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Eicosanoids in Tumor Progression and Metastasis

Sriram Krishnamoorthy and Kenneth V. Honn

Abstract Eicosanoids and the enzymes responsible for their generation in living
systems are involved in the mediation of multiple physiological and pathophysio-
logical responses. These bioactive metabolites are part of complex cascades that
initiate and perpetuate several disease processes such as atherosclerosis, arthritis,
neurodegenerative conditions, and cancer. The intricate role played by each of
these metabolites in the initiation, progression, andmetastasis of solid tumors has
been a subject of intense research in the scientific community. This review sum-
marizes some of the key aspects of eicosanoids and the associated enzymes, and
the pathways they mediate in promoting tumor progression and metastasis.
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6.1 Introduction

Eicosanoids are 20-carbon lipid molecules derived from the enzymatic break-
down of membrane lipid precursors, chiefly arachidonic acid. Mediators in this
family are generally, local and short acting metabolites, that have potent and
stereospecific action in a multitude of host physiological and pathological pro-
cesses like inflammation, asthma, and cancer (Funk, 2001). The three major
enzyme families that are actively involved in catalyzing the conversion of arachi-
donic acid into the bioactive eicosanoids are the cyclooxygenases (COX), the
lipoxygenases (LOX), and the epoxygenases (cytochrome p450 enzyme family).
Lipid mediators generated by these enzymes are involved in a wide variety of
cellular and molecular pathways, including but not limited to apoptosis, cell
survival, proliferation, chemotaxis, senescence etc. This review paper will chiefly
focus on the molecular mechanisms involved in the regulation of tumor progres-
sion andmetastasis by thesemediators importantly the COXandLOXgenerated
metabolites.
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6.2 COX and LOX Pathways of Arachidonic Acid Metabolism

Prostaglandins, bioactivemetabolites generated from arachidonic acid, were first

isolated from seminal fluid in the year 1935 by a Swedish physiologist, Ulf von

Euler. This discovery came decades after the analytical synthesis of aspirin, a

pain killer, derived from acetyl salicylic acid, the active principle in willow bark.

Aspirin and other NSAIDs commonly used in the clinic, are potent inhibitors of

the COX enzyme. This enzyme is involved in the conversion of arachidonic acid

into prostaglandins (Fig. 6.1A). Cellular phospholipases (PLA2) cleave mem-

brane phospholipids at the sn-2 position to liberate arachidonic acid which is

acted upon by either COXorLOX enzymes. In theCOXpathway, the arachidonic

acid thus released is presented to the enzyme prostaglandin H synthase (PGHS or

COX), which converts it to PGH2. PGH2 undergoes further metabolism to down-

stream products which are formed in a cell type specific fashion, depending on

Fig. 6.1 (A) Cyclooxygenase pathway of arachidonic acid metabolism. Arachidonic acid
generated from cell membrane phospholipids, is acted upon by COX-1 or COX-2 to generate
PGG2 and subsequently PGH2. Tissue specific isomerases take up PGH2, and convert it
into respective lipid mediators, for example PGE2 synthase converts PGH2 to PGE2. Each
of these lipid mediators have specific cell surface receptor(s), which relay signals to the interior
of the cell resulting in physiological or pathophysiological consequences. (B) Lipoxygenase
pathway of arachidonic acid metabolism. In this pathway, arachidonic acid is converted
chiefly to the HETEs or the 5-LOX products, leukotrienes, in a cell or tissue specific manner.
For example, platelets are abundant in 12-LOX, and produce 12-HETE. Resulting lipid
mediators, have several cell type specific actions in both physiological and pathophysiological
contexts
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the presence of the enzyme in these cell types. For example, mast cells and brain
convert PGH2 to PGD2 using the PGD synthase; platelets harbor the enzyme
thromboxane synthase and produce thromboxanes from PGH2; endothelial
cells utilize arachidonic acid to form prostacyclin, catalyzed by prostacyclin
synthase; uterine cells form PGF2a. Microsomal PGE2 synthase enzyme is
responsible for the formation of PGE2 from PGH2.

Conversely, arachidonic acid is also metabolized by various enzymes of the
LOX pathway (Fig. 6.1B), to produce bioactive lipid mediators. The chief
enzymes of the LOX pathway are the 5-LOX, 12-LOX, and the 15-LOX
enzymes, whose names are derived from the position in whichmolecular oxygen
is inserted by the enzyme species into the arachidonic acid backbone. The major
bioactive products of the 5-LOX pathway are the leukotrienes (LT). Leuko-
trienes are formed from arachidonic acid presented to the 5-LOX enzyme by the
5-lipoxygenase-activating protein (FLAP). 5-LOX converts arachidonic acid to
LTA4, which can be hyrdrolyzed by LTA4 hydrolase to LTB4. LTA4 can also
give rise to glutathione conjugates by the action of LTC4 synthase, giving rise to
the cysteinyl leukotrienes, namely LTC4, LTD4, and LTE4. Other enzymes, 12-
LOX and 15-LOX give rise to 12-HETE and 15-HETE respectively, upon their
action on arachidonic acid.

Fig. 6.1 (Continued)
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6.3 Cyclooxygenases, Metabolites and Tumor Progression

The COX enzymes, chiefly COX-2, have been linked to development and pro-
gression of multiple neoplasias. In the early 1980s, it was clinically observed that
NSAIDs may inhibit tumor progression in patients with familial adenomat-
ous polyposis (Waddell & Loughry, 1983). This was followed by the finding that
administration of NSAIDs regressed intestinal polyps in an autochthonous rat
model of intestinal cancer (Pollard et al., 1983). Epidemiological observations
revealed that frequent intake of NSAIDs prevented cancers in humans. In a large
prospective study, it was reported that people with aspirin intake had a reduced
risk of fatal colon cancer (Thun et al., 1991). A few years after these findings, the
expression of COX-2 at the message and protein levels was demonstrated to be
upregulated in human colorectal adenomas and adenocarcinomas (Eberhart et al.,
1994; Kargman et al., 1995) . Subsequent studies elaborated that, chemical in-
hibition or gene knockout of COX-2 in Apc�716 knockout mice, a model of
human familial adenomatous polyposis, led to a dramatic reduction in the number
and size of intestinal polyps, which are precursor lesions for colon cancer (Oshima
et al., 1996). Among the COX metabolites, prostaglandin E2 (PGE2) has been
widely implicated in various steps of cancer development and progression such as
angiogenesis, cell survival, proliferation, and chronic inflammation (Marnett &
DuBois, 2002) (Fig. 6.2). In colorectal carcinomas, PGE2 levels are maintained in
a steady state by the actions of two pathways, i.e., the biosynthetic pathway
catalyzed by the PG synthases and the enzymatic breakdown into the 15-keto
PGE2 metabolite by the enzyme 15-hydroxy prostaglandin dehydrogenase (15-
PGDH). Loss of 15PGDH expression has been demonstrated in colorectal carci-
nomas, colorectal cancer cell lines, breast cancer, and lung cancer (Backlund et al.,
2005). COX-2 overexpression also has been detected in prostate adenocarcinoma
(Gupta et al., 2000; Yoshimura et al., 2000). The expression of COX-2 in tumors,
was found to be upregulated by various oncogenes such as Her-2 or ras and
downregulated by tumor suppressor genes like p53 (Subbaramaiah et al., 1999;
Subbaramaiah et al., 2002). Several COX-2 inhibitors such as celecoxib and NS-
398, have been demonstrated to induce apoptosis in prostate cancer cell lines (Hsu
et al., 2000; Liu et al., 1998).

6.3.1 Prostaglandin E2

Prostaglandin E2 (PGE2) is formed by the action of specific prostaglandin E
synthases (PGES) which convert PGH2 to PGE2. Three isoforms of PGES exist,
ie mPGES-1, mPGES-2, and cPGES. COX-2 and/or mPGES-1 have been found
to be upregulated in several epithelial cancers (Muller-Decker & Furstenberger,
2007). The expression of mPGES-1 was found to be upregulated in 80% of non-
small cell lung cancers and was localized to neoplastic epithelial cells The same
study was able to identify that TNF-a, a pro-inflammatory cytokine, was able
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to upregulate mPGES-1 in NSCLC cell lines, but failed to do so in a non-

tumorigenic bronchial epithelial cell line (Yoshimatsu et al., 2001). Similarly

overexpression of mPGES-1 was found in 70% of cases of invasive breast cancer

by immunohistochemistry, but was undetectable in normal breast epithelial cells

(Mehrotra et al., 2006).
PGE2 exerts its molecular action by binding to unique cell surface G-protein

coupled receptors namely EP1, EP2, EP3, and EP4. EP2 and EP4 signal via

intracellular activation of cAMP through the Gas protein; EP1 signals through
Gi raising intracellular calcium concentration; EP3 decreases cAMP formation

via Gi. All four receptors have been demonstrated to be associated with tumor

Fig. 6.2 Prostaglandin E2 – Formation, Degradation, and Role in Cancer progression. PGE2

is formed by the conversion of arachidonic acid to PGH2 by COX, which is later converted to
the active PGE2 by mPGES. PGE2 is metabolised to the inactive keto form by PGDH. PGE2

mediates its cellular actions by binding to one or more of the specific EP receptors on the cell
surface of target cells resulting in the activation of one or more signaling pathways. Studies
have suggested that PGE2 crosstalks with other cell signaling pathways (see text for details),
leading to upregulation of target genes of these pathways, which are vital for tumor progres-
sion andmetastasis. Overexpression of COX-2 and / or mPGES have been reported in various
cancers and cancer cell lines, leading to increased production of PGE2, while downregulation
or loss of PGDH in cancers results in poor metabolic inactivation of PGE2. These events are
critical in regulating the availability and actions of PGE2 in the tumor microenvironmental
milieu
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formation and progression, by independent studies (Cha & DuBois, 2007).

For example, Apc�716 mice with knockdown of the EP2 receptor exhibited a

decrease in the size and number of polyps. These polyps also showed a decrease

in the secretion of the vascular endothelial growth factor (VEGF) linking PGE2

signaling and angiogenesis in this model (Sonoshita et al., 2001). Growth of

xenografts derived from sarcoma 180 and Lewis Lung carcinomas was signifi-

cantly hampered in EP3 null mice. VEGF production was reduced in tumors

lacking the EP3 receptor in this model, thus verifying the findings from the

previous study (Amano et al., 2003). EP receptor signaling activated by PGE2 is

an intricate mechanism, in that the pathways emanating from the cell surface

get involved in cross-talk with other signaling pathways which are important in

tumor progression, especially in colorectal cancer. It has been demonstrated

that PGE2 treatment results in the activation of the Wnt signaling pathway

elements, resulting in the translocation of b-catenin to the nucleus, and upre-

gulation of Wnt target genes such as VEGF and cyclin D (Castellone et al.,

2005; Shao et al., 2005). These observations lend credence to earlier findings

emphasizing the significance of NSAIDs in inhibiting colon cancer progression.

PGE2 induced signaling also activates the peroxisome proliferator activated

receptor d (PPARd) in colorectal cancer, which signals to activate the Wnt

cascade, thus reinforcing the already existing crosstalk via the Wnt pathway.

This phenomenon was demonstrated by Wang et al, in Apc�716 mice, where

PGE2 activates PPARd in a PI3K-Akt dependent fashion. The effect of PGE2 in

this system was abolished when PPARd was knocked out in these mice (Wang

et al., 2004). In addition to these pathways, PGE2 stimulated signaling via the

EP4 receptor, has also been shown to crosstalk with EGFR activated tyrosine

kinase pathways through barrestin 1/c-src signaling complex, resulting in down-

stream pathophysiological actions such as cancer cell migration and invasion,

which is thought to play a crucial role in themetastatic spread of colorectal cancer

to liver (Buchanan et al., 2006).
PGE2 also plays a critical role in the modulation of the tumor angiogenic

response. Several studies have clearly demonstrated that PGE2 upregulates the

production of pro-angiogenic factors VEGF and bFGF. In co-culture systems,

it was found that COX-2 overexpressing colon cancer cells activated endothelial

cell migration and tube formation, by virtue of the secretion of pro-angiogenic

factors. These responses were inhibited by treating the cancer cells with aspirin,

whereas, treatment of COX-2 negative cells did not affect the endothelial cell

responses (Tsujii et al., 1998). It was also demonstrated that PGE2 upregulates

the chemokine receptor CXCR4, via VEGF and bFGF, on microvascular

endothelial cells (Salcedo et al., 2003). The molecular mechanism by which

PGE2 upregulates VEGF in human colon carcinoma cells was found to be

dependent on the induction of HIF-1a. The expression of VEGF mRNA in

these cells, when exposed to PGE2, was mediated by the transcriptional acti-

vator HIF-1a. PGE2 mediated activation of HIF-1a was found to be signa-

led via activation of ERK phosphorylation and c-Src kinase activity, which
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demonstrates the requirement ofmultiple signaling pathway in the regulation of
angiogenesis by this eicosanoid (Fukuda et al., 2003).

6.3.2 Thromboxane A2

Thromboxanes are biologically active lipid mediators, first identified in the year
1975, fromwashed human platelets incubated with arachidonic acid or PGG2 for
30 s, which led to formation of a highly unstable factor, that induced irreversible
platelet aggregation (Hamberg et al., 1975). Thromboxane A2 (TXA2), a short-
lived lipid mediator, is formed by the action of thromboxane synthase on PGH2.
TXA2 is extremely labile and breaks down to TXB2, which is the biologically
inactive form. Physiological functions for TXA2 include platelet activation,
aggregation, and thrombosis (Needleman et al., 1976). Human prostate cancer
PC-3 cells express functionally active TX synthase enzyme and are able to
biosynthesize TXA2. TX synthase mRNA expression was found to be higher
in prostate, renal and breast carcinomas compared to matched normal tissues.
Immunohistochemical analysis demonstrated that normal prostate tissues
showed weak expression of the enzyme compared to prostate carcinoma. The
degree of expression of TX synthase was found to correlate with the severity of
prostate carcinoma lesions, with advanced stages and poorly differentiated
forms having the highest expression levels. Within the cancer tissue, expression
of TX synthase was localized to areas of perineural invasion. The enzyme was
found to be involved in motility, but not proliferation or survival, of prostate
cancer cells (Nie et al., 2004). Overexpression of thromboxane synthase and/or
increased TXB2 levels were found also in lung cancer tissues, benign and
malignant papillary thyroid carcinoma, renal carcinoma, and larynx squamous
cell carcinoma (Bryant, 1994; Casey et al., 2004; Chen et al., 2006; Kajita et al.,
2005; Pinto et al., 1993). Thromboxane synthase was also found to be over-
expressed in several forms of bladder cancers such as transitional cell carci-
noma, squamous cell carcinoma, and adenocarcinoma compared to non-tumor
tissue. Patients with more than 4-fold increase in TXS expression were found to
have a poor prognosis. Treatment of bladder cancer cell lines with TXS inhibi-
tors and TXA2 receptor antagonists resulted in a decrease in cell survival,
migration, and invasion, and the opposite effects were seen with receptor
agonists (Moussa et al., 2005). TXA2 was also shown to mediate endothelial
functions such as migration and angiogenesis. Pro-angiogenic factors bFGF
and VEGFwas demonstrated to enhance TXA2 synthesis in endothelial cells by
3-5 fold. Inhibition of TXS activity resulted in a decrease in the endothelial cell
migration response to VEGF and bFGF. Similar changes were seen with TXA2

receptor antagonists (Nie et al., 2000a).
TXA2 mediates its cellular functions by binding to its receptors -TPa and

TPb. These are GPCRs which couple to Gq, G11, and G12/13 and elevate
intracellular calcium levels, by signaling via PLC dependent inositol phosphate
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generation, leading to vasoconstriction and platelet aggregation (Breyer et al.,
2001). TPa and TPb are alternatively spliced variants that differ in amino acid
sequences distal to Arg-328 at the C-terminal end of the receptor. mRNAs of
both the receptors are expressed widely in organs such as lungs, kidneys, liver,
uterus, heart, etc. (Miggin &Kinsella, 1998). Overexpression of the TP receptor
has been identified in human breast cancer specimens compared to normal
breast tissues. TP overexpression was seen in aggressive tumors and linked
with poor prognosis. The same study also found that TXAS expression was
significantly low in high grade tumors and in patients with a poor prognosis
(Watkins et al., 2005). Recent studies from our group have clearly demon-
strated that prostate carcinoma express functionally active TP receptors. Sig-
naling via these receptors were found to regulate prostate cancer cell motility
and migration in a Rho dependent fashion and subsequent reorganization of
the cytoskeleton (Nie et al., 2008).

6.3.3 Prostacyclin

Prostacyclin was discovered by Sir John Vane’s group in the year 1976 as a
substance generated by arterial vessel walls mediating relaxation of mesenteric
and celiac arteries and inhibiting platelet aggregation (Bunting et al., 1976). The
structure of prostacyclin was deduced in the same year (Whittaker et al., 1976).
Prostacyclin or PGI2 is an eicosanoid lipid mediator synthesized chiefly in
endothelial cells, by the action of prostacyclin synthase on PGH2. The major
physiological action of PGI2 is to oppose the functions of thromboxanes,
inhibit platelet aggregation, and promote vasodilation. Together, prostacyclins
and thromboxanes play a pivotal role in maintaining cardiovascular home-
ostasis (Wu & Liou, 2005). Prostacyclin mediates its cellular actions by binding
to the cell surface PGI2 receptor, named IP, a seven transmembrane GPCR
(Narumiya et al., 1999). Knockout models of the IP receptor in mice have
demonstrated the occurrence of thrombosis, reperfusion injury, intimal hyper-
plasia, and restenosis (Cheng et al., 2002; Murata et al., 1997; Xiao et al., 2001).
Prostacyclin, in concert with thromboxanes play a major role in regulating
metastasis of cancers (see below in section on role of eicosanoids in platelet-
tumor interactions).

6.4 Lipoxygenases and Tumor Progression

Lipoxygenases (LOX) constitute a family of lipid peroxidizing enzymes, which
are distributed widely in the plant and animal kingdoms. These enzymes pre-
ferentially metabolize substrates that are polyunsaturated fatty acids contain-
ing a series of cis double bonds, which are the essential fatty acids for human
beings (Kuhn & Thiele, 1999). Lipoxygenases are dioxygenases in nature and
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catalyze the stereospecific insertion of molecular oxygen into polyunsaturated
fatty acids (PUFA). The primary products of the lipoxygenase reaction are the
hydroperoxy fatty acids. Based on the currently used nomenclature, lipoxy-
genases are classified with respect to their positional specificity of arachidonic
acid oxygenation. In mammalian cells, there are three major types of lipoxy-
genases – 5-LOX, 12-LOX, and 15-LOX. The major end product of LOX
mediated enzymatic breakdown of arachidonic acid is hydroxyeicosa 5, 8, 10,
14-tetraenoic acid (HETE). 12-LOX introduces molecular oxygen at carbon 12
and forms 12-HpETE which is converted to 12-HETE nonenzymatically. Simi-
larly 5-LOX and 15-LOX catalyze the conversion of arachidonic acid into
5-HETE and 15-HETE respectively (Marks & Furstenberger, 1999). In case
of the 5-LOX enzyme, 5-HETE is further metabolized in the presence of the
5-Lipoxygenase Activating Protein (FLAP), to the epoxide intermediate, leu-
kotriene A4 (LTA4). LTA4 could be subsequently converted enzymatically by
LTA4 hydrolase to leukotriene B4 (LTB4). LTA4 can also undergo enzymatic
conjugation to glutathione, generating the cysteinyl leukotrienes LTC4, LTD4,
and LTE4. Each LOX is predominantly expressed in a specific tissue. For
example, 5-LOX is abundantly expressed in polymorphonuclear leukocytes
(Funk & FitzGerald, 1991; Funk et al., 1989). Similarly, 15-LOX represents
one of the major proteins besides hemoglobin in reticulocytes during anemia
(Fleming et al., 1989; Rapoport et al., 1979; Turk et al., 1982) whereas platelets
constitutively express 12-LOX (Chen & Funk, 1993).

6.4.1 5-LOX and metabolites

5-LOX enzymatic activity was first described in 1976 by Borgeat et al in rabbit
polymorphonuclear leukocytes (Borgeat et al., 1976). 5-LOX catalyzes the
conversion of arachidonic acid to 5-HETE or LTA4, which generates LTB4
and the cysteinyl leukotrienes. Majority of the 5-LOX metabolites such as
LTB4 and the cysteinyl leukotrienes play crucial roles in the inflammatory
processes of the host. LTB4 is a potent neutrophil chemotactic factor and
also stimulates transendothelial migration of these cells. Cys-LTs are chiefly
involved in mounting the allergic inflammatory response. Specific receptors for
LTB4 and Cys-LTs have been identified. Two receptors for LTB4 have been
cloned – BLT1 and BLT2. The Cys-LTs mediate their physiological actions by
binding to the Cys-LT1 and Cys-LT2 receptors (Funk, 2001).

Several reports have suggested an association between 5-LOX, 5-(S)HETE
formation and carcinogenesis. The expression of 5-LOX has been documented
in several cancers including prostate, colon, lung, breast, pancreas, bone, brain,
and mesothelium (Romano & Claria, 2003). Inhibition of 5-LOX enzymatic
activity by specific chemical inhibitors blocked the stimulatory effect of ara-
chidonic acid on the growth of prostate cancer cells. Conversely, addition of
5-HETE but not leukotrienes promoted the growth of prostate cancer cells,
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suggesting the involvement of this metabolite inmodulating growth stimulatory
effects in prostate cancer (Ghosh & Myers, 1997). Similarly, 5-LOX and 5-
HETE were found to mediate growth of lung cancer cells, and inhibition of this
pathway led to growth arrest and apoptosis of these cells (Avis et al., 1996). In
the case of pancreatic cancer andmesothelioma, low or undetectable levels of 5-
LOX were observed in normal cells and tissues, compared to the tumor cells,
which had high expression and activity of this enzyme (Hennig et al., 2002;
Romano et al., 2001). Specific inhibition of 5-LOX led to apoptosis in prostate
cancer cells and blocked proliferation in human leukemia cell lines (Ghosh &
Myers, 1998; Tsukada et al., 1986). Overexpression of LTB4 receptor was
also identified in human pancreatic cancer tissues by immunohistochemistry
(Hennig et al., 2002). Upregulation of LTD4 receptor, Cys-LT1 has been de-
tected in colorectal adenocarcinoma (Ohd et al., 2003). In a human malignant
mesothelioma model, it was reported that 5-LOX and LTA4 but not LTB4,
upregulated the expression and secretion of the proangiogenic factor VEGF.
Selective inhibition of VEGF, a prosurvival factor for mesothelioma cells,
brought about by 5-LOX antisense or inhibitors resulted in apoptotic cell
death, suggesting the involvement of 5-LOX and its metabolites in promoting
tumor cell survival (Romano et al., 2001).

6.4.2 12-LOX and 12(S)-HETE

The conversion of arachidonic acid to 12S-hydroxy-5,8,10,14 eicosatetrae-
noic acid 12(S)-HETE was first demonstrated in human and bovine platelets
(Yoshimoto & Takahashi, 2002). The three predominant forms of 12-LOX are
platelet-type 12-LOX, epidermis-type 12-LOX, and leukocyte-type 12-LOX
(Limor et al., 2001; Siebert et al., 2001; Yamamoto et al., 1997). These are
distinct enzymes by sequence, catalytic properties, and function. 12-LOX and
its product 12-HETE have been shown to be involved in a variety of cancers.
ThemRNAof 12-LOXhas been detected in erythroleukemia, colon carcinoma,
epidermoid carcinoma A431 cells, human glioma, prostate, and breast cancer
cells. Additionally, this enzyme also has been detected in smooth muscle cells
(Kim et al., 1995), keratinocytes (Krieg et al., 1995), and endothelial cells (Funk
et al., 1992). The product of 12-LOX in amelanotic melanoma cells has been
found to be the S enantiomer (12(S)-HETE) by GC-MS spectral analysis (Liu
et al., 1994). Production of endogenous 12S-HETE has been documented in
human colon carcinoma, rat Walker carcinosarcoma, mouse melanoma and
lung carcinoma (Chen et al., 1994). In human prostate carcinoma, the level of
platelet-type 12-LOX expression was correlated with the tumor stage and grade
(Gao et al., 1995; Timar et al., 2000). Platelet-type 12-LOX mRNA was shown
to be increased in prostate cancer tissues, and the expression correlated with
clinical stage of the disease (Timar et al., 2000). Studies using inhibitors of
platelet-type 12-LOX have shown that the blocking 12-LOX activity results in
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the arrest of cell cycle progression and induction of apoptosis in prostate cancer

cell lines (Pidgeon et al., 2002). These studies have demonstrated that the
12-LOX pathway plays an important role in regulating prostate cancer pro-
gression and apoptosis. Urinary levels of 12(S)-HETE, the metabolite produced
by 12-LOX, in prostate cancer patients are significantly elevated when compared
to normal individuals and removal of the prostate gland results in a significant
decrease in the urinary concentration of this eicosanoid (Nithipatikom et al.,
2006) In contrast, other HETEs (i.e. 5-and 15-HETE), although detected remain
unchanged following radical prostatectomy (Nithipatikom et al., 2006).Approxi-
mately 38% of the 138 prostate cancer patients studied exhibited an elevated
expression of 12-LOX at the mRNA level in prostate tumor tissues compared to
matched normal tissues. This elevated 12-LOX mRNA expression was found to
have a positive correlation with advanced stage and poor differentiation of
prostate cancer (Gao et al., 1995). 12-LOX and 12-HETE have been shown to
be important determinants of tumor cell survival and apoptosis (Honn et al.,
1996).

12-LOX has been found to be an important marker for cancer progression
within the melanoma system, and therefore could be a useful biomarker and
therapeutic target for melanoma chemoprevention (Winer et al., 2002). It also
has been found that 12(S)-HETE is involved in the proliferation of pancreatic
carcinoma cells (Ding et al., 2001) and inhibition of the 12-LOXhas been shown
to cause apoptosis of these cells (Tong et al., 2002). 12-LOX and 12(S)-HETE
were also found to enhance proliferation and survival of gastric cancer cell lines
(Wong et al., 2001).

Overexpression of the platelet-type 12-LOX in human prostate cancer PC-3
cells stimulated growth by enhanced tumor angiogenesis (Nie et al., 1998) and
12(S)-HETE, the sole and stable end product of arachidonic acid metabo-
lism by the platelet-type 12-LOX, has been shown to protect tumor cells from
apoptosis and induce invasion, motility, and angiogenesis (Gao & Honn, 1995;
Honn et al., 1994a; Nie et al., 2000c) as well as surface expression of avb3
integrin (Tang et al., 1993b). Promotion of such divergent biological func-
tions by 12(S)-HETE is indicative of a complex signaling mechanism leading
to metastasis and survival of tumor cells. Attempts at understanding the 12(S)-
HETE signaling mechanisms revealed several interesting features involving
G-proteins. While specific 12(S)-HETE receptor(s) is yet to be identified, both
high and low affinity binding sites have been identified on B16a murine mela-
noma cells (Liu et al., 1995), keratinocytes (Arenberger et al., 1993), and A431
cells (Szekeres et al., 2000a). We have recently elucidated some of the signal-
ing events down stream of the putative 12(S)-HETE receptor (Szekeres et al.,
2000a; Szekeres et al., 2000b). 12(S)-HETE stimulates phosphorylation of
PLCg1, which in turn is responsible for the activation of PKCa. PKCa plays
a significant, but not exclusive role in ERK1/2 activation. Further, we have
demonstrated the 12(S)-HETE induced activation of Src family kinases, and the
subsequent phosphorylation of adapter proteins Shc and Grb2, which lead to
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activation of ERK1/2 via Ras. Our work also suggested that protein tyrosine
phosphatases are involved in 12(S)-HETE signaling in A431 cells. Additionally,
12(S)-HETE also was shown to activate PI3 kinase which is rate limiting for
ERK1/2 activation (Szekeres et al., 2000b). PI3 kinase mediated activation of
ERK by 12(S)-HETE involves PKCz. Thus, 12(S)-HETE activates (through its
putative receptor) PKCa via PLCg1 and stimulates PKCz via inositide kinase.
Both PKC isoforms contribute to phosphorylation of the Raf/MEK/ERK
cascade. The natural convergence point for this vast array of mitogenic signal-
ing mechanisms is the extremely variable transcriptional machinery.

One possible integrator of these 12(S)-HETE signaling mechanisms in tumor
cells is the pleiotropic transcription factor NF-kB, which plays an important
role in the control of cell proliferation and apoptosis. Using PC-3 prostate
cancer cells, we have shown that either overexpression of the platelet-type 12-
LOX or exogenously added 12(S)-HETE activates NF-kB (Kandouz et al.,
2003). NFkB is normally sequestered in the cytosol where it is bound to IkBa
proteins (Ghosh et al., 1998). 12(S)-HETE induced the degradation of IkBa,
which resulted in the nuclear translocation of NF-kB and enhanced transcrip-
tional activity. Among the activators and regulators of NF-kB complex are
several members of the MEK kinase family (MEKK1, 2, and 3 and NIK),
TAK1, PKCz, and S6 kinase (Baumann et al., 2000; Lee et al., 1998; Nakano
et al., 1998; Nemoto et al., 1998; Pearson et al., 2001). Given the role of 12(S)-
HETE in the activation of the MAP kinase signaling pathway to induce Raf,
PLC, PKCz, as well as PI3 kinase (Szekeres et al., 2000a; Szekeres et al., 2000b)
and the role of MAP kinase cascade in the activation of NF-kB, it is highly
likely that the 12(S)-HETE activation of NF-kB proceeds via the MAP kinase
cascade. A recent report on the activation of NF-kB by MEKK1 in Raf
mediated cell transformation suggests the potential for a 12(S)-HETE induced
Raf participation in the signaling pathway (Baumann et al., 2000).

The effect of 12-LOX on tumor growth in vivo, has been positively corre-
lated with its ability to increase tumor angiogenesis (Nie &Honn, 2002). Studies
have revealed that prostate cancer cells expressing high levels of platelet-type
12-LOX are more angiogenic than those expressing none or low levels of 12-
LOX. The same study also revealed that the increased angiogenicity of the
12-LOX overexpressing cells is directly related to the ability of the metabolite
12(S)-HETE to stimulate endothelial cell migration (Nie et al., 1998). It was
identified by two separate groups that 12-LOX induced stimulation of angio-
genesis involved the upregulation of the pro-angiogenic factor VEGF (McCabe
et al., 2006; Nie et al., 2006). The 12-LOX inhibitor BMD 122 (Nbenzyl-
N-hydroxy-5-phenyl-pentanamide) was found to reduce endothelial cell pro-
liferation stimulated by basic fibroblast growth factor (bFGF) or by vascular
endothelial growth factor (VEGF). This inhibition could be partly restored by
the addition of 12(S)-HETE. The same inhibitor also blocked in vitro blood
vessel formation by rat vascular endothelial cells. These findings taken together
have proved that arachidonic acid metabolism in endothelial cells through the
12-LOX pathway plays a critical role in angiogenesis (Nie et al., 2000b).
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Overexpression of 12-LOX in breast cancer cells has resulted in enhanced
tumor angiogenesis and growth in a fat pad animal model (Connolly & Rose,
1998).

Many studies have demonstrated that 12(S)-HETE is a proangiogenic
agent. 12(S)HETE has a variety of effects on endothelial cells. This metabo-
lite has been shown to upregulate the surface expression of avb3 integrin in
rat aorta endothelial cells and murine pulmonary vascular endothelial cells
(Tang et al., 1993a, b, 1994, 1995a). 12(S)HETE has also been found to act as
a mitogen for microvascular endothelial cells (Tang et al., 1995b). Taken
together, the above findings clearly illustrate a definitive role for 12-LOX in
tumor angiogenesis.

6.4.3 15-Lipoxygenase and Metabolites

Two isoforms of 15-LOX exist – 15-LOX-1 and 15-LOX-2. 15-LOX-1 was
originally described in rabbit reticulocytes in the year 1975 as an enzyme that
oxidizes phospholipids in intact mitochondria and cell membrane (Schewe et al.,
1975). In 1988, the human ortholog of 15-LOX-1 was purified from eosinophilic
leukocytes (Sigal et al., 1988). In 1997, a second isoform of 15-LOX, namely 15-
LOX-2 was identified from human hair roots. This enzyme has only a low degree
of sequence similiarity with 15-LOX-1, and was found to be expressed in pros-
tate, skin, lung, and cornea (Brash et al., 1997). The 15-LOX-1 isoform is capable
of utilizing both arachidonic acid and linoleic acid as substrates. It inserts
molecular oxygen at C-15 of arachidonic acid to generate 15-HPETE, and at
the C-13 of linoleic acid to produce 13-HODE (Kuhn et al., 2002). Conversely,
15-LOX-2 does not act efficiently on linoleic acid, and converts arachidonic acid
to 15(S)HETE. This enzyme shares the highest homology with themouse 8-LOX
enzyme (Tang et al., 2007).

The role of 15-LOX-1 in carcinogenesis is controversial, and both pro and
anti-tumor properties have been assigned to this enzyme by various researchers.
Ikawa et al, identified stronger immunostaining for 15-LOX-1 in tumors com-
pared to normal tissue, in 18 of 21 matched pairs of colorectal tumor samples
and adjacent normal tissues (Ikawa et al., 1999). In contrast, a study by Shureiqi
et al., reported weak immunohistochemical scores for 15-LOX-1 and lower
levels of 13HODE in colorectal cancer when compared with normal tissue. It
was concluded that 15-LOX-1 expression and 13-HODE generation may have
tumor suppressor properties in colorectal cancer, by suppressing cell prolifera-
tion and promoting apoptosis (Shureiqi et al., 1999). Later, it was identified that
COX inhibitors upregulated 15-LOX-1 expression in colon cancer cells, and
this upregulation may be related to triggering apoptotic pathways in these cells
(Shureiqi et al., 2000). Similarly, 15-LOX-1 expression and 13-HODE produc-
tion was found to be downregulated in esophageal cancer cells, and inhibition
of 15-LOX-1 activity was found to dampen the cytotoxic effects of NSAIDs in
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these cells, whichwas rescued by exogenous addition of 13(S)-HODE, suggesting
the tumor suppressor roles for these molecules (Shureiqi et al., 2001). Spindle
et al, have identified that the levels of 13(S)-HODE, measured by enzyme
immunoassay, is elevated in human prostate carcinoma. In another study,
15LOX-1 was found to be coexpressed with a mutant p53 isoform, in 48 prosta-
tectomy specimens with a high degree of statistical significance (p< 0.001), and
enzyme expression correlated with Gleason staging of prostate cancer (Kelavkar
et al., 2000). It was later identified that 15-LOX-1 is overexpressed in PC-3
prostate cancer cell lines and prostate adenocarcinoma. Lower levels of
15LOX-1 were identified in normal prostate tissues compared to 15-LOX-2,
whereas 15-LOX-1 overexpression and concomitant 15-LOX-2 downregulation
was observed in cancerous prostate tissues suggesting the involvement of 15-
LOX-1 in prostate cancer (Kelavkar et al., 2006). On the contrary, 15-LOX-1
expression and activity was found to exert anti-tumor properties in human
pancreatic cancer. Immunohistochemical analysis demonstrated that pancreatic
cancer cell lines show a weak expression of this enzyme, and poor staining was
seen in tumor samples compared to normal. Restitution of 15-LOX-1 activity in
these cancer cells resulted in decreased cell growth suggesting a tumor suppressor
role for this enzyme in pancreatic cancer (Hennig et al., 2007).

The second isoform of 15-LOX, namely 15-LOX-2 is considered to be a
tumor suppressor, based on studies conducted in various cancers. The expres-
sion of 15-LOX-2 is restricted primarily to the prostate and also to the skin,
lung, and cornea (Brash et al., 1997). The expression and activity of this enzyme
is highly diminished in high grade prostatic intraepithelial neoplasia (HGPIN)
and prostate cancer (Shappell et al., 1999; 2001b). Downregulation of 15LOX-2
was also observed in benign and neoplastic sebaceous glands, esophageal cancer
and lung cancer (Gonzalez et al., 2004; Shappell et al., 2001a; Xu et al., 2003).
The exact molecular mechanisms leading to the loss of 15-LOX-2 expression in
prostate cancer cells is still under investigation and many hypotheses have been
tested. Studies conducted in normal human prostate epithelial cells (NHP) have
revealed that 15-LOX-2 has multiple alternatively spliced isoforms. In these
cells 15-LOX-2 functions as a negative regulator of cell cycle progression. The
expression of 15-LOX-2 in the NHP cells is regulated by Sp1 and is repressed by
Sp3 (Tang et al., 2007).

6.5 Role of Eicosanoids in Platelet-Tumor Interactions

The involvement of platelets in assisting hematogenous spread of metastatic
tumor cells and the interactions between platelets, cancer cells, and the blood
vessel wall were proposed decades ago. This was confirmed in experimental
model systems of thrombocytopenia which showed inhibition of metasta-
sis (Gasic et al., 1973; Kimoto et al., 1993). Honn et al, proposed the first
hypothesis on the involvement of bioactive lipid mediators, specifically TXA2
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and PGI2, produced by the blood vessel wall, platelets, and tumor cells to play a

complex and intricate role in the metastatic spread of cancer cells via the blood

stream (Fig. 6.3). It was hypothesized that an intricate balance exists between

TXA2 and PGI2 in mediating cancer cell metastasis in patients, and any patho-

physiological disruption in this equilibrium favoring dominance of TXA2 over

PGI2, would promote metastasis of tumor cells from the primary site (Honn &

Meyer, 1981). In agreement with this hypothesis, it was demonstrated that PGI2
is a potent antimetastatic agent. In this study, experimental metastasis of B16

melanoma cells to the lungs was dramatically inhibited by PGI2, a response, which

was not reproduced by other lipid mediators like PGE2, which is a vasodilator but

not a platelet anti-aggregating factor. PGD2 which also functions similar to PGI2
in preventing platelet aggregation, was able to mount this antimetastatic response,

but was less potent compared to the latter. Intracellular actions of PGI2 are

mediated by the signaling molecule cAMP. Thus, combination of PGI2 treatment

with a phosphodiesterase inhibitor, which prolongs the half-life of intracellular

cAMP, potentiated the actions of PGI2 in inhibiting platelet aggregation and

reducing tumor metastasis (Honn et al., 1981). In a subsequent study, it was

revealed that PGI2 blocks platelet tumor cell aggregation promoted by cathepsin

B or calpains, whose actions are similar to cathepsin B (Honn et al., 1982). Yet

another study demonstrated that PGI2 is effective in inhibiting both tumor cell

Fig. 6.3 Eicosanoids and Tumor-platelet interactions in metastasis and the role of 12-HETE
in tumor cell extravasation. Studies have clearly shown that hematogenous route of metastasis
spread of cancer cells, involves interactions with platelets. Tumor-platelet interactions and
subsequent aggregation is critically controlled by a delicate balance between the level of
endothelium derived PGI2 and platelet or tumor derived TXA2. Elevated TXA2 levels in the
circulation can tip the balance towards platelet aggregation and tumor metastasis to distant
organs, whereas increases in PGI2 levels can block this interaction preventing spread of cancer
cells. Shown in this illustration is a schematic of a blood vessel, with metastatic tumor cells
interacting with platelets. Interactions of tumor cells with platelets and endothelial cells have
been demonstrated to induce 12(S)-HETE production, which leads to retraction of endothe-
lial cell layers enabling metastatic tumor cells to extravasate and set up secondary colonies of
metastasis
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induced platelet aggregation (TCIPA) and platelet facilitated tumor cell adhesion
in vitro. In this study, PGI2 was 100-fold more potent that PGE1 or PGD2, and
1000-fold more potent than its non-enzymatic metabolite 6-keto PGF2a. Interest-
ingly, PGE2 did not inhibit TCIPA but blocked TCIPA induced by PGI2. It was
also demonstrated that platelets promoted the adhesion of W256 cells to the
culture dish, and PGI2 was able to block this platelet induced tumor cell adhesion,
suggesting that PGI2 has antimetastatic actions in vivo (Menter et al., 1984). In
agreement with these findings, it was demonstrated that patients with bone tumors
had extremely low plasma levels of 6-keto-PGF1a, the stable hydrolysis product of
PGI2, whereas plasma concentrations of TXA2 were in the normal range. Patients
with malignant bone tumors were also found to have deficiency of plasma factors
repsonsible for stabilization of PGI2. Arterial tissues from patients with malignant
disease were found to generate very low concentrations of PGI2 compared to
normal individuals (reviewed by Mehta, P.) (Mehta, 1984). Inhibition of TX
synthase activity and treatment with a TXA2 receptor antagonist were found to
inhibit metastasis of B16 melanoma cells injected into the tail vein of mice (Honn,
1983). Later, it was reported that W256 cells can produce TXA2 and 12-HETE
concomitant to inducing platelet aggregation. The role of these eicosanoids in
promoting TCIPA was verified by using COX and LOX inhibitors, combination
treatment of which led to ablation of platelet aggregation, in repsonse to tumor
cells (Honn et al., 1987). Subsequent studies revealed that 12-HETE treatment led
to retraction of CD3 endothelial cell monolayers, as assessed by quantitative
binding assays and by phase contrast microscopy. Platelet enhanced endothelial
cell retraction was blocked by treating either tumor cells or platelets with lipox-
ygenase inhibitors aswell as by PGI2. It was also found that 12-HETEbiosynthesis
was enhanced by the addition of platelets in the presence of tumor cell endothelial
cell interactions. It was concluded that tumor cell – endothelial cell – platelet
interactions lead to enhanced 12-HETE biosynthesis which can lead to endothelial
cell retraction facilitating tumor cell extravasation and metastasis (Honn et al.,
1994b).

6.6 Conclusion

Eicosanoids are bioactive lipid mediators which have clearly defined roles in
mediating tumor progression andmetastasis. Both arms of the arachidonic acid
metabolism pathway ie the COX and the LOX pathways, have been demon-
strated to be pivotal in promoting the malignant phenotype. Some of these
metabolites have also been demonstrated to have an anti-tumor effect. Exploiting
these pathways will help in better understanding the intricacies of the metastatic
cascade and to develop newer therapeutic agents aimed at blocking the actions of
these metabolites. Inclusion of specific and safe inhibitors of these pathways
along with the usual regimen of anti-tumor drugs, can be beneficial in better
control of tumor progression and metastasis.
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