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1. Abstract 

     Prostacyclin synthase and thromboxane synthase signaling via arachidonic acid 

metabolism affects a number of tumor cell survival pathways such as cell proliferation, 

apoptosis, tumor cell invasion and metastasis, and angiogenesis. However, the effects of 

these respective synthases differ considerably with respect to the pathways described. 

While prostacyclin synthase is generally believed to be pro-tumor, an anti-carcinogenic role 

for thromboxane synthase has been demonstrated in a variety of cancers. The balance of 

oppositely acting COX-derived prostanoids influences many processes throughout the 

body, such as blood pressure regulation, clotting, and inflammation. The PGI2/TXA2 ratio 

is of particular interest in-vivo, with the corresponding synthases shown to be differentially 

regulated in a variety of disease states. Pharmacological inhibition of thromboxane synthase 

has been shown to significantly inhibit tumor cell growth, invasion, metastasis and 

angiogenesis in a range of experimental models. In direct contrast, prostacyclin synthase 

over-expression has been shown to be chemopreventative in a murine model of the disease, 

suggesting that the expression and activity of this enzyme may protect against tumor 

development.   

 

     In this review, we discuss the aberrant expression and known functions of both 

prostacyclin synthase and thromboxane synthase in cancer. We discuss the effects of these 

enzymes on a range of tumor cell survival pathways, such as tumor cell proliferation, 

induction of apoptosis, invasion and metastasis, and tumor cell angiogenesis. As 

downstream signaling pathways of these enzymes have also been implicated in cancer 

states, we examine the role of downstream effectors of PGIS and TXS activity in tumor 
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growth and progression. Finally, we discuss current therapeutic strategies aimed at 

targeting these enzymes for the prevention/treatment of cancer.   
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2. Introduction 

     Cancer causes seven million deaths annually, accounting for 12.5% of deaths 

worldwide. It is the second leading cause of death in the developed world and is among the 

three leading causes of death for adults in developed countries. It is estimated that, by 2020 

there will be 16 million new cases every year, representing a 50% increase in cancer 

incidence [1].  

 

     The arachidonic acid pathway is responsible for the generation of a wide variety of 

bioactive metabolites. These metabolites, otherwise known as eicosanoids, have been 

shown to be involved in many different pathologies, including inflammation and cancer [2]. 

Arachidonic acid can be metabolised into the biologically active eicosanoids via the action 

of three separate groups of enzymes: cyclooxygenases (COX), lipoxygenases (LOX), and 

epoxygenases (cyctochrome P450). The COX enzymes catalyse the first step in the 

synthesis of prostanoids from arachidonic acid [3]. COX was shown to exist as two distinct 

isoforms in the early 1990’s. These included the constitutively expressed COX-1 and the 

inducible form of COX-2, associated with inflammation [4]. A third COX isoform has also 

recently been identified, known as COX-3 [5]. However, it has since been shown to have 

no COX activity and is therefore unlikely to have prostaglandin-producing activity in 

human tissues [6]. COX-derived prostanoids, prostaglandins and thromboxanes, are 

biologically active lipid mediators involved in a wide range of physiological processes such 

as modulation of vascular tone, the inflammatory response and gastric cytoprotection.  

Prostanoids have also been implicated in various disease states such as arthritis, heart 

disease and pulmonary hypertension [7].   
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     The development of cancer in both humans and experimental animals is consistently 

linked to an imbalance in COX signaling [8, 9]. There has been a significant interest in 

COX-2 and its role in the development and progression of cancer over the past number of 

years, with a number of clinical trials examining selective COX-2 inhibition as a potential 

therapeutic strategy [10-13]. COX-2 expression has been associated with a poor prognosis 

in a variety of cancer states [14-16]. A number of clinical trials have been carried out to 

examine the role of COX-2 inhibition in lung cancer chemoprevention [17-20], with further 

human trials ongoing. However, conflicting studies aimed at examining the role of non-

specific COX or selective COX-2 inhibition will lead to difficulty interpreting these results. 

An inhibition in mouse lung tumorigenesis has been observed in studies using non-selective 

COX inhibitors [21, 22]. However, selective COX-2 inhibition with celecoxib resulted in 

reduced pulmonary inflammation, but no differences in tumor multiplicity and an increase 

in tumor size in an initiator promoter lung tumor mouse model [23]. In addition to these 

observations, chronic administration of selective COX-2 inhibitors at high concentrations 

has been associated with an increased risk of cardiovascular events, such as thrombosis, 

stroke, and myocardial infarction [24-26]. The mechanism whereby these drugs contribute 

to cardiac complications is thought to be through a disruption in the fine balance between 

PGI2 and TXA2, which regulates blood clotting. The role of these respective prostanoids in 

the regulation of coagulation has been demonstrated using a rat model of pulmonary 

hypertension [27]. It was demonstrated that COX-2 dependant PGI2 formation limits the 

pulmonary hypertensive response to hypoxia in-vivo, partly through attenuation of TXA2-

dependant platelet activation and deposition. These observations were later confirmed in a 

COX-gene disrupted mouse model of pulmonary hypertension [28]. This model 
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demonstrated that COX-2 gene deletion exacerbated the pulmonary hypertensive response 

to hypoxia, an effect mediated at least in part through enhanced sensitivity to TXA2, and a 

resulting increase in intravascular thrombosis. 

 

     The effects of COX expression in cancer has been proposed to be related to the 

expression profile down-stream COX-derived prostanoids. However, the relationship of the 

prostanoid profile to cancer growth is not yet completely understood [29]. Recently, 

increased COX-2 expression has been associated with increased levels of downstream 

enzymes required for prostanoid synthesis, suggesting that the tumor-promoting effects of 

COX-2 overexpression may be attributable to specific downstream products of arachidonic 

acid metabolism [30]. The past number of years has seen considerable interest in targeting 

downstream effectors of the cyclooxygenase signaling pathway in cancer. Selective 

targeting of these downstream effectors could have the potential of avoiding the 

cardiovascular effects associated with selective COX-2 inhibition, while maintaining anti- 

cancer properties. Previous studies have proposed that the prostaglandin biosynthesis 

profile of malignant cells may differ from that of normal tissue [31, 32]. 

Immunohistochemical examination of expression profiles of the COX enzymes and 

downstream enzymes of COX metabolism in lung cancer showed that COX-2 and TXS 

expression was abundant in lung cancer, but that PGIS expression was absent [30]. 

Furthermore, endothelial cells of vessels found within or near the tumor showed extensive 

expression of COX-2 and TXS, while endothelial cells of normal lung specimens expressed 

COX-1 and PGIS. It was concluded that the expression pattern of these enzymes is altered 
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in lung cancer tissue, compared to normal, an effect which may impact on tumor 

progression.  

 

     Prostacyclin synthase (PGIS) and thromboxane synthase (TXS) enzymes act 

downstream of COX-signaling to catalyse the formation of prostanoids prostacyclin (PGI2) 

and thromboxane A2 (TXA2) respectively. These prostanoids exert directly opposing effects 

on the vasculature. While PGI2 is a vasodilator, which activates platelets and promotes their 

aggregation, TXA2 has the opposite effects. In cancer states, these enzymes and their 

corresponding prostanoids have been shown to have similarly contrasting effects. PGI2 is a 

potent anti-mitogenic and anti-metastatic agent in cancer [33], and has been implicated as a 

potential chemopreventative agent in NSCLC [34, 35]. In contrast, thromboxane synthase 

and its product TXA2 have been shown to promote proliferation, invasion, metastasis and 

angiogenesis in a variety of cancers [36-40]. The prostacyclin-thromboxane ratio is 

considered to be of relevance in-vivo, with a number of studies showing the corresponding 

synthases to be differentially regulated [41]. An imbalance in the generation of PGI2 and 

TXA2 has also been implicated in disease states, such as pulmonary hypertension [27, 28, 

42]. This ratio is of particular importance in the cardiovascular system, where the balance 

between PGI2 production in vascular endothelial cells and TXA2 production in platelets 

may maintain cardiovascular homeostasis [43]. As these prostanoids and their 

corresponding synthases appear to have directly opposing roles in cancer development and 

progression, the ratio in their respective expression levels of may also be of significant 

importance in the disease.   
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     In recent years, there has been a significant rise in the number of reports examining the 

fractional roles of arachidonic acid-derived prostanoids and their corresponding synthases 

in the development and progression of cancer. A number of studies have also examined the 

prostanoid synthases as potential targets for chemoprevention or therapeutic intervention. 

In this review, we will discuss the current state of knowledge regarding the individual roles 

of prostacyclin synthase and thromboxane synthase in the development and progression of 

cancer. We will examine the involvement of these synthases and downstream signaling 

pathways in a range of tumor cell survival pathways such as tumor cell proliferation, 

programmed cell death or apoptosis, coagulation/thrombosis, invasion and metastatic 

spread of tumors, and finally, tumor angiogenesis. Finally, we will also assess a potential 

role for these enzymes as potential targets for future chemoprevention or treatment of the 

disease, which may be used either alone, or in combination with other agents and/or 

conventional therapies.   
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3. Arachidonic Acid Metabolism: Generation and Classification of 

Arachidonic Acid Derived Prostanoids.  

     Under normal conditions, free arachidonic acid (A.A.) is virtually undetectable. 

However, A.A. can be mobilized from the plasma membrane in response to a variety of 

growth factors, cytokines, and hormones, and converted to a range of bioactive lipids, 

otherwise known as eicosanoids, via cycclooxygenase (COX), lipoxygenase (LOX) or P-

450 epoxygenase pathways. The key regulatory step in the COX-signaling pathway is the 

enzymatic conversion of arachidonate to PGG2, which is then reduced to an unstable 

endoperoxide intermediate, PGH2. PGH2 is then catalytically converted to the various 

prostanoids via reduction, rearrangement, or isomerisation by the terminal synthase 

enzymes (prostaglandin-E-synthase, prostaglandin-D-synthase, prostaglandin-F-synthase, 

prostacyclin synthase and thromboxane synthase) (Fig. 1). The resulting prostanoid 

products are unstable compounds and are therefore rapidly metabolised in-vivo [44]. 

 

     Following COX activation, prostanoids are readily generated by a number of cell types. 

Platelets, mast cells and monocytes/macrophages synthesize TXA2, PGD2, PGE2 and PGF2, 

while endothelium is the major source of PGI2 [45]. The prostanoids exert their cellular 

functions by binding to cell surface receptors belonging to a family of seven 

transmembrane domain G-protein-coupled receptors [46]. These cell surface receptors are 

designated IP for the PGI2 receptor and TP for the TXA2 receptor. In some cases, 

prostanoids and their metabolites bind their nuclear receptors such as peroxisome 

proliferator-activated receptors (PPARs) [47].  

 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

Prostacyclin Synthase, Thromboxane Synthase and Cancer 
 

 11

     Selective coupling of the cyclooxygenase isoforms with the prostanoid synthases is a 

major event in the cyclooxygenase signaling cascade, which can have important down-

stream effects. Recently, it has become clear that coupling of COX-2/PGIS is the major 

event leading to sustained PGI2 release, both into the circulation and the sub-endothelium, 

particularly in activated endothelial cells [48]. COX-2/PGIS coupling occurs at the nuclear 

envelope and endoplasmic reticulum, but also inside membrane microdomains, known as 

caveolae, where both PGIS and COX-2 have been detected [49, 50]. PGIS therefore 

produces PGI2 as soon as COX-2 is induced and inserted into caveolae, nuclear envelope, 

or endoplasmic reticulum. COX-2 and PGIS may be functionally inter-connected, both 

participating to signal transduction events connected to the regulation of processes such as 

angiogenesis and apoptosis. An inhibitory effect of rofecoxib on PGIS activity has been 

reported in human umbilical vein endothelial cells and in PGIS-enriched bovine aortic 

microsomal fractions, an effect which was not observed using other anti-inflammatory 

compounds [48].  

4. Prostacyclin Synthase and Thromboxane Synthase Pathways 

4.1 Prostacyclin Synthase 

     Prostacyclin synthase cDNA is composed of 1500 nucleotides, coding for a 500 amino 

acid protein. PGIS was purified from bovine aorta by immunoaffininty chromatography in 

the late 1980’s, and was reported to be a haemprotein belonging to the cytochrome P-450 

family, with a molecular mass of approximately 52 kDa [48]. PGIS co-localises with COX 

in the endoplasmic reticulum, plasma membrane and nuclear membrane [51]. Expression of 

this enzyme is abundant in human tissues, particularly vascular endothelial cells and 
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smooth muscle cells, as well as non-vascular cells such as neurons [52]. Its expression can 

be induced by TNFα [53, 54], and other inflammatory cytokines such as IL-1 [55] and IL-6 

[56, 57]. Transcriptional regulation of the PGIS gene has not been reported frequently in 

the literature. PGIS mRNA and protein expression is increased in response to mechanical 

cyclical stretch in both uterine myometrial and spinal ligament cells [58, 59]. In addition, 

synchronized upregulation of PGIS and COX-2 has been observed in human umbilical vein 

endothelial cells treated with a thromboxane analogue [60]. 

 

     The PGIS product, prostacyclin (PGI2) was first discovered in 1976 using the cascade 

tissue perfusion technique [61]. PGI2 has many important biologic functions. It is the most 

important endogenous inhibitor of platelet aggregation discovered to date, and also causes 

vascular relaxation [62]. PGI2 is also anti-mitogenic and inhibits DNA synthesis in smooth 

muscle cells [63]. The presence of PGIS at the nuclear and endoplasmic reticular membrane 

suggests multiple signaling pathways for this enzyme via PGI2 generation, involving both 

cell surface and nuclear receptors. However, the cellular signaling initiated by this class of 

compounds is probably the least understood of all the primary prostanoids [64]. It has 

recently been established that there are two main signaling pathways for prostacyclin 

following its production through PGIS activity. The first pathway is through the 

prostacyclin (IP) receptor, and the second is at the nuclear membrane via the peroxisome-

proliferator activated receptors (PPARs) [65].  

 

     The IP is a cell-membrane specific, seven-transmembrane domain G-protein coupled 

receptor. Activation of IP by PGI2 results in Gs protein and adenylyl cyclase activation, 
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leading to the generation of cAMP and subsequent PKA activation [66]. Elevated cAMP 

levels and subsequent PKA activation potently inhibits the MAP kinase pathway [64] (Fig. 

2A). Consistent with a major role for Gs in IP signaling, the PGI2 analogue, Iloprost 

inhibited LPS-induced p42/p44 MAP kinase as well as p38 MAP kinase activation in 

mouse RAW 264.7 macrophages [67]. In addition, PGI2 analogues were also found to 

attenuate the thromboxane receptor agonist-induced p42/44 MAP kinase activation. This 

study was a good example of the ability of PGI2 to modulate TXA2 activity, as the smooth 

muscle hypertrophy induced by the thromboxane receptor agonist was also reversed by the 

PGI2 analogues [68]. In addition to Gs, activation of Gq and Gi proteins by IP has also been 

reported, with Gq-dependant PGI2 signaling through the PKC pathway frequently observed 

[69]. The signaling pathways activated by PGI2 and subsequent IP activation are shown in 

Fig. 2A.  

 

     PGI2 and its analogues have also been shown to be ligands for peroxisomal-proliferator-

activated receptors (PPAR) [70]. PPARs belong to the nuclear hormone receptor 

superfamily of regulated transcription factors and consist of three isoforms. These include 

PPARα, PPARγ, and PPARδ-which all bind to specific DNA sequences as heterodimers 

with the retinoic acid X-receptors to regulate gene transcription [71]. PGI2 has been shown 

to upregulate PPARδ, indicating a novel signaling mechanism for this prostanoid [72]. 

Furthermore, PPARδ has been shown to be overexpressed in colorectal cancer, an 

expression that is colocalised with COX-2 within the tumor [65]. PGIS and PGI2 have also 

been shown to affect PPARγ activity. An almost two-fold induction in PPARγ expression 

has been reported following lung-specific PGIS over-expression [35]. It was recently 
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observed that endogenous PGI2 generation by co-expression of COX-2 and PGIS leads to 

transcriptional activation of PPARδ. In contrast, co-expression of COX-1 and PGIS did not 

lead to any significant PGI2 generation and subsequent transcriptional PPARδ activation 

[65]. These findings suggest that COX-2/PGIS coupling leads to PGI2 generation and that 

this PGI2 subsequently uses PPARδ as its receptor. In support of these observations, co-

overexpression of COX-2 and PPARδ has been reported in endometrial adenocarcinoma 

[73]. However, the mechanism by which the PGIS/PPARδ pathway promotes tumor 

development and progression remains to be elucidated.   

4.2 Thromboxane Synthase 

     Thromboxane A2 synthase (TXS) also belongs to the cytochrome P-450 family [74]. 

The human gene for TXS was first characterised in 1994. The TXS gene contains 13 exons 

and is 193 kb long, the largest gene ever to be isolated. TXS mRNA has been shown to be 

widely expressed in human tissues, with particular abundance observed in peripheral blood 

leukocytes, spleen, lung and liver [75]. The TXS enzyme is a 60 kDa haemprotein that is 

distributed in platelets, monoyctes, and several other cell types and is associated with the 

endoplasmic reticulum [74, 76, 77]. TXS activity was first demonstrated in platelets, and 

subsequently in other tissues [78]. TXS catalyses either the conversion of PGH2 to 

thromboxane A2 (TXA2) by an isomerase reaction, or the formation of HHT (12-L-

hydroxy-5, 8, 10-heptadecatrienoic acid), and malondialdehyde (MDA) by a fragmentation 

reaction in a 1:1:1 ratio (TXA2: HHT: MDA). The biological functions of MDA and HHT 

are unknown. However, MDA can form adducts with lysine residues of proteins or with 

amine head groups of phospholipids [79]. MDA adducts have been detected in 

atherosclerotic lesions of human aorta. It has also been shown to participate in the 
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formation of an endogenous DNA adduct, which may have importance in the etiology of 

human genetic diseases or cancer [80]. 

 

     TXA2 is a potent vasoconstrictor, bronchoconstrictor, and promoter of platelet 

aggregation [81, 82]. As it is rather labile, TXA2 is rapidly hydrolyzed in aqueous solution 

(with a half-life of about 30 s) to form the biologically inactive product, thromboxane B2 

(TXB2). The human TXA2 receptor, TP, was the first eicosanoid receptor to be cloned in 

1991 and is a member of the seven transmembrane G-protein-coupled receptor super-

family [83]. TPs are widely distributed in a variety of organs and are localized to both the 

cell membrane and intracellular structures. Two alternatively spliced variants of human TP 

have been identified; TPα and TPβ [84]. No differences have been observed in ligand 

binding and coupling of the TP receptor α and β splice variants [64]. TP mRNAs are widely 

expressed in the lung, liver, heart, kidney, uterus and vascular cells [85]. TP receptors are 

functionally coupled to the heterotrimeric Gq protein. Gq protein binding leads to a subset 

of signaling cascades, which include phospholipase C (PLC) activation and the subsequent 

release of calcium and of protein kinase C activation. This signaling cascade is central to 

TXA2/TP signaling, as leads to vasoconstriction and platelet aggregation [86]. However, 

the α-isoform can also couple to Gs and the β isoform to Gi, leading to opposing actions on 

cAMP synthesis [47]. The signaling cascades activated following thromboxane receptor 

activation are illustrated in Fig. 2B. 
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4.3 The Thromboxane Synthase/Prostacyclin Synthase Balance in Health 

and Disease 

     The balance of oppositely-acting prostanoids produced by tissues has a major influence 

many processes throughout the body, such as blood pressure regulation, clotting, sleep, 

labour, and inflammatory responses [41]. The balance between circulating PGI2 and TXA2 

levels is considered to be the most important regulator of vascular haemostasis. The 

prostacyclin-thromboxane ratio is thought to be of particular importance in-vivo, with 

several studies showing the corresponding synthases to be differentially regulated [41]. The 

relationship between prostacyclin and thromboxane A2 was initially proposed when 

prostacyclin was first discovered in 1976 [76] and has since been confirmed in several 

experimental models [27, 28, 87]. An imbalance in the PGI2-TXA2 ratio is thought to 

underlie many pathological conditions, such as pulmonary hypertension [42], and the 

pregnancy-associated disorder, pre-eclampsia [88]. As these prostanoids and their 

corresponding synthases have been shown to have directly opposing roles in a variety of 

cancer states, the balance in the expression profiles of these synthases/prostnaoids may be 

of critical importance in the development and progression of cancer (Fig. 3). While 

numerous studies have examined the fractional roles of these prostanoid synthases (and 

their downstream signaling pathways) in cancer, there have been no specific studies to 

examine the hypothesis that an imbalance in the expression levels of these enzymes may 

underlie tumor growth. The opposing roles of these prostanoid synthases and their 

downstream signaling pathways will be further discussed throughout this review.  
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5. The Role of Prostacyclin Synthase and Thromboxane Synthase in 

Cancer 

5.1 PGIS and TXS expression in normal and malignant tissue 

Prostacyclin Synthase 

     A number of studies have demonstrated the prostanoid biosynthesis profile of malignant 

cells to be different to from that of normal tissue [31, 32]. A dramatic loss in PGIS mRNA 

levels was observed in primary human lung tumor samples, relative to matched normal 

controls [89]. These findings are in agreement with those of a previous report of decreased 

PGIS mRNA and immunohistochemical protein expression as well as very low levels of 

PGF1α (the stable metabolite of PGI2) in lung tumors compared to normal surrounding 

tissue [90]. Gene expression analysis of NSCLC showed a loss of PGIS content in human 

lung adenocarcinoma samples. However, a small subset of adenocarcinoma patients whose 

lung tumors retained PGIS expression were found to have significantly enhanced survival. 

A statistically significant correlation was also observed between positive PGIS staining of 

lung tumor tissue and patient survival. It was therefore suggested that the detection of PGIS 

in tissue samples had strong prognostic value in predicting patient survival [91]. While the 

PGIS product, PGI2, is one of the most abundant prostanoids in normal lung, it is only 

produced in very small amounts by human non-small cell lung cancers [32]. Comparative 

immunohistochemical analyses of non-small cell lung cancer (NSCLC) and normal human 

lung tissue have shown that, while tumors were typically positive for TXS expression, 

PGIS expression was undetectable [30]. In contrast, a moderate PGIS expression was 

observed in endothelial cells from pulmonary vessels of corresponding normal tissue. 
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Studies carried out in our lab showed that PGIS protein expression was significantly 

reduced or lost in NSCLC protein samples, relative to matched normal controls (Fig. 4A; 

unpublished data), suggesting that expression of this enzyme may be important for 

chemoprevention.  

 

     The precise mechanisms responsible for the down-regulation of PGIS in cancer are 

unclear, although several potential mechanisms have been investigated. Using transcription 

reporter assays, it was observed that single nucleotide polymorphisms in the PGIS promoter 

can affect transcriptional activity in human lung cancer [92]. PGIS expression was silenced 

in several lung cancer cell lines by CpG methylation (sites were mapped across the variable 

number of tandem repeats in the promoter and CpGs within intron and exon 1). FISH 

analysis demonstrated that lung cancer cell lines and tissues do not exhibit a loss of the 

PGIS genomic region, but have multiple copies. These observations suggest that an 

individuals PGIS promoter haplotype may have a significant impact on a patient’s 

predisposition for lung cancer. They also suggest an epigenetic mechanism, namely CpG 

methylation, which may be responsible for the down-regulation in PGIS expression. 

 

     Little is known regarding the expression pattern of the prostacyclin receptor (IP) in 

cancer. Real-time analysis of 62 colorectal tumors and adjacent normal tissue (n=48) 

revealed overall IP expression to be significantly reduced in tumor samples, relative to 

normal [93]. In support of these observations, the IP gene was not expressed at detectable 

levels in NSCLC cells, suggesting that expression of this receptor is not essential for tumor 

development and progression [89]. It has been demonstrated that PGI2 could serve as a 
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ligand for PPARδ. mRNA expression of this nuclear receptor was increased in colorectal 

tumor samples, relative to matched normal controls [65]. However, the functional 

consequence of this increase in PPARδ expression is still unclear.  

Thromboxane Synthase 

     An overall increase in TXS expression has been observed in tumor tissues, relative to 

normal, suggesting a potential role for this enzyme in tumorigenesis and/or progression of 

cancer. In normal lung tissue, TXS was found to be moderately expressed in bronchial 

epithelial cells and weakly expressed in vascular smooth muscle cells [30]. Overexpression 

of TXS has been observed in a variety of cancers including papillary thyroid carcinoma 

[36], prostate cancer [39, 94], colorectal cancer [37], and renal carcinoma [38]. Increased 

TXS expression at mRNA level has been reported in renal cell carcinoma, breast 

carcinoma, prostate cancer and uterine cancer when compared with matched normal tissues 

[39]. In a cancer profiling array, TXS mRNA levels were increased in 12 out of 14 cases of 

renal carcinoma, 7 out of 9 cases of breast carcinoma, 2 out of 3 cases of prostate cancer, 

and 5 out of 7 cases of uterine cancer, suggesting a role for this enzyme in the development 

and progression of cancer [95]. Recent observations in our laboratory have found TXS 

expression to be increased in NSCLC protein samples, relative to matched normal controls 

(Fig. 4B; unpublished data), suggesting that this enzyme may be a therapeutic target in the 

disease. The observed overexpression of TXS in these NSCLC samples, in the face of a 

loss of PGIS expression may also be of clinical significance in the disease. As far as we are 

aware, this is the first observation of a loss of PGIS expression in tumor protein samples, 

with a corresponding increase in TXS expression. While the PGIS/TXS balance has been 

implicated in a range of disease states, it may also be of significant importance in cancer. 
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This relative expression patterns and roles of these opposing synthases and their 

corresponding prostanoids in cancer therefore require further investigation.  

 

     In bladder cancer patients, overexpression of TXS was associated with a significant 

reduction in survival [38]. TXS expression was increased in tumor specimens of advanced 

stage and grade in prostate cancer, and particularly in areas of perineural invasion. It was 

suggested that the activity of thromboxane synthase is dependent on COX-2 and, to a lesser 

extent, COX-1 to supply the substrate PGH2 [39, 94]. A recent study in breast cancer 

patients demonstrated TXS to be expressed at significantly low levels in high grade tumors 

and in patients with a predicted poor clinical outcome. In contrast, TP expression was 

commonly observed in breast tumors, particularly in aggressive tumors. TP levels were also 

negatively associated with disease-free survival, indicating that this receptor, and not its 

corresponding synthase, may be a prognostic factor in the disease [96]. TP expression was 

significantly increased in colorectal tumor samples, relative to matched normal controls, 

lending support to previous observations in breast cancer [93]. However, expression was 

not linked to tumor stage or tumor cell differentiation, suggesting that expression of this 

receptor is not prognostic in colorectal cancer. More recently, studies were undertaken to 

determine the individual contributions of the thromboxane receptors in bladder cancer. 

Significant overexpression of TP-β was observed in the epithelial and stromal 

compartments of bladder cancer tissue, relative to control tissue, without a concomitant 

significant overexpression of TP-α [97]. TP-β overexpression was also correlated with a 

significantly poorer overall patient survival (p<0.005). Therefore, while expression of TXS 
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appears to be increased in a variety of cancer states, the role of this enxyme and its 

corresponding receptor in patient survival remain to be completely elucidated.  

  

     Levels of the TXA2 metabolite, TXB2, were significantly increased in tumor tissues, 

relative to non-tumor controls. Of particular interest, TXB2 concentration was higher in 

samples from patients that smoked, when compared to those that did not smoke, suggesting 

that cigarette smoking influences the generation of this metabolite in lung cancer [98]. In 

support of these observations, smoking was previously shown to significantly increase 

TXB2 production in both gastric and lung tissues [99]. Increased TXB2 generation has also 

been observed in peri-tumoral tissue of laryngeal cancer patients, compared to healthy 

mucosa. In the same patient group, the ratio between TXB2 and 6-keto-PGF1α generation 

was found to be almost two-fold higher in tumor tissue, peritumor tissue, and metastatic 

and non-metastatic lymph nodes relative to control tissue, lending support to the notion of 

an imbalance between TXB2 and 6-keto-PGF1α generation in cancer, promoting metastatic 

spread [100].       

5.2 Effect of PGIS and TXS signaling on tumor growth 

     One of the main hallmarks of cancer states is the acquisition of limitless cellular 

replicative potential, or increased (and unopposed) proliferation of tumor cells. It has been 

hypothesized that changes in prostanoid profile affect cancer growth. This theory was 

tested in a colon cancer mouse model, where colon adenocarcinoma cells overexpressing 

either PGIS or TXS were inoculated into BALB/c mice. Tumors derived from TXS 

transformants grew at a significantly faster rate, whereas tumors derived from PGIS 

transformants demonstrated opposing effects. These effects were reversed by the 
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administration of specific PGIS and TXA2 receptor inhibitors [101]. These observations 

suggest that PGIS and its prostanoid PGI2 are anti-cancer, while TXS and its prostanoid 

TXA2 are pro-cancer in these cells. These findings also lend support to the theory that 

tumor growth and progression may be controlled by the balance in expression of these 

enzymes and respective prostanoids (Fig. 3). PGIS over-expression protected against lung 

cancer development in a variety of murine tumorigenesis models, including tobacco smoke 

exposure. In the carcinogenesis models used for PGIS overexpressing animals, an increase 

in PGI2 production was consistently required for chemoprevention to occur [34, 35]. 

Expression of PPAR is increased in lung cancer and has been proposed to play a key role in 

malignant transformation [102]. Eicosanoids such as PGI2 have been shown to modulate 

PPAR activity. PGI2 analogues can activate the PPARδ receptor and have been shown to 

inhibit the growth of the A-549 NSCLC cell line [103]. Both PGIS and PGI2 may also 

modulate PPARγ activity with an almost two-fold induction in PPARγ expression observed 

following lung-specific PGIS overexpression (Keith et al., 2004). Ligand-activated PPARγ 

expression also results in growth arrest of human NSCLC cell lines [104], and growth 

inhibition in-vitro and in-vivo in gastric cancer [105]. In contrast, treatment of these cells 

with a PPARδ agonist did not affect the growth of these cells, suggesting that the effects of 

PPAR activation on tumor growth are not universal for all receptor types and cancers.  

 

     While one study has shown that the IP receptor is not involved in colon-tumor formation 

in AOM-treated mice [106], there is little else known about the role of PGI2 and its 

corresponding receptor in the disease. Overexpression of PGIS provided equal protection 

against Carcinogen-induced lung tumor incidence in mice lacking IP, in mice heterozygous 
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for IP expression or in mice expressing IP, suggesting that the protective effects of PGI2 are 

not mediated through IP activation [107]. In the same study, Iloprost, a stable PGI2 

analogue, activated PPARγ in non-transformed bronchial epithelial cells and a subset of 

NSCLC cell lines. Transgenic mice overexpressing PPARγ also developed fewer lung 

tumors. These findings suggest that PPARγ may be a critical target for PGI2-mediated lung 

cancer chemoprevention. This study is in accordance with earlier observations that ligand 

activation of PPARγ suppressed both in-vitro and in-vivo gastric cancer growth [105]. In 

addition to PPARγ, PGI2-mediated activation of PPARδ has also been shown to play a role 

in the negative growth of lung cancer cell lines [103]. However, these studies are in 

contrast to that carried out in colorectal cells, with PGI2 shown to activate PPARδ, leading 

to a subsequent acceleration in intestinal tumor growth in ApcMin/+ mice [108]. Therefore, 

while the PGI2-mediated PPAR activation has been clearly implicated in the regulation of 

tumor growth, the roles of the individual PPAR subtypes in cancer is still unclear and 

requires further investigation.   

 

     The role of thromboxane synthase expression in tumor growth has been investigated in a 

variety of tumor states [37, 38, 101, 109]. Inhibition of TXS protein expression using an 

antisense oligonucleotide inhibited proliferation of colorectal cancer cells. This effect could 

be rescued by direct addition of a stable thromboxane A2 analogue [37]. In bladder cancer, 

treatment of two cell lines with both TXS inhibitors and TP antagonists significantly 

reduced tumor cell growth [38]. In addition, molecular inhibition of TXS expression by 

siRNA resulted in a significant reduction in tumor cell growth in bladder cancer cell lines, 

leading support to previous observations [109]. Recent studies carried out in our laboratory 
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demonstrated a significant (p<0.05) reduction in tumor cell growth of two NSCLC cell 

lines following 24 h treatment with the selective TXS inhibitor, ozagrel (Fig. 5), suggesting 

that this enzyme may be a survival factor in the disease.   

 

     The thromboxane A2 receptor (TP) has been shown to induce cell proliferation in several 

cell lines. A recent report has shown that TP activation by its agonist I-BOP, induced 

expression of Nurr1, stimulating human lung cancer cell proliferation [110]. Nurr1 is an 

orphan nuclear receptor, which has been implicated in cell proliferation, differentiation, and 

apoptosis. These observations therefore provide strong evidence that this receptor may 

mediate TP-agonist induced proliferation in lung cancer cells. In bladder cancer cells, TP-β 

receptor expression, but not TP-α promoted a significant increase in cellular growth rate 

[97]. In contrast to these observations, disruption of the TP receptor was not found to affect 

colon formation in AOM-treated mice [106], suggesting that the role of TXS signaling in 

cancer growth is some-what contradictory and requires further investigation. 

5.3 Regulation of tumor cell death by PGIS and TXS pathways 

     Early tumor growth is dependant on the balance between increased tumor cell 

proliferation and decreased cell death. A second hallmark of cancer required for sustained 

tumor growth, involves the evasion of apoptosis or programmed cell death. Apoptosis may 

be defined as an active, energy-dependant, well-defined process whereby cells commit 

suicide. It is a physiological process by which unwanted or damaged cells are eliminated 

during tissue development and haemostasis [111]. Impaired apoptosis is thought to be a 

crucial step in tumor growth. Insufficient apoptosis can confer multiple selective 

advantages on tumor cells, allowing them to persist in a hostile environment, escape death, 
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and evolve into more aggressive clones. Many anti-cancer agents, including radiation, 

induce apoptosis as a mechanism of killing tumor cells [112, 113]. A functional link 

between the induction of apoptosis and interference with the eicosanoid biosynthesis 

pathway has been established. In support of this, one of the most widely investigated and 

supported potential mechanisms for the anti-neoplastic effects of COX-2 inhibition is the 

induction of tumor cell apoptosis [114].     

     Very few studies have been carried out to examine the role of PGIS in apoptosis, 

particularly tumor cell apoptosis. The PGIS-derived prostanoid, PGI2, has been shown to 

use PPARδ to modulate apoptotic processes. Intracellular PGI2, formed by expressing PGIS 

in human embryonic kidney 293 cells has been shown to promote apoptosis through 

PPARδ activation. In contrast, treatment of these cells with extra-cellular PGI2 or dibutyryl 

cAMP resulted in the opposite effects [115]. PPARδ activation promotes keratinocyte 

differentiation in response to inflammatory stimuli, while activated PPARδ in the skin 

appears to regulate genes associated with apoptosis [116]. PGI2-mediated activation of 

PPARδ leads to binding of activated PPARδ to specific PPAR response elements (PPRE) 

of target genes. One of the genes upregulated by PPARδ has recently been identified as 14-

3-3epsilon. An increase in cytosolic 14-3-3epsilon protein expression has been shown to 

enhance sequestration of the pro-apoptotic Bad protein, thereby regulating apoptosis [117]. 

PGI2 expression was found to prevent nitric oxide-induced megakaryocyte apoptosis. This 

effect was inhibited when adenylyl cyclase activity was suppressed and partially reversed 

following protein kinase A inhibition [118]. Further downstream of PGI2, activation of the 

PGI2 ligand, PPARγ, has been associated with an upregulation in pro-apoptotic genes bad 
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and p53, and downregulation of anti-apoptotic genes bcl2 and bcl-xl, suggesting a link 

between PPAR activation and induction of apoptosis [105]. 

 

     The role of TXS in tumor cell apoptosis has been more extensively studied. Treatment 

of human glioma cells with the specific TXS inhibitor, furegulate led to caspase activation, 

DNA fragmentation, subsequent cell death, providing a rationale for therapeutic 

intervention. The data provided suggested that the apoptosis induced by TXS inhibition 

may predominantly involve a mitochondrial pathway, which may also explain the extended 

incubation time before cell death [119]. Specific TXS inhibition in these cells also had a 

synergistic effect on apoptosis induction by camptothecin [120]. More recently, treatment 

of bladder cancer cells with the TXS inhibitors ozagrel or furegulate induced an apoptotic 

effect, determined by an increase in caspase-3 activation and subsequent cell death and 

decreased survivin expression [109]. Moreover, pharmacological and molecular inhibition 

of TXS increased tumor cell sensitivity to the chemotherapeutic agents, cisplatin and 

paclitaxel. TXS inhibitors have also been shown to induce apoptosis in human vascular 

endothelial cells (HUVEC), as demonstrated by DNA fragmentation assay [121]. Recent 

studies carried out in our laboratory have shown that selective TXS inhibition leads to an 

increase in tumor cell apoptosis in NSCLC cell lines. This was demonstrated by High 

Content Screening (HCS) following 24 h selective TXS inhibition with ozagrel. This 

observation was further validated by two separate DNA fragmentation assays; DNA 

laddering and cell death detection ELISA (data not shown). Selective TXS inhibition has 

been shown to significantly induce apoptosis in a NSCLC cell line and a small cell lung 

carcinoma (SCLC) cell line, lending support to our observations. This effect was associated 
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with an elevation in nuclear p27, an atypical tumor suppressor, which is normally 

sequestered in the nucleus [122]. Downstream of TXS, blockade of TXA2 production 

enhances cisplatin-induced apoptosis in NSCLC cell lines by up-regulating the expression 

of proteins Ice and Ced-3 homolog (ICH-1L) [123].   

   

     Increased TXB2 levels were associated with increased lipid peroxidation and BCl2 

expression, suggesting that TXB2 generation may promote tumor formation and inhibit 

apoptosis in lung cancer and also suggesting a mechanism for the pro-carcinogenic effects 

of TXA2 expression  [98].  

5.4 PGIS, TXS, coagulation and cancer 

     Thrombosis is one of the most common complications in cancer, representing a frequent 

cause of cancer-associated mortality [124]. Thrombosis represents the second most 

common cause of death in cancer patients [125]. Platelet abnormality and thromboembolic 

disorders affect 15-20% of all cancer patients, while platelet activation and aggregation 

have been shown to facilitate tumor angiogenesis and metastasis [126, 127]. Furthermore, 

post-mortem studies have revealed an incidence of thrombosis in nearly 50% of cancer 

patients [128]. Until recently, cancer and the treatment of cancer were merely assumed to 

be proximate causes of the increased risk for thrombosis, while thrombosis itself was not 

considered a molecular event in oncogenesis [129]. However, more recently, evidence has 

been presented linking cancer development, tumor angiogenesis and metastasis to 

thrombosis formation. Up-regulation of thrombosis-associated genes, PAI-1 (plasminogen 

activator inhibitor type-1) and COX-2 have been associated with the development of liver 

cancer [130], while expression of tissue factor (TF) has been proposed to be an important 
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effector of the tumorigenic and angiogenic phenotype in colorectal cancer cells [131]. 

Alterations in the expression profiles of down-stream effectors of COX metabolism 

(particularly those regulating thrombosis) may be associated with cancer states. An 

imbalance in the PGI2-TXA2 ratio in favour of TXA2 production, may promote an increase 

in thrombosis, which has been implicated in the development and progression of cancer.  

 

     Targeting of clotting intermediates in cancer may therefore be a unique approach to 

future treatment of cancer. Numerous cell-signaling cascades are triggered by the 

generation of these pro-coagulant molecules, which are thought to influence tumor cell 

migration, adhesion, cell-cell interaction, replication, and angiogenesis [129]. 

Anticoagulant therapy is both safe and effective for prophylaxis and treatment of venous 

thromboembolism (VTE; includes both deep vein thrombosis (DVT) and pulmonary 

embolism (PE)) in cancer patients. Of the available anticoagulants, low-molecular weight 

heparins (LMWH) are the preferred treatment option for prophylaxis and treatment of VTE. 

LMWHs were developed to overcome some of the limitations associated with both warfarin 

and UFH [133]. The results of the MALT (malignancy and low-molecular weight heparin 

therapy) trial have indicated that LMWH therapy may favourably prolong survival [134]. 

Similar observations were made with the FAMOUS (fragmin advanced malignancy 

outcome study) trial [135]. Additionally, LMWH has been shown to enhance the efficacy 

of chemotherapeutic drugs in both lung cancer [136] and pancreatic cancer [137].    

 

     Recently, the relationship between cancer-related thrombosis and biomarkers has been 

examined. Among the biomarkers showing promise as predictive factors of thrombosis 
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included markers of platelet activation [138]. The mixed TXS inhibitor/receptor antagonist, 

BM-567 effectively reduced tumor cell-induced platelet aggregation (TCIPA) in osteogenic 

sarcoma cells [139]. In addition to selective TXS inhibition, broad-spectrum coagulation 

inhibitors have been tested in large clinical trials, displaying the ability not only to prevent 

clotting disorders associated with cancer, but also cancer itself [140, 141]. Recently, 

treatment of a NSCLC cell line (A-549) with dalteparin, a type of LMWH, was shown to 

dose and time-dependantly inhibit cell viability. Dalteparin also caused arrest of the cells in 

G1 phase, inducing them to early apoptosis [142]. In a separate study in our lab, treatment 

of a NSCLC cell line with un-fractionated heparin down-regulated TXS protein expression 

(Fig. 6; unpublished result), implicating TXS as a target of these inhibitors and supporting 

the hypothesis that targeting of this pro-coagulant enzyme may be a potential therapeutic 

strategy for the treatment of cancer. 

 

     Investigation of platelet activation in pulmonary cancer revealed serum TXB2 levels to 

be significantly increased in patients, relative to matched controls, indicating in-vivo 

platelet activation in these patients [143]. This observation implicates thromboxane in 

cancer-associated thrombosis, and provides further evidence that targeting of this clotting 

intermediate may also negatively impact on cancer growth (via its effects on proliferation, 

apoptosis, angiogenesis, invasion and metastasis, as discussed in other sections of this 

review).    
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5.5 Regulation of tumor cell angiogenesis by PGIS and TXS pathways 

       Angiogenesis may be defined as the process of generating new capillaries from a pre-

existing blood supply. Although indispensable in development, angiogenesis is highly 

regulated, and persistence of angiogenesis in adults in usually linked with disease, 

including cancer, chronic inflammatory disease and diabetic retinopathy [144, 145]. The 

induction of angiogenesis is necessary for the supply of oxygen and nutrients to tumors >2 

mm in diameter, and is therefore essential for successful tumor growth [146]. In order to 

grow and metastasize, solid tumors secrete a range of pro-angiogenic factors, which tip the 

delicate balance in favour of angiogenesis [147]. The prostanoids and their corresponding 

synthases can contribute, at least in part, to tumor development via their role in the 

regulation of angiogenesis.  

 

     Gene transfer of TXS and PGIS has been shown to alter tumor angiogenesis and tumor 

growth in a murine colon-cancer model. While tumors from TXS transformants 

demonstrated an increased growth rate and more abundant vasculature, tumors from PGIS 

transformants presented with the opposite effects. This study provides further evidence to 

support the theory that an imbalance in the expression of these synthases and corresponding 

prostanoids may underlie tumor growth and progression (Fig. 3). The authors suggested 

that the profile of downstream COX-derived prostanoids in tumor cells may be a 

determinant for tumor development [101].  

 

        PGI2 has been shown to induce pro-angiogenic VEGF expression in rat intestinal 

epithelial cells. Correspondingly, PGI2 expression, as well as PGIS expression was induced 
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by Ha-Ras(V-12), suggesting a siganlling mechanism for PGI2 and subsequent VEGF 

production [148]. The recent discovery of the PPARδ nuclear receptor for PGI2 suggests a 

significant new role for this prostanoid. PPARδ activation has been implicated in the 

control of endothelial cell functions [149]. Prostacyclin generation by PGIS leads to 

angiogenesis through the activation of the PPARδ receptor [65]. It has previously been 

reported that COX-2-derived prostacyclin promotes embryo implantation in the mouse 

uterus via PPARδ receptor activation [150]. 

 

     Thromboxane synthase inhibitors strongly inhibited capillary tube formation in human 

vascular endothelial cells [121]. Both the number of branches from nodal areas and the 

length of tube-like structures decreased following treatment with the selective TXS 

inhibitor, in a dose dependant manner. Evidence for the role of TXA2 in angiogenesis is 

some-what contradictory, with both inhibition and induction of angiogenesis being 

documented. The thromboxane A2 mimetic, U-46619 has been shown to stimulate 

endothelial cell migration. Inhibition of TXA2 synthesis, which was stimulated by basic 

fibroblast growth factor or VEGF, reduced endothelial cell migration, implicating TXA2 in 

angiogenesis [40]. The TXA2 receptor antagonist SQ29548 was shown to inhibit COX-2 

dependent microvascular endothelial cell migration and corneal angiogenesis [151]. 

However, anti-angiogenic roles for thromboxane have also been described, including 

induction of endothelial cell apoptosis, inhibition of migration, vascular tube formation and 

intercellular communication [152-154].  

 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

Prostacyclin Synthase, Thromboxane Synthase and Cancer 
 

 32

     Pharmacological inhibition of COX-2 inhibited TXA2 generation, endothelial cell 

migration, and fibroblast growth factor-induced corneal angiogenesis. Both of these 

paramaters were also inhibited by treatment with a TP antagonist. U-46619, a TP agonist 

was shown to restore both migration and angiogenesis responses invoked by COX-2 

inhibition [151]. TXA2 has been shown to act as a potent stimulator of angiogenesis, both 

directly, and by inducing VEGF (vascular endothelial growth factor) and PDGF (platelet-

derived growth factor) secretion from platelets following aggregation [155, 156].  

 

     The thromboxane receptor (TP) has been found to influence angiogenesis in a lung 

tumor model of the disease, possibly by affecting endothelial cell migration [40]. More 

recently, it was reported that the sustained activation of TP, or its blockade significantly 

inhibited prostate tumor cell migration. [157]. Dual TXS/TP inhibitors have been shown to 

dose-dependantly inhibit endothelial cell migration in chemotaxis assays. In addition, pre-

treatment of endothelial cells with these original dual inhibitors significantly attenuated TP 

agonist-induced intracellular Ca2+ pool mobilization, suggesting a mechanistic link between 

TXS/TP inhibition and reduced endothelial cell migration [158].  

5.6 The role of PGIS and TXS signaling in tumor cell invasion and 

metastasis 

     Tumor invasion is initiated by receptor-mediated adhesion of tumor cells to matrix 

proteins, followed by a second phase of matrix-breakdown by tumor-secreted proteases. 

This process creates an intra-cellular space into which invading cells can migrate [159]. 

Tumor spread from the primary site to distant organs is the most clinically important 

property of malignant tumors and is known as metastasis. Metastasis allows the cancer to 
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survive surgical excision of the primary tumor, and is responsible for increases in tumor 

burden and increasing difficulty in its clinical management [160]. Tumor cell invasion is 

essential for the dissemination of metastatic cells across extracellular matrices and spread to 

distant organ sites. Tumor cell metastasis has been implicated in most cancer deaths [147]. 

The higher the microvessel count is in areas of highest vessel density, the lower the overall 

survival rate of the patients [161]. Studies suggest that the prostanoids and their 

corresponding synthases can play distinct roles in tumor progression and metastasis [95]. 

 

     Alterations in the PGI2/TXA2 ratio (via the activity of the corresponding synthases) has 

been hypothesized to play an important role in increasing the metastatic potential of the 

tumor [162]. Prostacyclin has been shown to significantly reduce metastasis formation in a 

lewis lung carcinoma injected murine model. Treatment with PGI2 significantly reduced 

initial lewis lung carcinoma cell density. In addition, lung weight was reduced by over 50% 

and the number of visible metastatic nodes by over 90% (p<0.05) [163]. PGI2 has also been 

shown to reduce the growth of lung micrometastases [164].   

 

     Thromboxane synthase inhibition resulted in a significant reduction (60% reduction in 

migration compared to vehicle controls) in endothelial cell migration in HUVEC in-vitro 

[121]. Specific TXS inhibition has been shown to suppress growth and reduce invasion and 

migration of bladder cancer cells [38]. Glioma cell migration was blocked following 

treatment with specific TXS inhibitors. A concomitant reduction in TXB2 generation was 

also reported here, implicating the TXS pathway as an important regulator of glioma 

motility [165].  
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     The role of thromboxane synthase in tumor metastases has been well studied [38, 96, 

119, 121, 165, 166]. TXS expression was associated with increased micro-vessel density (a 

prognostic factor, predictive of metastasis and poor survival) and metastasis in patients 

presenting with NSCLC [167]. A TXS inhibitor has been shown to block colorectal 

carcinoma metastasis in an in-vivo model of the disease [168]. TXS has also been shown to 

be involved with renal cell carcinoma metastasis. Early in-vivo studies with TXS inhibitors 

have failed to report any beneficial effects on metastasis or spread to the lymph nodes 

[169]. However, when used in combination with a TP antagonist, TXS inhibitors have been 

found to inhibit metastasis formation from tail vein injected B16a cells, as well as 

spontaneous metastasis formation from subcutaneous B16a and Lewis lung carcinoma 

tumors [162]. Several other studies have demonstrated a potential role for TXS in 

promoting tumor invasion and metastasis [37, 39, 96, 101]. Increased TXS expression was 

associated with an increase in tumor cell invasion in an astrocytoma cell line [170]. 

Furthermore, other studies have shown that inhibition of TXA2 generation can inhibit tumor 

cell migration as well as trefoil peptide-stimulated tumor cell invasion [39, 171]. 

 

     A potential role for the thromboxane receptor in tumor cell invasion and metastasis has 

also recently been examined. In prostate cancer cells, migration was significantly inhibited 

by either sustained activation of TP or by inhibition of TP activation, suggesting that TP 

activation is tightly controlled during cell migration [157]. More recently again, it was 

observed that TP-β receptor expression, but not TP-α increased the migratory and invasive 

capacity of bladder cancer cells, suggesting a role for this receptor subtype in bladder 

cancer [97]. The observations of these studies suggest that the contribution of this receptor 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

Prostacyclin Synthase, Thromboxane Synthase and Cancer 
 

 35

to tumor cell invasion and metastasis is unclear. Further studies are therefore required to 

clarify the contribution of TP to this cell survival pathway.    

5.7 PGIS and TXS as Potential Targets for Future Targeted 

Therapies/Chemoprevention 

     There has been a significant interest in COX-2 and its role in the development and 

progression of cancer over the past number of years, with a number of clinical trials 

examining selective COX-2 inhibition as a potential therapeutic strategy. A number of 

studies have shown a correlation between COX-2 expression and poor prognosis in NSCLC 

[14-16]. In addition, COX-2 inhibitors have been shown to modulate existing cancer 

therapies in NSCLC [172]. However, selective COX-2 inhibitors have recently been 

associated with a potentially unfavourable side-effect profile [173]. In addition, data from 

murine studies evaluating the role of non-selective or selective COX-2 inhibition have 

failed to yield overwhelmingly positive results. Surprisingly, COX-2 inhibition with 

celecoxib leads to no change in tumor multiplicity and an increase in tumor size in an 

initiator-promoter model of lung tumorigenesis [23]. Increased COX-2 expression is 

associated with increased levels of downstream enzymes required for prostanoid synthesis 

[30]. The tumor-promoting effects of COX-2 overexpression may therefore be attributable 

to specific downstream products of arachidonic acid metabolism. The selective targeting of 

downstream effectors of the cyclooxygenase signaling pathway may therefore be a 

promising approach for the treatment of cancer, with the potential of avoiding the 

cardiovascular effects associated with selective COX-2 inhibition, while maintaining anti-

angiogenic and anti-cancer properties. 
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     Based on preclinical studies, a multicenter double-blind phase ІІ study has been carried 

out to investigate the use of Iloprost (an oral prostacyclin analogue) for chemoprevention of 

non-small cell lung cancer. Patients on the trial were assessed for the histologic progression 

of endobronchial dysplasia. Former smokers who received iloprost demonstrated a 

statistically significant improvement in histologic lung tissue measurements following six 

months of treatment. Based on these observations, the authors concluded that iloprost is a 

promising agent for cancer chemoprevention, and warrants testing in a larger phase ІІІ trial 

[174]. In addition to PGI2, PPARγ activation is an alternative mechanism, which may be 

ready for future chemoprevention trials [107]. 

 

     Specific thromboxane synthase inhibition has been shown to suppress tumor cell 

growth, and reduce migration and invasion in a number of cancer types [37-39]. More 

recently, specific TXS inhibition has also been shown to induce apoptosis in bladder cancer 

cells, with a concomitant activation of caspase-3 and a reduction in survivin protein levels 

[109]. Treatment of human glioma cells with the specific TXS inhibitor furegulate lead to 

caspase activation, DNA fragmentation, subsequent cell death, providing a rationale for 

therapeutic intervention [119]. Therefore, simply reducing TXS synthesis may have some 

anti-proliferative effects in cancer cells.  

 

     TXS inhibitors impede the metabolic pathways of cyclic endoperoxides into 

thromboxane, which indirectly increases the formation of prostaglandins [121]. Inhibitors 

of this pathway may interfere with migration and render invasive cells susceptible to 

apoptosis. TXS inhibitors, thromboxane receptor antagonists, and drugs combining both 
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properties have been developed by several pharmaceutical companies since the early 

1980’s. Several compounds have been launched on the market and are under clinical 

evaluation [175]. Among these, ozagrel (OKY-046; 3-[4-(1H-imidazol-1-ylmethyl)phenyl]-

2E-propenic acid) is a 1-alkyl imidazole derivative, which acts as a selective thromboxane 

synthase inhibitor. While the precise mechanism of action is unclear, this drug appears to 

inhibit the enzyme by competing with the PGH2 substrate to sit on the coordinate site of the 

haem moiety of the enzyme [176]. Ozagrel was the first thromboxane modulator released in 

the market (in Japan, 1992) for the treatment of bronchial asthma [177]. This selective TXS 

inhibitor has also been studied in clinical trials for pre-eclampsia, cerebral vasospasm, and 

cerebral infarction [178]. Ozagrel is therefore an interesting pharmacological tool to 

evaluate the role of thromboxane synthase and TXA2 production in both physiologic and 

pathologic states [175, 179]. A recent report has demonstrated that dual TXA2 inhibitors 

(which display dual inhibitory activity of both TXS and TP) exhibit anti-angiogenic 

properties in human endothelial cells, suggesting that this pathway may be an attractive 

target for anti-angiogenic/anti-cancer therapies [158]. In addition to this, TP antagonists 

have been shown to sensitize non-small cell lung cancer cells to cisplatin in several studies. 

This effect may be partly explained by decreased Na+ -, K+ -ATPase activity, leading to 

reduced intracellular cisplatin accumulation into cells following treatment [180, 181]. 
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6. Summary/Conclusion 

     Extensive research has been carried out to examine the roles of prostacyclin synthase, 

thromboxane synthase, and their corresponding signaling pathways in the development and 

progression of cancer. Evidence from the literature suggests that PGIS may be 

chemopreventative in cancer. This theory is currently being investigated in the iloprost 

chemoprevention trial. It is thought that PGIS may protect against cancer development by 

inhibiting tumor growth, angiogenesis, invasion and metastasis. These effects have been 

proposed to be mediated through the PPAR receptors, although this theory requires further 

investigation.   

 

     While an abundance of studies have been carried out to examine the role of PGIS in 

cancer, TXS has been far more extensively studied in this disease. Research carried out to 

date shows that TXS is over-expressed in a range of cancer states, and implicates this 

enzyme as a potential target for treatment of the disease. TXS has been proposed to 

contribute to tumor development and progression through its effect on a range of tumor 

survival pathways such as growth, apoptosis inhibition, thrombosis, angiogenesis and 

invasion and metastasis. The role of this enzyme in these cell survival pathways has been 

well documented in the literature, suggesting that it may be a valuable target for therapeutic 

intervention studies. To date there are no known clinical trials aimed at examining the 

effects of TXS inhibition in cancer, either alone, or in combination with conventional 

chemotherapy. In addition to TXS, a number of promising studies have been carried out 

examining the role TP in the development and progression of cancer. While the research 
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into this novel therapeutic target is still fairly new, the results to date are promising and 

warrant further investigation.  

 

     While PGIS and TXS appear to have very contrasting roles in cancer, it is possible that 

the balance in the expression of these enzymes may also have clinical relevance. The 

balance in the expression of their respective prostanoids (PGI2 and TXA2) has been 

implicated in a range of disease states. To date, there have been no studies carried out to 

directly examine this theory, although overexpression of these enzymes has been shown to 

have directly opposing effects on tumor growth and angiogenesis in colorectal cancer. 

Recently in our lab, an overexpression of TXS was observed in a panel of NSCLC tumor 

protein samples, relative to matched normal controls, with a concomitant reduction or loss 

in PGIS expression in the same sample set. In addition, the ratio of PGIS/TXS expression 

was found to be significantly lower in NSCLC patient samples, relative to matched normal 

controls, suggesting that the balance in the expression/activity of these enzymes may of 

clinical importance in the disease. This is a potentially significant hypothesis, which 

warrants further investigation. 

  

     In conclusion, PGIS and TXS are promising chemoprevention agents/therapeutic targets 

for cancer. In addition, as these enzymes appear to have directly opposing roles in cancer 

states, the ratio of their expression levels may also be a determining factor for therapy and 

patient survival.     
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Figure Legend: 

Fig. 1 Generation of the protanoids via the arachidonic acid pathway. Arachidonic acid is 

metabolized via one of three distinct signaling pathways; the cyclooxygenase (COX), the 

lipoxygenase (LOX), and the P-450 epoxygenase pathways. The COX-isoforms convert 

arachidonic acid to unstable cyclic endoperoxides PGG2 and PGH2, which are then further 

converted to the prostanoids via the activity of cell specific synthases.  

 

Fig. 2 Downstream signaling pathways activated by prostacyclin and thromboxane A2. A) 

Prostacyclin-activated signaling pathways. IP receptor activation generally leads to Gs 

coupling, although Gq can also be activated. Gs activation leads to downstream activation of 

PKA, which subsequently inhibits activation of the MAP kinase pathway (indicated by the 

red X) B) Thromboxane A2-activated signaling pathways. Activation of the TP receptors 

generally leads to coupling with Gq, resulting in an increase in calcium release and PKC 

activation. In addition, the α-isoform can also couple to Gs and the β-isoform to Gi, 

resulting in directly opposing effects on andenylate cyclase activity (indicated by the red X) 

and subsequent contrasting actions on cAMP synthesis.  

 

Fig. 3 It has been hypothesized that tumor development and progression may be modulated 

by the balance in the expression and activity of prostacyclin synthase, throboxane synthase, 

and their down-stream prostanoid products. PGIS has been shown to be anti-tumor in a 

variety of cancer types, while a pro-tumor role for TXS has been frequently identified.  

Relative expression patterns of these enzymes in malignant tissue provides further evidence 

to support this theory. 
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Fig. 4A Expression of PGIS in a retrospective panel of human tumor/normal matched 

protein samples. PGIS expression was absent or significantly reduced in both 

adenocarcinoma samples and squamous cell carcinoma samples, relative to matched normal 

controls (n=5/group). 

 

Fig. 4B Expression of TXS in a retrospective panel of human tumor/normal matched 

protein samples. TXS expression was generally increased in adenocarcinoma samples and 

squamous cell carcinoma samples, relative to matched normal controls (n=5/group). 

 

Fig. 5 The effect of selective TXS inhibition in tumor cell proliferation in NSCLC cell 

lines. A significant reduction in tumor cell proliferation/survival was observed in both 

adenocarcinoma (A-549; Fig. 5A) and squamous cell carcinoma (SKMES-1; Fig. 5B) cell 

lines following 24 h selective TXS inhibition with ozagrel (* p<0.05 vs control, # p<0.001 

vs control; n=3).  

 

Fig. 6 The effect of low-molecular weight heparin (LMWH) on TXS expression in A-549 

cells. Treatment of A-549 cells with un-fractionated LMWH (concentration range: 0.25 

U/mL, 0.5 U/mL, 1 U/mL) for 24 h led to a reduction in TXS expression, suggesting that 

this enzyme is a target for this class of anti-coagulant drugs.  
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Fig. 1 

 

 

 

Fig. 2 

 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

Prostacyclin Synthase, Thromboxane Synthase and Cancer 
 

 63

Fig. 3 

 

 

Fig. 4A 

 

Fig. 4B 
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Fig. 5 

 

 

 

Fig. 6 

 


