Several laboratories have demonstrated that C/EBP proteins can bind to regions of the
COX-2 gene, and haveimplicated C/EBP in COX-2 induction by mutational analysis of
the COX-2 NF-1L6 regions (vida supra). We used cotransfection experiments of COX-2
reporter genes with constitutively active and dominant-negative versions of the C/EBP
transcription factors to demonstrate their roles, at the NF-1L6 elements of the COX-2
gene, in COX-2 induction in endotoxin-treated macrophages (70), activated mast cells
(71), andligand-stimulated osteobl asts(72). Cotransfection experimentshaveal soimpli-
cated C/EBP proteinsin COX-2inductionin|L-1f treated osteoblasts(79), IL-1f3 treated
chondrocytes (76), and endotoxin treated vascular endothelial cells (74).

Probably the most controversial of the transcription factors proposed to regulate the
COX-2 geneisNFkB. Many studies suggest that NFkB playsarolein the activation of
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the COX-2 gene, whereas an alternative set of reports suggests that NFxB does not play
arolein COX-2 expression. Becauseit isclear that some of these reports may reflect dif-
ferencesin cell typesand/or inducers, thereare several contradictory reportsfor the same
inducer inthe same cell type. For example, Mestreet al. (75) and Huang et a. (80) report
that NFxB mediates COX-2 expression in endotoxin-stimulated RAW 264.7 murine
macrophages, whereaswewere unableto show arolefor NFkB inthissame system (70).
It seems likely that NFxB plays arolein asubset of COX-2 induction pathways.

11.3. The Signal Transduction Pathway(s) Activated
by Ligand-Receptor | nteractions or Oncogenes that lead to COX-2 I nduction

A variety of ligand-activation paradigmsresulting in COX-2 gene expression converge
on activation through the COX-2 CRE via the c-Jun transcription factor. We initially
characterized the pathway to c-JUN activation by v-srcand by PDGF treatment in murine
fibroblasts. Activation of c-JUN suggest aRas-mediated pathway that proceedsviaaRaf
and/or mitogen activated protein (MAP) kinase-mediated phosphorylation cascade to Jun
kinase. Use of dominant-negativeand activated Rasand signaling protein kinase mutants
demonstrated that both v-src induction (65) and PDGF induction (66) of COX-2 are medi-
ated by Ras activation and subsequent Raf and MEKK mediated kinase cascades. We
have subsequently demonstrated that this same pathway isactivein activated murine mast
cells(71) and ligand-stimul ated osteoblasts(72). Additional studies, by anever-increasing
number of laboratories studying theregulation of COX -2 gene expression, have used phar-
macol ogic inhibitors, overexpression of signaling molecules and inhibition by dominant-
negative constructsto demonstraterolesfor the ERK 1/2, p38, and c-JUN MAPKinasesin
COX-2induction by awidevariety of ligands (81-86). Thereferencescited here are meant
to be a sampling, and are by no means comprehensive.

Rashasbeenimplicated asanintermediateinligand-induced COX-2 gene expression
by anumber of investigators (87-89). Asdiscussed extensively in other chaptersin this
collection, activation of Ras and overexpression of COX-2 are correlated in a number
of solid tumors. It seemslikely that deregulation of the Ras/Raf/MAPKK/ERK and Ras/
MEKK1/INKK/JINK/c-Jun signaling pathway arelikely to be responsible for the elevated
COX-2 expression observed in so many different tumors.

12. CONCLUSIONS AND REFLECTIONS

When wefirst cloned T1S10/COX-2 (28) we had difficulty in thelab spelling “ COX”
and “ prostaglandin.” We knew essentially none of the prior literature, and only ahandful
of the“players.” In only adecade, COX-2 went from an hypothetical enzymatic activity
to one of the most important genes in fields as diverse as inflammation, reproduction,
neurodegenerative diseases, angiogenesis, and cancer. In the brief period of timefromthe
cloning of the COX-2 cDNA, the COX-2 protei n has madethetransition from apotential
drug target to the basis for a four billion dollar per year pharmaceutical industry. For
many of theinvestigatorsnow working on COX-2, including myself, thisgenewascausal
in the transition from fundamental cellular studies in areas such as cell cycle, mitogen-
esis, virology, and regulation of gene expression to considerations of clinical relevance
and animal model sof disease. Thediscovery of COX-2initiated aconvergence of molec-
ular and cellular biology, pharmacology, preclinical studies, animal models of disease,
clinical trials, and the development of effective therapeutics. On the horizon are likely
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to beimportant elucidationsfor therol e of aberrant COX-2 expression in cancer biology,
neurodegenerativediseases, and acute and chronicinflammatory diseases, aswell asnew
roles for COX-2, both in normal physiology and pathophysiology. It has been quite a
decade, personally, professionally, and practically.
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