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Abstract:

Cyclooxygenase-1 and -2 (COX-1/2) catalyze the initial step in the formation of prostaglandins. Very recently their role in carcino-

genesis has become more evident. They influence apoptosis, angiogenesis, and invasion, and play a key role in the production of car-

cinogens. Usually, a high level of COX-2 expression is found in cancer cells. Large epidemiological trials studying users and

non-users of aspirin have shown that cyclooxygenase inhibitors and non-steroidal anti-inflammatory drugs (NSAIDs) could be of

benefit against the development and growth of malignancies. Moreover, clinical trials in patients with familial adenomatosis polypo-

sis syndrome have shown the efficacy of selective COX-2 inhibitors in the reduction of the number and size of colorectal polyps.

Several preclinical studies show promising results with combinatorial treatments of either chemotherapy or radiotherapy with COX

inhibitors. Preclinical studies with the simultaneous use of inhibitors of the epidermal growth factor receptor and COX-2 inhibitors

have shown also promising results. Encouraging results from the first clinical trials combining chemotherapy with COX-2 inhibitors

in patients with cancer in the advanced and neoadjuvant setting have recently been reported. Thus, it appears that targeting the

COX-2 pathway is a promising strategy in the prevention and treatment of solid tumors.
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inases, NF�B – nuclear factor �B, NSAID – non-steroid anti-

inflammatory drug, PDGF – platelet derived growth factor, PG –

prostaglandin, PGE� – prostaglandin E�, PKB – protein kinase B,

PPAR – peroxisome proliferator-activated receptor, TNF – tumor

necrosis factor, VEGF – vascular endothelial growth factor

Introduction

The proposition that cyclooxygenase-2 (COX-2) is

causally linked to cancer offers a new approach to ex-

tending our knowledge of neoplasia and improving

treatment of the disease. This identification of an en-

zyme catalyzing fatty acid oxidation as a rate limiting

step in the progress from normal cell growth through

hyperplasia on to neoplasia has opened up a whole

new field of cancer research, far from the usual ap-

proaches based on nucleic acid metabolism. Under-

standing the mechanisms underlying carcinogenesis

provides insights that are necessary for the develop-

ment of therapeutic strategies to prevent cancer. The

role of COX-2 in carcinogenesis has been recently de-

scribed. Multiple lines of evidence – in vitro, in vivo,

observational and clinical data now confirm that se-

lective COX-2 inhibitors reduce prostaglandin pro-

duction and the risk of colorectal, skin and other neo-
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plasias. COX-2 is related to the formation of carcino-

gens, tumor promotion and inhibition of apoptosis,

angiogenesis and the metastatic process [14]. The pre-

cise interactions and links between lipid metabolism

and cancer progression remain to be elucidated and

defined but the relationship is already having clinical

consequences. This surprising proposition offers a sound

scientific basis for the successful prevention of cancer

and a real prospect of drug treatment without the seri-

ous side effects usually associated with cancer che-

motherapy. The current trend in cancer therapeutics is

based on a targeted molecular design derived from

preclinical in vitro and in vivo studies. The in vitro

studies have demonstrated the possible role of COX

inhibitors as a single agent to prevent the occurrence

of tumors. In addition, large epidemiological studies

have shown indications that COX inhibitors could

have a beneficial influence on diminishing the devel-

opment and growth of malignancies. Effectively,

these studies showed reduced risk of developing sev-

eral malignancies including colorectal cancer with

treatment of COX inhibitors. The objective of this re-

view is to discuss the possible role of COX-2 as a tar-

get for anticancer drug development. The value of

non-steroidal anti-inflammatory drugs (NSAIDs) in

preventing and treating cancer is discussed, consider-

ing the molecular interactions between COX-2 and

other signaling pathways.

Cyclooxygenase

COX-1 and COX-2 regulate a key step in prostanoid

(i.e., thromboxanes and prostaglandins (PGs)) synthe-

sis. PGs regulate various pathophysiological pro-

cesses such as inflammatory reaction, gastro-

intestinal cytoprotection and ulceration, hemostasis

and thrombosis, as well as renal hemodynamics [58].

COX-2 is the inducible form and was discovered in

the early 1990s [23, 26, 39]. More recently, a third

isoform named COX-3 was identified as a COX-1

splicing variant. COX-3 may play a role in fever and

pain processes [8].

COX-1 is expressed constitutively in most tissues

and plays a role in the production of PGs that control

normal physiological processes. Therefore, COX-1 is

responsible for the ‘housekeeping’ PG synthesis. On

the other hand, COX-2 is undetectable in most normal

tissues (except for the central nervous system, kid-

neys, and seminal vesicles), but is induced by various

inflammatory and mitogenic stimuli. Growth factors

(epidermal growth factor (EGF), platelet derived

growth factor (PDGF)), pro-inflammatory cytokines

(interleukin (IL)1�, IL2 and tumor necrosis factor

(TNF)), tumor promoters, bile acids and ultraviolet B

irradiation are all stimulators of COX-2 expression [9,

17, 42, 71]. Although the mechanism of COX-2 up-

regulation is not fully understood, it could result from

activation of Ras and the mitogen-activated protein

kinase (MAPK) pathway [52, 55]. It has been recog-

nized that protein kinase B (Akt/PKB) activity is im-

plicated in K-Ras-induced expression of COX-2, and

the stabilization of COX-2 mRNA partly depends on

the activation of Akt/PKB [53]. COX-2 is regulated at

transcriptional and post-transcriptional levels by pro-

inflammatory agents, cytokines, growth factors, onco-

genes, and tumor-promoters. These pathways lead to

the activation of regulatory factors that eventually

bind the promoter region of the COX-2 gene. This

area contains several transcription factor response ele-

ments, including the nuclear factor �B (NF-�B) and

AP1 response elements [48]. The regulation of COX-2

expression is also ensured by the presence of multiple

repeated sequences in the COX-2 mRNA that are re-

sponsible for its rapid degradation [11]. It has been

shown that COX-2 expression is suppressed by ster-

oids and anti-inflammatory cytokines (IL4, IL10,

IL13) [38].

COX inhibition by non-steroidal

anti-inflammatory drugs

All classical NSAIDs are able to inhibit both COX-1

and COX-2, predominantly effecting COX-1 whereas

COX-2 inhibitors bind selectively to COX-2. All

COX-2 inhibitors cause time-dependent inhibition of

COX-2, but do not inhibit COX-1 [57]. It is known

that about 1% of chronic users of NSAIDs, such as

patients with arthritis or another chronic inflamma-

tory disease, develop gastric ulcers or gastrointestinal

complications. These side effects can be explained by

the inhibition of COX-1 and constitute a major global

health problem. In contrast, COX-2 inhibitors have

little effect on COX-1, but as inhibitors of the enzyme
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responsible for the production of most inflammatory

PGs, they are quite effective drugs [56].

Contribution of COX-2 to cancer

Activation of carcinogens

During the metabolism of arachidonic acid by prosta-

glandin H synthase, several chemicals are metabo-

lized. In many cases, the chemical metabolism results

in the formation of reactive metabolites that have mu-

tagenic activity and potential carcinogenic activity.

The peroxidase activity of COX can convert procar-

cinogens to carcinogens and initiate tumor formation.

Significant amounts of xenobiotics can be co-

oxidized into mutagens by the peroxidase activity of

COX. In liver, these oxidative reactions are catalyzed

principally by cytochrome P-450s, thus preventing

the formation of mutagens. However, the colon has

low concentrations of P-450s and other monooxyge-

nases, leading to co-oxidation of significant amounts

of xenobiotics to mutagens by the peroxidase activity

of COX [16, 20]. This activity could also be relevant

at organ sites that are exposed to tobacco carcinogens

such as the lung, oral cavity and bladder. The activa-

tion of procarcinogens, such as benzo[a]pyrene,

a polycyclic hydrocarbon found in tobacco and over

grilled foods to intracellular electrophiles, by COX

has been shown to be related to its peroxidase activity.

The metabolism of arachidonic acid itself produces

mutagens. Some by-products of the oxidation of ara-

chidonic acid such as malondialdehyde are highly

chemically reactive and form adducts with DNA [69].

The demonstrated ability of the COX enzymes to acti-

vate a variety of environmental and dietary carcino-

gens indicates a potential role for COX in the activa-

tion pathway of aromatic and heterocyclic amines and

polycyclic hydrocarbons at extra-hepatic sites during

early or late stages of carcinogenesis.

Tumor initiation and promotion

Liu et al. [33] were the first to describe tumorigenesis

induced by COX-2 over-expression. In their study, the

murine COX-2 gene (Ptgs2) was inserted downstream

of a murine mammary tumor virus promoter. As

a consequence, hyperplasia and carcinoma of the

mammary gland were observed and associated with

strong COX-2 expression in mammary gland epithe-

lial cells with increased prostaglandin E2 (PGE2) lev-

els. However, this study is the only one that has estab-

lished a clear role for COX-2 in tumor initiation. Nev-

ertheless, mouse models of skin carcinogenesis have

also been designed using Ptgs2 gene placed down-

stream of the keratin 5 (K5) or keratin 14 (K14) pro-

moters. Transgenic mouse lines with keratin 5 pro-

moter-driven COX-2 overexpression in basal epider-

mal cells exhibit a preneoplastic skin phenotype,

which depends on the level of COX-2 expression and

COX-2-mediated prostaglandin accumulation. The trans-

genics did not develop skin tumors spontaneously but

did so after a single application of an initiating dose of

the carcinogen, 7,12-dimethylbenz[a]anthracene (DMBA).

Long-term treatment with the tumor promoter phorbol

12-myristate 13-acetate (PMA, an activator of protein

kinase C), as required for tumorigenesis in wild-type

mice, was not necessary for transgenics. These data in-

dicate that COX-2 overexpression, is insufficient for tu-

mor induction but transforms epidermis into an “auto-

promoted” state, i.e., sensitizes the tissue for genotoxic

carcinogens. These results thus support a role of COX-2

in tumor promotion rather than initiation [37].

The role of COX-2 in tumor promotion is more

strongly supported by previous studies in colorectal

tumor models. Oshima et al. [40] first described a re-

duction in the number and size of colonic polyps in

adenomatous polyposis coli (APC)�716 mice crossed

with mice harboring an inactivated Ptgs2 gene. The

number of large polyps was significantly diminished.

This effect was stronger in mice with homozygous

mutations. To assess the role of COX-2 in colorectal

tumorigenesis, Oshima et al. [40] determined the ef-

fects of COX-2 gene (Ptgs2) knockouts and a novel

COX-2 inhibitor on APC�716 knockout mice, a model

of human familial adenomatous polyposis. A Ptgs2

null mutation reduced the number and size of the in-

testinal polyps dramatically. Furthermore, treating

APC�716 mice with selective COX-2 inhibitor re-

duced the polyp number more significantly than with

sulindac, which inhibits both COX-1 and COX-2.

These results provide direct genetic evidence that

COX-2 plays a key role in tumorigenesis and indicate

that COX-2-selective inhibitors can be a novel class of

therapeutic agents for colorectal polyposis and cancer.

Studying downstream mechanisms also supports

a role for COX-2 in carcinogenesis. The concentration

of PGE2, considered the most important downstream

effector of COX-2, is increased in cells that over-
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express COX-2. It has been demonstrated that homo-

zygous deletion of the gene encoding a cell-surface

receptor of PGE2, EP2, causes decreases in number

and size of intestinal polyps in APC�716 mice. How-

ever, homozygous gene knockout for other PGE2 re-

ceptors, EP1 or EP3, did not affect intestinal polyp

formation in APC�716 mice [59]. PGE2 can promote

carcinogenesis, invasion and metastasis processes as

well as tumor angiogenesis. PGE2 expression ac-

counts for many of the effects of COX-2 expression.

Exposure to PGE2 increases colony forming rate by

colon cancer cells but only in COX-2 expressing cell

lines [54]. Effects of PGE2 and their molecular mecha-

nisms are schematically outlined in Figure 1.

Activation of the epidermal growth factor receptor

(EGFR) via PGE2 is of great interest because EGFR is

recognized as a therapeutic target for cancer treatment

and several EGFR inhibitors have been developed

[41]. Their association with COX-2 inhibitors could

therefore be an interesting development in treating

cancer. In fact, PGE2 and EGFR pathways that induce

or promote tumor growth and inhibit apoptosis are

common and act synergistically. For instance, PGE2

inhibits apoptosis by stimulating the PI3kinase/Akt

pathway. EGFR receptor activation also stimulates the

same molecular pathway [15]. The EGFR and COX-2

pathways develop real cross talk between them. PGE2

not only stimulates EGFR signaling via the shedding

of active EGFR ligands from the plasma membrane

but also induces EGFR transactivation directly via in-

duction of the Src pathway [7, 15, 41, 51]. Conversely,

EGFR transactivation stimulates AP-1-mediated in-

duction of COX-2 expression and thus PGE2 expres-

sion, resulting in a loop of cross-stimulation [15].

Apoptosis

The evolution of tumor size depends on the balance

between cell proliferation and cell death. In premalig-

nant and malignant lesions, decreased apoptosis, or

programmed cell death, has been largely observed.

Apoptosis is a process of cell death and depends on

the balance of pro- and anti-apoptotic factors. The

over expression of COX-2 in tumor cells has been

shown to increase the proto-oncogene Bcl-2 and lead

to inhibition of apoptosis. The inhibition of apoptosis

appears to be a key pathway in the survival of cancer

cells. The Bcl-2 family consists of about 20 homo-

logues of important pro- and anti-apoptotic regulators

of programmed cell death. The established mode of

function of the individual members is to either pre-

serve or disturb mitochondrial integrity, thereby in-

ducing or preventing release of apoptogenic factors

like cytochrome c from mitochondria. Recent find-

ings also indicate further Bcl-2-controlled mitochon-

dria-independent apoptosis pathways. Bcl-2 repre-

sents the founding member of the new and growing

class of cell death inhibiting oncoproteins. Various

experimental studies have shown a positive correla-

tion between the expression of COX-2 and inhibition

of apoptosis, as described below. Intestinal epithelial

cells of rats engineered to over-express COX-2, were

showed to have increased amounts of the anti-

apoptotic protein Bcl-2 and were resistant to butyrate-

stimulated apoptosis. Nevertheless, treatment with the

NSAID sulindac sulfide was able to reverse this resis-

tance to apoptosis [65]. Cells that were not transfected

to express COX-2 did not show these properties indi-

cating that phenotypic changes such as over-

expression of COX-2 enhanced the tumorigenic po-

tential of intestinal epithelial cells by creating resis-

tance to apoptosis.

It has been demonstrated that growth of human

colonic cancer xenografts is inhibited by treatment

with a highly selective COX-2 inhibitor in tumors that

express COX-2 (HCA-7) but not in those that lack

COX-2 expression (HCT-116). The role of PGE2 on

apoptosis in human colon cancer cells has also been

evaluated. PGE2 treatment of human colon cancer

cells leads to increased clonogenicity of HCA-7, but

not HCT-116 cells. Treatment with a highly selective

COX-2 inhibitor (SC-58125) decreased colony for-
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mation and this growth inhibition was reversed by treat-

ment with PGE2. Additionally, PGE2 inhibits apoptosis

caused by SC-58125 and induces Bcl-2 expression,

but did not affect Bcl-x or Bax expression in human

colon cancer (HCA-7) cells. Therefore, decreased cell

death caused by PGE2 would enhance the tumorigenic

potential of intestinal epithelial cells [54]. The APC

gene is a tumor suppressor gene and encodes a tumor

suppressor protein. The tumor suppressor gene prod-

uct APC is often lost or inactivated in colon cancer.

HCT-29, a colon cancer cell line, expresses a trun-

cated APC protein and high levels of COX-2. After

transfection with a normal APC gene, the cells exhib-

ited increased apoptosis and decreased COX-2. These

findings are compatible with the proposed ‘self pro-

motion’ interaction between APC and COX-2, in

which decreased activity of the APC protein increased

COX-2 biosynthesis.

Angiogenesis

The growth of solid tumors and the formation of me-

tastases depend on the generation of new blood ves-

sels. Tumor cells produce numerous factors that en-

sure blood vessel growth. Some known factors pro-

moting angiogenesis are the vascular endothelial

growth factor (VEGF), basic fibroblast growth factor

(bFGF), and platelet derived growth factor (PDGF)

[22, 30]. COX-2-derived prostaglandins contribute to

tumor growth by inducing angiogenesis that sustain

tumor cell viability and growth. COX-2 is expressed

within human tumor neovasculature as well as in neo-

plastic cells present in human colon, breast, prostate,

and lung cancer biopsy tissue. The proangiogenic ef-

fects of COX-2 are mediated primarily by three prod-

ucts of arachidonic metabolism: TXA2, PGI2 and

PGE2. Downstream proangiogenic actions of these ei-

cosanoid products include: (1) production of vascular

endothelial growth factor; (2) promotion of vascular

sprouting, migration and tube formation; (3) enhanced

endothelial cell survival via Bcl-2 expression and Akt

signaling; (4) induction of matrix metalloproteinases;

(5) activation of epidermal growth factor receptor-

mediated angiogenesis; and (6) suppression of inter-

leukin-12 production. Selective inhibition of COX-2

activity has been shown to suppress angiogenesis in

vitro and in vivo. Recent evidences suggest a role of

COX in the process of angiogenesis. In a rat model of

angiogenesis, it was observed that corneal blood ves-

sel formation was suppressed by celecoxib, but not by

a COX-1 inhibitor [35]. Endothelial migration and

corneal angiogenesis are similarly inhibited by

a TXA2 receptor antagonist, SQ29548. A TXA2 ago-

nist, U46619, reconstitutes both migration and angio-

genesis responses under COX-2-inhibited conditions.

These findings identify TXA2 as a COX-2 product

that functions as a critical intermediary of angiogene-

sis [13]. In other studies, the over-expression of COX-2

in colon cancer cells enhanced the production of vascu-

lar growth factors through HIF1� nuclear transloca-

tion, the migration of endothelial cells through a colla-

gen matrix and the formation of tubular networks [67].

Lewis lung carcinoma (LLC) cells grow rapidly as

solid tumors when implanted in C57BL/6 mice. It was

found that tumor growth was markedly attenuated in

COX-2(–/–), but not COX-1(–/–) or wild-type mice.

Treatment of wild-type C57BL/6 mice bearing LLC

tumors with a selective COX-2 inhibitor reduced tu-

mor growth. A decrease in vascular density was ob-

served in tumors grown in COX-2(–/–) mice when

compared with those in wild-type mice. On evalua-

tion of COX-2(–/–) mouse fibroblasts a 94% reduc-

tion in their ability to produce the proangiogenic fac-

tor, VEGF was found. Additionally, treatment of

wild-type mouse fibroblasts with a selective COX-2

inhibitor reduced VEGF production by 92% [70]. In

a recent study, PG levels and micro vessel density

were measured to determine the role of COX-2 ex-

pression in 42 patients with primary gastric adenocar-

cinoma. COX-2 was over-expressed in 31 (74%) of

42 gastric cancers based on an immunoblot analysis.

Tumors over-expressing COX-2 showed significantly

elevated levels of PGE2 in the cancer tissues and sig-

nificantly higher micro vessel density [68]. These

data indicate that COX-2 and COX-2 derived PGs

may play a major role in cancer development through

the mechanism of stimulation of tumor cell growth

and angiogenesis.

Invasion and metastasis

Invasion and metastasis are the most insidious and

life-threatening aspects of cancer. Matrix degradation

and cell motility are essential in this process. Matrix

metalloproteinases (MMPs) are a family of matrix

degradation enzymes. Their expression is associated

with tumor cell invasion of the basement membrane

and stroma, blood vessel penetration and metastasis.

In a study to determine effects of COX-2 on metasta-

sis human colon cancer cells (Caco-2) were perma-
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nently transfected with a COX-2 expression vector or

the identical vector lacking the COX-2 insert. The

Caco-2 cells, which constitutively expressed COX-2,

acquired increased invasiveness compared with the

parental Caco-2 cells or the vector transfected control

cells. Biochemical changes associated with this phe-

notypic change included activation of metallopro-

teinase-2 [66]. Further, Fernandez et al. have de-

scribed that COX-2 inhibition in the human prostate

tumor cell line DU-145 resulted in a decreased secre-

tion of MMP-2 and MMP-9 [21].

In order to establish a relationship between modifi-

cations of the adhesion properties of cancer cells and

COX-2 over-expression rat intestinal epithelial (RIE)

cells permanently transfected with a COX-2 expres-

sion vector oriented in the sense (RIE-S) or antisense

(RIE-AS) direction were used. The RIE-S cells ex-

pressed elevated COX-2 protein levels and demon-

strated increased adhesion to extracellular matrix

(ECM) proteins. E-cadherin was undetectable in

RIE-S cell but was elevated in RIE-AS cells. RIE-S

cells were resistant to butyrate-induced apoptosis, had

elevated Bcl2 expression, and reduced TGF�2 recep-

tor levels [65]. These findings demonstrate that over-

expression of COX-2 leads to phenotypic changes in

intestinal epithelial cells that could enhance their tu-

morigenic potential. COX-2 expression also favors

adhesion of cancer cells to endothelial cells [27].

Consistent with these in vitro findings, selective

COX-2 inhibitors have been used to inhibit metastasis

in animals [27, 63]. For instance, COX-2 specific in-

hibitors suppress the metastatic potential of the highly

metastatic cell line NCI-H460-LNM35 transferred into

severe combined immunodeficiency (SCID) mice [61].

Effect of COX-2 on immunological responses

Growth of many tumors are associated with immune

suppression and often expressed by changes in immu-

noactive cytokines [5]. Expression of IL-10 is in-

creased and IL-12, TNF and IL-1 decreased in experi-

mental models of cancer and these changes have been

linked to increased synthesis of PGE2 and COX-2 ac-

tivity [28]. Macrophages are activated and produce

PGE2 that in turn inhibits the production of regulatory

cytokines, the B and T cell proliferation, and de-

creases the cytotoxic activity of natural killer (NK)

cells [43, 48]. In the murine Lewis lung carcinoma

model, inhibition of COX-2 led to marked lympho-

cytic infiltration of the tumor and reduced tumor

growth. Treatment of mice with anti-PGE2 mAb repli-

cated the growth reduction seen in tumor-bearing

mice treated with COX-2 inhibitors. COX-2 inhibi-

tion was accompanied by a significant decrease in

IL-10 and a concomitant restoration of IL-12 produc-

tion. As the COX-2 metabolite PGE2 is a potent in-

ducer of IL-10, it was inferred that COX-2 inhibition

led to antitumor responses by down-regulating produc-

tion of this potent immunosuppressive cytokine [60].

PPAR� activation

A pro-carcinogenic role for activation of PPARs and

cancer was originally proposed on the basis of the

correlation of colon cancer with dietary fat [47], the

latter providing the agonist ligands for the PPARs.

Later, work using Min mice showed that two thia-

zolidinedione agonists of PPAR�, troglitazone and ro-

siglitazone, increased the numbers of polyps in the

colon [49]. This coupled with the agonist potency of

PGs and the anti-carcinogenic effect of COX-2 inhibi-

tors in Min mice suggested that a PG agonist for

PPARs activates pro-carcinogenic mechanisms and

that the PG concerned is derived from COX-2. A po-

tential positive feedback loop is suggested by the in-

duction of COX-2 by PPAR� agonists and identifica-

tion of a PPAR response element in the promoter re-

gion of the COX-2 gene in epithelial cells [4, 36].

COX expression in human solid tumors

and premalignant lesions

COX-2 is constitutively expressed only in the kid-

neys, seminal vesicles, and the central nervous system

[19]. The expression of COX-2 was investigated in

human colon cancer tissues following findings which

identified specific COX-2 over-expression in human

colon cancer [18, 29, 50]. COX-2 expression has been

observed not only in cancer cells, but also in macro-

phages or other non-carcinoma cells in the tumor area

[6, 40]. In fact, inflammation is regarded as a possible

initiator of cancer but is not required to promote its

growth. Therefore, predominant COX-2 expression in

inflammatory cells would stimulate the use of COX-2

inhibitors in a chemopreventive setting. In the past

few years, COX has been localized in numerous hu-

man solid tumors showing that over-expression of
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COX-2 is not limited to colon cancer but can be con-

sidered as a common feature in various other epithe-

lial tumors. In experimental colonic carcinogenesis,

COX-2 expression has been described from aberrant

crypt foci stage until metastatic carcinoma [46].

Hence, these results identify COX-2 over-expression

as an early event in carcinogenesis. The therapeutic

impact of COX-2 inhibition will be completely differ-

ent depending on the time of its expression and its

possible causative effect into carcinogenesis.

COX-2 inhibitors in treatment of cancer

Combination of chemotherapy with COX-2 in-

hibitors preclinical trials

In vitro models with the combination of NSAIDs and

conventional chemotherapeutic agents have shown

synergistic effects on tumor growth and development.

The Lewis lung carcinoma model was used by Tei-

cher et al. [62] as a model of non-small cell lung can-

cer to assess the ability of COX inhibitors to act as

modulators of cytotoxic cancer therapies model.

Combinations of a COX inhibitor with chemothera-

peutic agents such as cisplatin, carmustine, melphalan

and cyclophosphamide resulted in tumor growth de-

lay and a decreased number of lung metastases [62].

Combination of radiotherapy with COX-2

inhibitors-preclinical trials

Combinations of NSAIDs with radiotherapy have also

showed a synergistic effect on tumor growth and de-

velopment in vitro. A study investigated whether

SC-236, a selective inhibitor of COX-2, potentiates

antitumor efficacy of radiation. Mice bearing the sar-

coma FSA in the hind legs were treated daily for 10

days with SC-236 (6 mg/kg). SC-236 inhibited tumor

growth on its own, and it greatly enhanced the effect

of tumor irradiation [31].

Radiation-enhancing effect of COX-2 inhibitors

was investigated in vitro as well as in vivo by Pyo et

al. [44] NS-398 was the selective COX-2 inhibitor

used in the study. In vitro radiation was conducted us-

ing rat intestinal epithelial (RIE) cells which were sta-

bly transfected with COX-2 cDNA. The same experi-

ments were repeated with NCI-H460 human lung can-

cer cells expressing COX-2 and HCT-116 human

colon cancer cells lacking COX-2 expression. NS-398

enhanced radiosensitivity in H460 cells but protected

HCT-116 cells from the effects of radiation. Radia-

tion-induced apoptosis was enhanced by NS-398 in

RIE cells and H460 cells but not in HCT-116 cells. It

was concluded that selective COX-2 inhibitors en-

hance the effect of radiation on tumors expressing

COX-2, but not on tumors without COX-2 [44].

Combined inhibition of EGFR and

cyclooxygenase pathways preclinical trials

Interplay between COX-2 and EGFR pathways in car-

cinogenesis has been demonstrated. Combination

therapy with COX-2 and EGFR inhibitors to improve

anti-cancer efficacy could be a rational therapy consid-

ering their molecular interactions. A cell-proliferation

assay was used by Mann et al. [34] to determine the

response of HCA-7 cells to celecoxib and anti-

HER-2/neu monoclonal antibody, herceptin. Combi-

nation therapy with celecoxib and herceptin resulted

in additive effects that resulted in almost complete in-

hibition of tumor growth. Thus it was concluded that

combined treatment with COX-2 and HER-2/neu in-

hibitors more effectively reduces colorectal carci-

noma growth than either agent alone and may repre-

sent a novel approach for treatment and/or prevention

of colorectal cancer [34].

Clinical trials

Clinical trials were set up to validate the combination

of established treatments of chemotherapy with selec-

tive COX-2 inhibitors. One study considered the com-

bination treatment celecoxib-docetaxel in non small

cell lung cancer (NSCLC). Taxane treatment stimu-

lates COX-2 transcription. An increase in PGE2 level

during paclitaxel treatment has been consecutively

observed [64]. This COX-2 induction possibly in-

duces a decrease in anti-neoplastic effects of taxanes.

Taxane-COX-2 inhibitor can thus be a logical combi-

nation. The THO-0054 phase II trial combined cele-

coxib with docetaxel in pretreated NSCLC patients.

Positive responses were seen in 2 out of 13 patients

[12]. Furthermore, Altorki et al. reported the results

obtained by associating celecoxib with paclitaxel and

carboplatin in patients with resectable NSCLC [1]. In

this phase II trial, 29 patients with NSCLC were

treated with two preoperative cycles of paclitaxel and

carboplatin, as well as daily celecoxib, followed by
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surgical resection. A high clinical response rate (65%)

was obtained with the celecoxib combination treat-

ment. The addition of celecoxib to a regimen of pacli-

taxel and carboplatin abrogated the marked increase

in levels of PGE2 detected in primary tumors after

treatment with paclitaxel and carboplatin alone. No

unexpected chemotherapy-related toxicity was seen

[1, 2]. A study was performed to investigate the effi-

cacy of combing anti-aromatase therapy (exemestane)

and COX-2 inhibitors in hormone-sensitive post-

menopausal breast cancers. The patients were ran-

domly assigned to receive exemestane and celecoxib.

All groups showed clinical response and there was de-

crease in tumor area in each group [10].

Intracellular COX-2 independent targets

of COX-2 inhibitors

Celecoxib was developed as a selective COX-2 in-

hibitor for the treatment of chronic pain. However, it

now appears that this compound harbors additional

pharmacologic activities that are entirely independent

of its COX-2 inhibitory activity. When employed in

the micromolar range in cell culture, the molecular

mechanism by which celecoxib exerts its myriad

pharmacologic activities has not been fully eluci-

dated. Among the various targets, there are at least

two cellular components that seem to be controlled di-

rectly by celecoxib and thus appear to represent re-

ceptors that are engaged at moderate micromolar con-

centrations. One of these is 3-phosphoinositide-

dependent protein kinase-1 (PDK1) and the other is

sarcoplasmic/endoplasmic reticulum (ER) calcium

ATPase (SERCA).

PDK1 as target for celecoxib

PDK1 is a protein serine/threonine kinase that has

multiple substrates. It was suggested that celecoxib

could bind to and inhibit PDK1 [3, 32], which is es-

sential component of cell growth and survival signal-

ing pathways that also involve its upstream regulator

PI3K, its major downstream substrate Akt/PKB and

the tumor suppressor PTEN (phosphatase and tensin

homologue deleted on chromosome 10), which acts as

a negative regulator of PI3K/PDK1/Akt signaling. In

many tumor cells, especially in those with PTEN de-

letions, the PI3K/PDK1/Akt axis is chronically acti-

vated and contributes to tumor growth and chemore-

sistance. Considering the regulatory role of PDK1 in

pro-oncogenic pathways, the discovery of its inhibi-

tion by celecoxib provided a suitable explanation for

the drug’s COX-2 independent anticancer effects [24,

32]. Relatively high concentrations of celecoxib are

required to inhibit the enzymatic activity of PDK1 in

vitro, and IC50s from 3.5 µM [3] to 48 µM have been

reported [32]. The latter value is in better agreement

with the growth-inhibitory and apoptosis-inducing

potential of celecoxib in cell culture, where generally

concentrations in the range of 30–100 µM are needed

to exert pronounced anti-proliferative effects.

The recognition of PDK1 as a target of celecoxib

prompted subsequent structure-activity analysis com-

bined with molecular modeling to generate COX-2 in-

active celecoxib derivatives with increased potency

towards PDK1, such as OSU-03012 [72]. Based on

the key role of PDK1 in tumor growth, such streamlined

compounds are expected to be useful in cancer therapy.

SERCA as target for celecoxib

SERCA resides in the sarcoplasmic reticulum (SR)

within muscle cells. It is a Ca2+ ATPase which trans-

fers Ca2+ from the cytosol of the cell to the lumen of

the SR at the expense of ATP hydrolysis during mus-

cle relaxation. SERCA maintains the steep gradient of

calcium between the cytosol and the ER. The finding

[25] that celecoxib is able to inhibit SERCA initiated

subsequent studies that eventually established the ER

stress response (ESR) as a crucial non-COX-2 target of

celecoxib. Many studies with thapsigargin, a widely

used model inhibitor of SERCA, have established that

inhibition of this pump results in rapid leakage of cal-

cium into the cytosol; as a result, the ESR is triggered.

The primary purpose of the ESR is to alleviate the

stressful disturbance and restore proper ER homeosta-

sis; however, in the case of intense or persistent ER

stress, as appears to be the case in the continued pres-

ence of celecoxib, this mechanism will trigger pro-

grammed cell death/apoptosis. Johnson et al. [25]

have demonstrated that calcium release from the ER

is the most immediate effect of celecoxib treatment

and can be detected within seconds of adding the drug

to cells in culture. As a consequence, and similarly to

what has been established for thapsigargin, typical

features of severe ESR can be observed. Among these

features is the phosphorylation and inactivation of
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translation initiation factor 2� (eIF2�), which causes

a prominent, yet transient, shutdown of general pro-

tein synthesis [45].

Celecoxib treatment of cells in culture has been

shown to result in cell cycle arrest. This appears to be

due to the downregulation of various cyclin proteins,

which are the essential subunits of cyclin-dependent

kinases (CDKs) that constitute the cell cycle engine

and drive the cells through the cell cycle. Loss of

CDK activity prevents the phosphorylation of CDK

target proteins, most prominent among them the reti-

noblastoma (Rb) tumor suppressor protein, which re-

mains hypophosphorylated and thus enforces the

checkpoint and concomitant growth arrest in G1. It is

quite tempting to assume that all of these known ef-

fects of celecoxib, that is, downregulation of cyclins,

inhibition of CDK activity, loss of Rb phosphoryla-

tion and ensuing cell cycle arrest could result from the

drug’s inhibition of SERCA. Inhibition of this pump

generates increased cytosolic calcium levels, which

trigger severe ER stress and attenuate general protein

synthesis. As a consequence, short-lived proteins,

such as cyclin D, disappear quickly and cannot be re-

plenished. Without cyclin D, the essential G1 CDKs

become inactive and incapable of phosphorylating

their major substrate Rb protein, resulting in the con-

tinued activity of hypophosphorylated Rb, which pre-

vents cells from progressing towards S phase. Thus,

in this scenario, the effects of celecoxib on SERCA

and ER stress would suffice to explain its seemingly

unrelated effects on the cell cycle machinery [45].

Activation of the ESR has also been detected in tu-

mor tissue from animals treated with celecoxib,

clearly demonstrating that these in vitro effects of the

drug also take place in vivo [45]. The detection of ER

stress in tumor tissue from celecoxib-treated animals

clearly indicates that the in vitro observations have in

vivo relevance, although the mystery of the concentra-

tion differential between in vitro and in vivo condi-

tions remains, and the potential role of additional, still

unknown targets of celecoxib cannot be excluded.

Conclusion

The concept of COX-2 as a possible target is a unique

one, situated at the frontier between classical and mo-

lecular medicine. COX-2 over-expression is clearly

associated with carcinogenesis in many cancers but

a causative link remains to be demonstrated. NSAID

use as chemoprevention agents is based on large clini-

cal but retrospective studies. The recent use of COX-2

inhibitors in anticancer therapy is encouraging but re-

quires further confirmation.

Established COX-2 inhibitors are not optimal.

COX-2 independent effects have to be explained by

finding the true target. Such a clearly identified target

could be relevant for anticancer therapy. COX-2 is

a target for anticancer therapy, but more than solely

a target, COX-2 is also a signal that points to key car-

cinogenesis processes. New targets are to be found in

exploring these pathways. Inhibition of COX-2 may

not be a panacea for cancer but it may provide a very

significant therapy for a large proportion of the pa-

tient population.
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