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Abstract

Cancer initiation and progression are multistep events that require cell proliferation, migration,
extravasation to the blood or lymphatic vessels, arrest to the metastatic site, and ultimately
secondary growth. Tumor cell functions at both primary or secondary sites are controlled by many
different factors, including growth factors and their receptors, chemokines, nuclear receptors, cell-
cell interactions, cell-matrix interactions, as well as oxygenated metabolites of arachidonic acid.
The observation that cyclooxygenases and lipoxygenases and their arachidonic acid-derived
eicosanoid products (prostanoids and HETES) are expressed and produced by tumor cells, together
with the finding that these enzymes can regulate cell growth, survival, migration, and invasion,
has prompted investigators to analyze the roles of these enzymes in cancer progression. In this
review, we focus on the contribution of cyclooxygenase- and lipoxygenase-derived eicosanoids to
tumor cell function /n vitro and /n vivo and discuss hope and tribulations of targeting these
enzymes for cancer prevention and treatment.
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1 Introduction

In order to grow and metastasize, tumor cells release autocrine and paracrine signals that can
affect tumor cells themselves as well and the host microenvironment. In addition, the tumor
cells receive constant cues from the surrounding microenvironment, comprised of
tumorassociated fibroblasts, immune cells, and endothelial cells. This host-tumor interaction
is key in regulating processes such as tumor cell proliferation, migration, extravasation, and
ultimately metastatic growth. These events are regulated by many different factors,
including growth factors and their receptors, cytokines, cell-cell and cell-matrix
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interactions, as well as lipid products. Among these lipids, arachidonic acidderived products
are the most studied in the context of tumor development and growth [1]. Three major
enzymatic pathways are used for the oxidative transformation of arachidonic acid into the
cellular signaling hormones that are collectively termed eicosanoids. Lipoxygenases (LOX)
add molecular oxygen to the fatty acid to form the hydro(pero)xyeicosatetraenoic acids;
cyclooxygenases (COX) perform a double oxygenation reaction to yield the prostaglandin
endoperoxide prostaglandin H, (PGH>) as the common precursor molecule to all
prostaglandins (including prostacyclin and thromboxane); and finally, the cytochrome P450
monooxygenases perform an epoxidation or w/w-1 hydroxylation of arachidonic acid (Fig.
1). The observation that COX, LOX, and P450 monooxygenases are upregulated in either
tumor cells or surrounding microenvironment, and that these enzymes control processes
such as cell proliferation, migration, and survival, prompted investigators to analyze the
effects of these enzymes in tumorigenesis. In this review, we focus on the role of tumor-as
well as hostprovided COX- and LOX-derived eicosanoids in tumorigenesis and describe
how they can either promote or inhibit tumor cell function both /in vivoand /n vitro. We will
also describe an example of the crossover of the 5-LOX and COX-2 biosynthetic pathways
with formation of a novel di-endoperoxide analogous to PGH, and highlight strengths and
pitfalls related to the use of COX and/or LOX inhibitors for the treatment of cancer.

2 COX-derived products in tumorigenesis

Until the late 1980s, only one isoform of COX had been identified (now recognized as
COX-1). In 1990s, an inducible COX isoform was identified and called COX-2. Whereas
COX-1 is constitutively expressed in most tissues, COX-2 is an immediate-early gene which
is induced by cytokines, mitogens, growth factors, and carcinogens. COX-1 and COX-2
catalyze the rate-limiting steps in the biosynthesis of prostaglandins and thromboxane from
arachidonic acid. Both COX enzymes convert arachidonic acid to PGH, and downstream
selective isomerases convert PGH, to prostacyclin, prostaglandins Do, Eo, or Foq, Or
thromboxane A, (Fig. 1). The finding that COX-2 expression increases in mouse models of
adenomas, in human colorectal cancer, followed by the observation that COX-2 also plays a
role in colorectal metastasis [2-4] and tumor-associated angiogenesis [5, 6], has initiated a
line of research devoted to the identification of COX-2-derived products responsible for
initiation and promotion of cancer. These studies have become more intense after the finding
that COX-2 is also overexpressed in many other tumor types, such as hepatocarcinoma, lung
cancer, breast cancer, and more recently melanoma, supporting the notion that COX-2, the
inducible isoform of cyclooxygenase, plays a crucial role in oncogenesis [7]. Genetic and
pharmacological inhibition of COX-2 has resulted in decreased incidence of primary and
metastatic tumor growth, clearly identifying COX-2 as an ideal target for anti-tumorigenic
therapy. In this context, deletion of the COX-2 gene or chemical inhibition suppresses
adenoma development in APCA716 mice and Min mice [8, 9] and results in significantly
reduced UV-induced tumorigenesis [10]. Silencing of COX-2 inhibits metastasis and delays
tumor onset of poorly differentiated metastatic breast cancer cells [11]. Likewise,
pharmacological inhibition of COX-2 has shown promising results in halting tumor growth
and progression [12]. Although most of the pro-tumorigenic activity of COX-2 is attributed
to the generation of prostaglandin E, (PGE»), it is important to highlight that the other
COX-2-derived products can also affect tumor development. We will therefore describe the
role of the five major prostanoids thromboxane (TxA,), prostacyclin (PGl5), prostaglandin
D, (PGDy), prostaglandin Foq (PGF2q), and PGE, in tumorigenesis.

2.1 Thromboxane

The highly unstable TxA; is formed from PGH via thromboxane synthase (TXAS) (Fig. 1).
Besides the rearrangement into TxAp, TXAS also catalyzes the cleavage of PGH, into
malondialdehyde (MDA) and the 17 carbon hydroxy fatty acid, HHT (12 S-hydroxy-528E,
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10£-heptadecatrienoic acid), such that the three products are formed in a 1:1:1 ratio [13]. It
is not well established to what extent the products MDA and HHT contribute to the role of
TXAS in tumorigenesis. TxA, can affect cell function via interaction with the two
thromboxane receptors TPalpha and TPbeta, leading to the induction of diverse
physiological/pathophysiological responses, including platelet aggregation and smooth
muscle contraction. TxA, has been shown to be involved in allergies, modulation of
acquired immunity and atherogenesis [14]. In addition, TxA, has been shown to play a role
in angiogenesis and tumorigenesis. A pro-tumorigenic role for TxA, and its receptors comes
from the observation that TXAS overexpression has been reported in a range of cancers and
is associated with poor prognosis. Increased expression of TXAS is evident in patients with
non-small cell lung cancer, particularly in the adenocarcinoma subtype [15]. In addition, the
smoke-related carcinogen 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone promotes cell
survival and growth of human lung cancer cells via stimulation of TXAS, consistent with the
increased levels of this enzyme in lung cancer tissues of smokers [16]. Consistent with this
data, selective inhibition of TXAS leads to lung cancer cell apoptosis by preventing cAMP
response element binding (CREB) activity [17] as well as stimulating reactive oxygen
species production and reduction of nuclear factor-kappaB (NF-kB) activation [18].
Although the upregulation of the TPbeta receptor has been reported in lung cancer cells
upon exposure to carcinogen [15], the TPalpha receptor seems to transduce the TxA,-
mediated pro-tumorigenic activity in lung cancer cells. In this context, the activation of
TPalpha receptor leads to increased expression of vascular endothelial growth factor
(VEGF) and subsequent angiogenesis [19], upregulation of COX-2 [20], as well as
upregulation of Nurrl, and orphan receptor that has been shown to stimulate proliferation
[21].

In addition to lung cancer, TxA, seems to play a protumorigenic role also in gliobastoma, as
inhibition of TXAS improves glioblastoma response to chemotherapy and radiation [22, 23].
Thus, TxA, contributes to tumorigenesis (Fig. 2) and maneuvers aimed to inhibit either its
production (i.e., thromboxane synthase) or target (i.e., TPalpha and TPbeta receptors) can be
viewed as a potential anti-tumorigenic therapy.

2.2 Prostacyclin

PGl; is derived from PGH> via prostacyclin synthase (Fig. 1) and it can exert its functions
via activation of a single prostacyclin receptor, IP. PGl5 is primarily produced by endothelial
cells, and similar to thromboxane, it can regulate many different events, including
vasodilation, inhibition of platelet aggregation, leukocyte adhesion, and inflammation.
However, in contrast to thromboxane, PGl5 is thought to be an anti-tumorigenic eicosanoid
[24, 25]. This hypothesis is supported by the observation that prostacyclin synthase
overexpression is chemopreventive in a murine model of chemical and cigarette smoke-
induced lung cancer [26, 27]. Moreover, hypermethylation of the prostacyclin synthase
promoter, associated with diminished gene expression, is a recurrent alteration in colorectal
carcinogenesis [28], and treatment with the stable PGI, analog lloprost slows the
progression of lung cancer in a patient with systemic sclerosis [29]. One possible
mechanism whereby PGl is anti-tumorigenic is by preventing clot formation and
subsequent binding and survival of tumor cells to aggregated platelets [30]. By preventing
platelet aggregation, PGl, might also reduce the amount of plateletsecreted VEGF and
unwanted angiogenesis [31]. In addition to these platelet-mediated effects, it has been
recently shown that PGI, can prevent non-small cell lung cancer growth by enhancing
frizzled-9 expression and activation of the peroxisome proliferator-activated receptor
(PPAR)gamma [32, 33]. Interestingly, this novel PGly/frizzled-9 crosstalk does not correlate
with the expression of the cell surface receptor for PGl,, suggesting that PGIl, might exert an
anti-tumorigenic activity in a receptor-independent manner. These data seem to agree with
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the finding that /n vivo overexpression of prostacyclin synthase equally protects wild type
and prostacyclin receptor-null mice from carcinogeninduced lung tumor incidence [33].
Thus, PGl protects from tumor development (Fig. 2) in a receptor-independent manner, and
maneuvers aimed to enhance its synthesis (i.e., prostacyclin synthase) or action (i.e., PGl,
analogs) can be viewed as a potential anti-tumorigenic therapy.

2.3 Prostaglandin D,

PGD,, is derived from PGH,, (Fig. 1) via two distinct prostaglandin D synthases (PGDS),
namely hematopoietic and lipocalin-type (L-PGDS) synthases, and it can exert its functions
via activation of two distinct PGD, receptors that are named DP (or DP1) and CRTH2 (or
DP2) [34-36]. PGD, is a major inflammatory mediator implicated in asthma and allergic
rhinitis. It is largely produced as the major COX metabolite upon allergen-provoked
degranulation of mast cells. Interestingly, in recent years, a role for PGD5, as anti-
tumorigenic lipid has been proposed. This statement is supported by the observation that the
expression of L-PGDS is significantly downregulated in human lung cancer and its levels
inversely correlate to malignancy [37]. In addition, /n vitro overexpression of L-PGDS
inhibits non-small cell lung cancer proliferation [37] and renders melanoma cells more
susceptible to retinoic acidmediated apoptosis [38]. More evidence that PGD, has an anti-
tumorigenic potential comes from the finding that this COX-2-derived product can promote
apoptosis via activation of the caspase-dependent pathway in human colorectal cancer and
lung cancer cells [39, 40]. PGD, also upregulates the expression of the transcription factor
SOX9 in melanoma cells, thus making these cells more sensitive to treatment with retinoic
acid [41]. Whether these antitumorigenic effects are DP and/or CRTH2 dependent is at
present unclear, as blocking these receptors with the selective antagonists BWAB868C and
ramatroban does not seem to prevent PGD,-mediated apoptosis /n vitro [40]. A convincing
role of DP receptor in mediating PGD» antitumorigenic activity comes from the
demonstration that mice lacking the DP receptor have enhanced tumor progression
accompanied by increased tumor-associated angiogenesis [42]. Most importantly, /n vivo
treatment with the DP agonist BW245C inhibits tumor growth in a DP-dependent manner,
clearly emphasizing a protective role of the PGD,/DP axis in tumorigenesis [42].

PGD, can undergo dehydration/isomerization reactions to form the cyclopentenone
prostaglandin 15-deoxy-A1214-pPGJ, (15d-PGJ,). Since 15d-PGJ, is considered an
endogenous PPARgamma ligand [43], and activation of PPARgamma has been shown to
have anti-tumorigenic activity [44], the role of PGJ, metabolites in modulation of tumor cell
function has been investigated. Similarly to PGD,, 15d-PGJ, decreases migration and
invasion of breast cancer cells [45], promotes colon cancer apoptosis [46], decreases the
expression of the anti-apoptotic Bcl-2 in human hepatocellular carcinoma cells [47], and
induces mitotic arrest by destabilizing microtubules [48]. Finally, the activation of
PPARgamma by 15d-PGJ, reduces the transcription of the pro-tumorigenic thromboxane
TPbeta receptor in erythroleukemial cells [49]. The electrophilic character of the two keto-
ene moieties of 15d-PGJ, is the mechanistic basis for the covalent inhibition of IkB kinase,
a major regulator of the transcription factor NF-kB [50]. The inhibition of IkB kinase could
be a mechanism of the anti-tumorigenic activity of 15d-PGJ, due to the crucial role of NF-
KB in regulating cell survival in malignant cells [51]. In conclusion, PGD5 and its metabolite
15d-PGJ, can exert anti-tumorigenic action (Fig. 2) via binding to the DP receptor, by
activating the anti-tumorigenic nuclear receptor PPARgamma, or by inhibition of NF-kB.

2.4 Prostaglandin Fyq

PGF, is derived from PGH, via prostaglandin F synthase (Fig. 1) and it can exert its
function via binding to the FP receptor. A potential contribution of the PGF,/FP receptor
axis in tumorigenesis has been widely analyzed in endometrial cancers. Analysis of human
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samples of endometrial cancers showed that the expression of the FP receptor and its ligand
PGF,q are increased compared to normal tissue, and this increase correlates to poor
prognosis [52]. PGF,q might contribute to tumorigenesis by promoting the synthesis of both
pro-tumorigenic and pro-angiogenic genes, including COX-2, VEGF, and b-FGF [53-55].
In addition, /n vitro studies indicate that the FP receptor can modulate the adhesive
properties of tumor cells by affecting actin reorganization and consequent motility [56],
while PGF, upregulates chemokines important to control of cell proliferation [57, 58]. In
addition to its direct effect on tumor cells, PGF,4 might contribute to tumorigenesis by
stimulating the synthesis of the neutrophil chemo attractant CXCL1, thus modulating the
inflammatory microenvironment [59]. Thus, PGF,q exerts pro-tumorigenic activity (Fig. 2)
and blocking PGF,q/FP receptor interaction might be viewed as a valid tool to block and
prevent cancer progression.

2.5 Prostaglandin E,

PGE; is generated from PGH, via prostaglandin E synthase (Fig. 1). PGE; is the most
widely produced prostanoid in the body [60] and it exerts its cellular effects by binding to
four distinct E-prostanoid receptors (EP1-4) [61]. The finding that mice lacking PGE;
synthases are protected from carcinogen-induced colon cancer [62], together with the
observation that downregulation of this synthase in human prostate and lung cancer reduces
their clonogenic capacity and /n vivo growth [63], clearly support a role for PGE; as a pro-
tumorigenic lipid.

PGE; binds four distinct EP receptors that have different and often opposing biological
effects [64]. For example, although the EP2 and EP4 receptors upregulate intracellular
cAMP levels, they exert different downstream effects on important intracellular mediators,
including the phosphatidylinositol 3-kinases (PI3K) and extracellular signalregulated kinase
(ERK) pathways [65, 66]. Moreover, the EP3 receptor usually counteracts EP2- and EP4-
mediated upregulation of cAMP by preferentially coupling to G;j proteins [61] or by
controlling the small GTPase RhoA function by coupling to Gal2 [67]. Thus, the
development of mice lacking or overexpressing EP receptors has been very valuable in
analyzing the involvement of selective PGE,/EP signaling in tumorigenesis.

The role of EP1 in tumorigenesis is at present controversial. A pro-tumorigenic role of EP1
has been established by generating mice that overexpress this PGE, receptor selectively in
the skin. Despite reduced tumor multiplicity following DMBAJ/TPA regime, these mice
show higher papilloma to carcinoma conversion rate [68], suggesting that EP1 plays a
positive role in tumor progression. /n vitro studies show that EP1 promotes PGE,-enhanced
migration of oral cancer cells [69] as well chondrosarcoma cells [70] by regulating the
expression of intracellular and matrix adhesion molecules. In contrast to this data, a
protective role for EP1 in breast cancer progression has been postulated based on the finding
that pharmacologic antagonism of EP1 or receptor silencing by shRNA increases breast
cancer cell metastatic capacity [71]. These studies, together with the finding that survival of
women with tumors negative for EP1 is significantly worse than that of women with EP1
expression [71], suggest the hypothesis that EP1 functions as a metastasis suppressor gene.
Finally, global loss of EP1 receptor does not seem to affect the early growth of tumor-
bearing EP1-null and wild-type mice [72]. Thus, EP1 might contribute to or protect from
tumor formation/promotion (Fig. 2) and these effects seem to be dependent on the animal
model and the nature of the tumor.

In contrast to EP1, the EP2 receptor has been reported to play a pro-tumorigenic role. EP2-
null mice produce significantly fewer tumors than wild-type mice in a two-stage skin
carcinogenesis protocol [73] and show significantly decreased growth and pulmonary
metastasis following injection of breast cancer cells [74]. These findings, together with the
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observation that EP2 is overexpressed in esophageal squamous cell carcinoma [75] and its
overexpression positively correlates to tumor invasion, clearly suggest that EP2 contributes
to tumor growth and progression (Fig. 2) and maneuvers to inhibit PGE,/EP2 signaling
might be beneficial. In this regard, treatment of mice with a soluble EP2 receptor, thus
competing for PGE; binding with the endogenous receptor, has been shown to suppress the
growth of endometrial cancer [76], further supporting the idea that EP-targeting strategy
might be used for the treatment of cancer.

Similarly to EP2, the EP3 receptor seems to play a protumorigenic action. The use of EP3-
null mice has allowed to identify a positive role for this receptor in tumor-associated
lymphangiogenesis [77], as well as in regulating the expression of VEGF and matrix
metalloproteinase thus promoting tumor-associated angiogenesis and tumor metastasis [78,
79]. Whereas EP3 seems to play a positive role in tumor-associated vasculature, and its loss
is overall beneficial, there is also evidence that this receptor might work as a tumor
suppressor gene. This hypothesis is supported by the observation that EP3 expression is
decreased in colon cancer in mice, rats, and humans when compared with normal mucosa
[80], and re-expression of EP3 receptor in cancer cells reduced their growth both /n vivo and
in vitro[67]. All together these data seem to indicate EP3 exerts both pro- and anti-
tumorigenic function (Fig. 2), and these effects are dependent on whether this receptor
affects tumor- or host-mediated responses.

The contribution of the EP4 receptor to tumorigenesis is more difficult to evaluate given that
—80% of the EP4-null mice die at birth due to ductus arterious [81]. /n7 vitro studies indicate
that EP4 mediates colon carcinoma cell growth via ERK activation [66, 82] and confers
resistance to spontaneous apoptosis and promotes anchorage-independent growth [83].
Studies with human non-small cell lung cancer indicate that EP4 activation confers an
invasive phenotype via Src activation [84]. /n vivo evidence that the EP4 receptor is pro-
tumorigenic comes from the finding that treatment of mice with EP4 antagonists reduces the
metastatic potential of lung and colon cancer cells [85]. Moreover, EP4 plays a key role in
supporting the progression of androgen-resistant prostate cancer cells both in vitroand in
vivo [86]. In addition to its direct role on tumor cells, EP4 might exert pro-tumorigenic
action by regulating endothelial cell function. Studies of primary endothelial cells derived
from EP4flox/flox mice [87] revealed that this receptor directly controls endothelial cell
migration and tubulogenesis /n vitro, and that activation of the EP4 receptor by selective
agonists promotes angiogenesis /n7 vivo [88]. Thus, EP4 receptor exerts protumorigenic
functions (Fig. 2) and antagonizing its signaling might be viewed as a valid tool for cancer
treatment.

3 LOX-derived products in tumorigenesis

LOXs are categorized according to their positional specificity of arachidonic acid
oxygenation into 5-, 8-, 12-, and 15-LOX [89]. LOXs oxygenate arachidonic acid to
hydroperoxyeicosatetraenoic acids (HPETES) that are subsequently reduced to
corresponding hydroxyeicosatetraenoic acids (HETES). 5-, 8-, 12- and 15-HETE are
therefore the major arachidonic acid metabolites formed by mammalian LOXs [89]. The 15-
LOX-1 isozyme can also efficiently metabolize linoleic acid leading to the formation of 13-
hydroxyoctadecadienoic acid (13-HODE) [90]. In the case of the 5-LOX enzyme, the
primary 5-HPETE product is further metabolized by the same enzyme to form the unstable
leukotriene A4 (LTA,) epoxide, the precursor of the cysteinyl leukotrienes (LTCy, LTDy,
and LTE,4 ) and leukotriene B4 (LTBy,). Alternatively, 5-HPETE undergoes reduction to 5-
HETE, a prominent product of 5-LOX catalysis in leukocytes. Lipoxins are a group of
eicosanoids formed by consecutive oxygenation of arachidonic acid by two LOX enzymes,
one of which is usually 5-LOX. In lipoxin biosynthesis, 15-HETE (or 12-HETE) derived
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from 15-LOX (or 12-LOX) is transformed by 5-LOX catalyzing an LT-type transformation
to yield lipoxinsA4 and B4 [91]. Figure 1 summarizes the major LOX-derived metabolites.
The most studied LOXs are the 5-LOX from leukocytes, the platelet-type 12-LOX, and the
reticulocyte-type 12/15-LOX (15-LOX-1). However, the interest in this family of enzymes
has increased after the finding that LOX isoforms can also be found in tumor, stromal, or
immune cells, thus strongly suggest a role for these enzymes in tumor development and
growth [89].

Histological analysis of human adenoma samples suggests a strong correlation of 5-LOX
expression with increased polyp size, intraepithelial neoplasia and adenoma, indicating that
this enzyme might play a role in early stages of colon cancer [92]. Consistent with this
finding, inhibition of 5-LOX with Rev5901 prevents colon cancer cell proliferation both /in
vitroand in vivo [93]. Increased 5-LOX activity has been also associated with
carcinogenesis in human oral cavity tissues [94] and treatment with the herbal preparation
zyflamend significantly reduces hyperplasia and dysplasia in a mouse model of oral
squamous cell carcinoma [95]. Interestingly, the beneficial effects of zyflamend are
accompanied by significant decreased levels of LTB,4, a metabolite of 5-LOX. Finally, 5-
LOX is becoming a promising target for nonsolid tumors, such as chronic myeloid leukemia.
In this context, Chen and colleagues have recently shown that the expression of 5-LOX by
leukemia stem cells is critical for BCR-ABL-induced chronic myeloid leukemia. 5-LOX
deficiency or selective inhibition causes leukemia stem cells failure to differentiate, divide,
and survive thus preventing chronic myeloid leukemia development [96].

5-LOX might contribute to carcinogenesis directly by controlling tumor cell function and/or
indirectly by affecting the surrounding microenvironment (Fig. 3). Inhibiting or suppressing
5-LOX expression in tumor cells is necessary to promote growth arrest and apoptosis, as
well as block epithelial mesenchymal transition in various tumor cell lines [97-99].
Moreover, both 5-HETE and LTBy, are known to recruit and activate inflammatory cells as
well as increase vascular permeability, two key steps in tumorigenesis [100, 101].

8-LOX is the murine homologue to the human 15-LOX-2 isozyme (see below for details).
The role of this murine LOX in tumorigenesis is at present not well defined. Overexpression
of 8-LOX in premalignant keratinocytes leads to inhibition of cell growth linked to
inhibition of DNA synthesis [102], and mice overexpressing 8-LOX selectively in the
epidermis show highly differentiated keratinocytes [103]. In contrast to these data, the
expression of 8-LOX is highly upregulated in mouse model of skin carcinogenesis [104].
However, whether the upregulation of 8-LOX is beneficial to counteract cancer
development or is deleterious and contributes to cancer progression is unknown (Fig. 3).

In the mid-1990s, the finding that 12-LOX is expressed in murine lung carcinoma cells
[105], followed by the evidence that 12-LOX expression correlates with advanced stages of
prostate cancer in humans [106], has initiated studies aimed to determine if and how this
enzyme contributes to tumorigenesis [89]. Evidence that 12-LOX might contribute to
tumorigenesis comes from the finding that 12-LOX expression was elevated in prostate
cancer tissue compared with their corresponding normal tissues. Consequently, urinary
levels of 12-HETE have been reported to be significantly elevated in prostate cancer patients
[107]. Another evidence that 12-LOX contributes to tumor cell proliferation and survival is
demonstrated by the finding that 12-LOX-specific antisense oligonucleotides or treatment
with the 12-LOX inhibitor baicalein induces tumor cell apoptosis by regulating the levels of
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Bcl-2 [108-110]. In addition to Bcl-2, 12-LOX might affect cell survival by controlling the
arrest at the G1/S-phase, inhibiting kinases such as Akt and mitogen-activated protein
kinases (MAPKS), and affecting the expression of inflammatory transcription factors such as
NF-kB [89].

Besides its direct role on tumor cells, 12-LOX could act as a pro-tumorigenic gene by
affecting tumor-associated angiogenesis. In this regard, 12-LOX-transfected cells form
bigger and more vascularized tumors than vector-transfected cells [111], suggesting a pro-
angiogenic function of 12-LOX products. 125HETE promotes endothelial cell proliferation
and migration [112, 113] by stimulating VEGF neo-synthesis [114], by promoting
endothelial cell retraction in a PKC-dependent manner [115], and by increasing the surface
expression of integrin avp3 [116], a receptor expressed primarily in angiogenic blood
vessels [117]. Although it is clear that 12-LOX might act as an oncogene (Fig. 3), is not
entirely clear how LOX products exerts such functions. Studies from the Hammarstrom
laboratory suggest that 12-HETE might control cell function by interacting with a receptor
complex with both a cytosolic and nuclear localization [118-122], although the selective
receptor on tumor cells has not been identified yet.

Two 15 LOX isoforms, namely 15-LOX-1 and 15-LOX-2, have been described. Whereas
15-LOX-1 can generate 13-HODE from linoleic acid (see below for details), 15-LOX-2
shows preference for oxygenation of arachidonic acid forming 15-HETE. Whether 15-
LOX-2/15-HETE signaling plays a protective and/or deleterious effect in tumorigenesis is
controversial [123]. The expression of 15-LOX-2 is downregulated in breast cancer and
colorectal adenomas [124, 125] and patients with advanced epithelial ovarian cancer show
decreased levels of 15-HETE in tumor peritoneum [126]. Studies on prostate cancer indicate
that 15-LOX-2 is anti-tumorigenic and acts as tumor suppressor by inhibiting cell cycle
progression [127, 128] or promoting cell senescence [129]. Consistent with this data, 15-
LOX-2 is highly expressed in normal prostate, while its expression is decreased in prostate
cancer [127, 130]. In contrast to a protective role of 15-LOX-2 in cancer, mice
overexpressing 15-LOX-2 selectively in the prostate show age-dependent prostatic
hyperplasia and enlargement of the prostate [131]. The overexpression of 15-LOX-2 in the
prostate is accompanied by increased expression of stem cell progenitor markers and overall
increased cell proliferation [131]. However, hyperplasia does not progress to carcinoma due
to increased ratio of senescent cells. All together, these results indicate that although 15-
LOX-2 expression might lead to prostate cancer initiation, it might prevent prostate cancer
progression. Thus, 15-LOX-2 can be viewed as a proand anti-metastatic gene (Fig. 3), thus
making it an ambiguous target for cancer therapy.

13-HODE, a 15-LOX-1-derived linoleic acid metabolite, is an endogenous ligand and
activator of PPARgamma. 13-HODE can also activate PPARgamma indirectly by
downregulating the expression and activity of PPARdelta [132, 133]. PPARgamma acts as
an anti-tumorigenic receptor as its activation by endogenous and exogenous ligands inhibits
tumor cell proliferation and growth as well as induces differentiation and apoptosis [44,
134]. Based on this finding, the possible role of the 15-LOX-1/13-HODE axis as a negative
regulator of tumor growth/development has been investigated. Significant reductions in the
levels of 13-HODE are observed in human lung cancer tissue, as well as in animal models of
lung cancer. Decreased tumor levels of 13-HODE parallel decreased activity of
PPARgamma, suggesting a protective role for the PPARgamma/13-HODE in lung cancer
development [135]. Consistent with an anti-tumorigenic activity of 13-HODE, treatment of
human colon carcinoma cells with 13-HODE decreases cell proliferation, and
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overexpression of 15-LOX-1 in the same cells reduces their tumorigenic activity /n vivo
[136]. Finally, white tea extract promotes human non-small cell lung cancer cell apoptosis
by increasing PPARgamma activation and mRNA expression, with concomitant increases in
15-LOX-1 expression [137]. To further corroborate a protective role of 15-LOX-1 in
tumorigenesis, mice overexpressing 15-LOX-1 specifically in the endothelium show
reduced angiogenesis and tumor formation [138] most likely due to downregulation of
VEGF, PLGF, and VEGFR2 expression [139]. In contrast to a protective role of 15-LOX-1
in cancer, it has been shown that 13-HODE promotes the growth of hepatoma cells /n vivo
and /n vitro, and treatment with the pan-LOX inhibitor nordihydroguaiaretic acid is
beneficial in reducing circulating levels of 13-HODE and consequent tumor growth [140].
Finally, although 15-LOX-1 expression is downregulated in colorectal adenomas [125],
increased levels of the same enzyme are evident in human prostate cancer [141] and the use
of the mouse TRAMP model has allowed to establish a direct correlation between 15-
LOX-1 expression, 13-HODE synthesis, and prostate cancer progression [142]. Thus, the
15-LOX-1/13-HODE axis can promote or inhibit tumorigenesis (Fig. 3) and these effects
seem to be tumor selective, thus making this axis another ambiguous target for anti-
tumorigenic therapy.

Lipoxins have been initially described as endogenous anti-inflammatory molecules and have
been primarily studied in many inflammation-related disease models [143, 144]. As
inflammation plays a direct role in cancer development, a new role for lipoxins as negative
regulators of tumorigenesis has been proposed. Exogenous administration of LXAy4 has been
shown to decrease the /n7 vivo growth of hepatocarinoma H22 cells by inhibiting secretion of
VEGF by tumor cells and consequent angiogenesis [145]. Consistent with the idea that
lipoxins exert anti-angiogenic functions, LXA4 prevents nuclear HIF-1alpha translocation
under hypoxic conditions in endothelial cells. This results in decreased VEGF expression
and consequent decreased tubulogenic activity and cell migration [146]. In addition to
inhibiting the production of pro-angiogenic factors, lipoxins might inhibit endothelial cell
migration by preventing VEGF-mediated formation of focal adhesion and stress fibers
[147]. Finally, lipoxins can prevent VEGF-mediated activation of PI3K and ERK, two
kinases involved in endothelial cell proliferation [148]. Thus, lipoxins are anti-
inflammatory, anti-tumorigenic, and anti-angiogenic mediators (Fig. 3) and maneuvers to
enhance their synthesis could be viewed as a potential tool for cancer treatment.

4 Convergence of the 5-LOX and COX-2 pathway: new pro-tumorigenic

lipids?

In 2006, /n vitro biochemical studies suggested a new role for the 5-LOX product 55S-HETE
[149]. In this new role, 5SHETE serves as a substrate for COX-2 forming a bicyclic di-
endoperoxide with structural similarities to the arachidonic acid-derived prostaglandin
endoperoxide PGH,. The reaction with 5S-HETE is specific for COX-2 (COX-1 does not
react with 56-HETE), and only 55-HETE can serve as substrate for formation of a di-
endoperoxide, but not 5/-HETE or any of the other HETE isomers [149]. More recently, it
has been shown that the unstable di-endoperoxide can undergo nonenzymatic rearrangement
to form two cyclic hemiketal (HK) eicosanoids, namely HKD, and HKE, [150]. Both HKD,
and HKE, are endogenously generated upon activation of human peripheral blood
leukocytes with calcium ionophore A23187 and LPS in order to stimulate 5-LOX activity in
neutrophils or eosinophils and COX-2 expression in monocytes, respectively [150].
Furthermore, HKD, and HKE, stimulate migration and tubulogenesis of microvascular
endothelial cells, implicating a pro-angiogenic role of these novel eicosanoids [150].
Although it is premature to speculate whether the hemiketal eicosanoids might play a role in
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tumorigenesis, it is plausible that biosynthesis of hemiketals could take place in a tumor
infiltrated by neutrophils (as a source of 5-HETE) and activated macrophages (providing
COX-2). The hemiketals could then contribute to tumor growth by stimulating endothelial
cell migration and tubulogenesis and subsequent angiogenesis. This possible scenario is
illustrated in Fig. 4.

5 Single versus dual inhibition of COX and LOX in tumorigenesis

Given that most COX-2- and/or LOX-generated lipids seem to play a positive role in
tumorigenesis (Figs. 2 and 3), inhibition of these two major enzymes of arachidonic acid
metabolism might be viewed as a valid tool to prevent cancer formation. However, as these
enzymes can also generate anti-tumorigenic lipids (Figs. 2 and 3) and control physiological
functions such as inflammation and blood pressure, the use of COX and LOX inhibitory
drugs has both advantages and disadvantages that are highlighted below.

5.1 LOX inhibitors as anti-tumorigenic agents

As mentioned above, the observations that (a) 5-LOX and 12-LOX expression and activity
are upregulated in certain tumor types [89], (b) the levels of 12-HETE correlate with
progression of various cancers [151], and (c) 5-LOX can produce leukotrienes that exert
pro-inflammatory action and increase microvascular permeability, make these LOXs a
potential target for anti-tumorigenic therapy. Studies on human prostate cells indicate that
overexpression of 12-LOX results in a significant increase in pro-angiogenic factors [114]
and treatment with a pan inhibitor of LOX (nordihydroguaiaretic acid) or with a 12-LOX
inhibitor (baicalein) prevents their synthesis [114]. In murine prostate cells, treatment with
baicalein directly prevents cell proliferation /in vitro and tumorigenesis /n vivo, confirming
the anti-tumorigenic effects of baicalein administration. In human breast cancer and non-
small cell lung cancer cells, specific inhibition of 12-LOX resulted in significant cell
apoptosis via regulation of caspase pathways [152], while 12-LOX inhibition induces
apoptosis of A431 by promoting caspase-3 activation and inhibiting ERK and P13K
activation [153]. All together these data strongly indicate that 12-L.OX can be viewed as a
pro-angiogenic and pro-tumorigenic enzyme and its inhibition can provide a valid tool for
anti-tumorigenic therapy.

In addition to 12-LOX, the inhibition of 5-LOX could also be beneficial as it might inhibit
tumor growth/development by decreasing inflammation and, at the same time, directly
affecting tumor cell function. In the past few years, effort has been made in generating and
refining 5-LOX inhibitors for the treatment of inflammation, allergies, cardiovascular
disease, and cancer [154]. Recently, a new generation of 5-LOX inhibitors has been
described and shown to selectively inhibit 5-LOX activity /n vifro as well as to decrease the
incidence of adenoma in APCmin/+ mice [155]. In addition, novel di-O-prenylated chalcone
derivatives have been generated and shown to be potent 5-LOX inhibitors /n vivoand to
inhibit human breast cancer cell proliferation /n vitro [156]. Finally, MK591, a selective 5-
LOX inhibitor with promising potential as anti-asthma drug, has been shown to induce
human prostate cancer cell apoptosis, thus making this inhibitor a promising anticancer drug
[157]. Despite these very promising results, it has been recently shown that some 5-LOX
inhibitors might lead to cytotoxic and anti-proliferative effects independently of suppression
of 5-LOX activity. Thus, selective versus nonselective effects of certain inhibitors need to be
carefully evaluated to avoid unwanted side effects, including targeting and killing of normal
cells [158].

LOX-targeted anti-tumorigenic therapy is more complicated when 15-LOX becomes the
target. As mentioned above, both 15-LOX-1 and 15-LOX-2 have been shown to play both
pro- and anti-tumorigenic action. Overexpression of 15-LOX-1 in Dul45 prostate cancer
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cells prevents their growth /n vivo, while overexpression of the same isoforms in PC-3
prostate cells enhances their growth /n vivo [89]. Similarly, studies performed on endothelial
cells suggest that this isoform can have both pro- and anti-angiogenic activities (see above
for details), clearly indicating the difficulty of targeting the 15-LOX isozymes for anti-
tumorigenic activity.

A major complicating factor for defining the role of LOXs in cancer or, for that matter, in
any other disease or in normal physiology is that potent- and isoform-specific inhibitors of
the different LOX isozymes are not available, except in the case of 5-LOX. Thus, the use of
phenolic-and/or redox-active compounds as putative LOX inhibitors (i.e.,
nordihydroguaiaretic acid and baicalein) bears the possibility that unrelated enzymatic
reactions are affected or that the observed affects are caused directly by the inhibitor.

5.2 COX inhibitors as anti-tumorigenic agents

Epidemiological studies on regular use of nonsteroidal antiinflammatory drugs (NSAIDs)
have provided an early link of prostaglandin formation and the risk of developing colon
cancer. A large population-based observational study also demonstrated that low-dose
aspirin reduces the relative risk of fatal colon cancer [159], and chronic ingestion of
NSAIDs significantly reduces colon polyp formation and recurrence [160, 161]. Increased
levels of COX-2, the target of NSAIDs, have been observed in various types of tumors
including colon, lung, and breast cancer and its overexpression is associated with poor
outcome [162]. Despite the promising results with COX-2 inhibition, a few years ago the US
Food and Drug Administration issued a warning concerning the cardiovascular side effects
of NSAIDs and COX selective inhibitors [163] as they lead to an increased prothrombotic
risk, raise blood pressure, and heart failure [164]. Unfortunately, the ability of the COX-2
selective inhibitors to reduce pro-tumorigenic prostaglandins (especially PGEy) in cancer is
also the mechanistic basis for their cardiovascular side effects; in this case, the inhibition of
endothelial cell derived prostacyclin [165].

The inhibition of 11B-hydroxysteroid dehydrogenase (11HSD2) may provide a new and
safe anti-tumorigenic strategy [166]. 11BHSD2 converts glucocorticoids to their inactive
keto forms. Glucocorticoids are natural inhibitors of COX-2 expression; however, systemic
administration of glucocorticoids is not a suitable anti-tumorigenic therapy due to
immunosuppression and other side effects of steroid therapy. Thus, inhibition of 11pHSD2
might indirectly lead to inhibition of COX-2 by increasing endogenous and local levels of
glucocorticoids. The exciting findings that (a) inhibition of 11pHSD2 by a component of
licorice (glycyrrizic acid) reduces tumor COX-2 activity, tumor growth, and metastasis by
increasing glucocorticoid-mediated suppression COX-2 and (b) these events are not
associated with the adverse gastrointestinal and cardiovascular side effects associated with
NSAIDs and selective COX-2 inhibitors suggest that the licorice component could be
developed as novel and possibly safe COX-2 inhibitor [166]. Like licorice, other natural
compounds have been proposed as safe COX-2 inhibitors [167]. The phytoalexin resveratrol
(found in grapes), the flavonoid epigallocathechin gallate (EGCG, found in green tea), the
flavone apigenin (found in chamomile), and tyrosol (found in olive oil extract) represent
four promising anti-tumorigenic compounds. Resveratrol can prevent skin tumor formation
[168] and inhibit COX-2 transcription and activity in tumor cells [169]. EGCG exerts anti-
cancer properties by repressing COX-2 expression both /n vitroand in vivo, thus protecting
from chemical-induced skin cancer [170]. Apigenin inhibits COX-2 expression by altering
NF-kB pathway [171]. Finally, tyrosol has been shown to inhibit tumor cell proliferation /in
vitro by affecting p38 MAPK and CREB phosphorylation [172]. A comprehensive list of
natural COX-2 inhibitor compounds found in various types of food, including garlic, onion,
and pineapple, is described by Cerella and colleagues [167].
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5.3 Dual COX and LOX inhibitors in cancer

Given that arachidonic acid can be metabolized by three different major enzymes (see Fig. 1
for details), it is conceivable that inhibition of one single pathway (i.e., COX-2) might not be
beneficial or have unwanted side effect by shunting arachidonic acid metabolism towards
the LOX or cytochrome P450 pathways. This in turn could lead to the production of pro-
tumorigenic (i.e., HETES), proangiogenic (i.e., EETS), or pro-thrombotic (thromboxane)
eicosanoids. Another problem related to the use of single inhibitors is that tumor cells can
adjust to inhibitor treatment by upregulating the targeted enzyme. In this regard, while
selective COX-2 inhibition initially delays breast cancer tumor growth, a rapid increase in
tumor growth rate is evident at late stages of treatment, due to upregulation of COX-2 by the
tumor cells [173]. Thus, blocking two major pathways involved in carcinogenesis, namely
the LOX and COX pathways, might be a plausible approach to better inhibit cancer
progression. Dual inhibition can be achieved by simultaneous treatment with COX and LOX
inhibitors. This strategy has been successful in increasing more efficiently tumor cell death
in vitro compared to single inhibitor treatment [98], as well as to suppress colon cancer
formation induced by cigarette smoke [174]. One pitfall with this regiment is that the two
inhibitors need to be administered simultaneously, thus increasing the risk of cytotoxicity
and/or side effects. A solution to the problem could be the generation of a single drug with a
double target. Natural as well as chemical molecules have recently emerged as promising
dual COX/ LOX inhibitors. Among the chemical compounds, licofelone is a dual COX/5-
LOX inhibitor that leads to decreased levels of PGE, and LTB,4 without the gastrointestinal
side effects linked to the use of NSAIDs [175, 176]. Although this inhibitor has been
considered as an alternative to NSAIDs for the treatment of osteoarthritis, its anti-
inflammatory action could be also beneficial to treat cancer. Another promising molecule is
propynone 50, a new class of diarylpropynones that can target three major enzymes involved
in AA pathway, namely COX-2, 5-LOX, and 15-LOX [177]. A comprehensive list of
chemically derived dual COX/LOX inhibitors is reviewed by Rao and Knaus [178].

Among the natural compounds, curcumin—the principal constituent of turmeric (a
rhizomatous herbaceous plant of the ginger family)—downregulates LOX and COX-2 at the
transcriptional level, thus making curcumin an excellent anti-inflammatory and potentially
anticarcinogenic compound [179]. Interestingly, curcumin has also been described to be an
inhibitor of the enzymatic activities of COX-2 and 5-LOX [180, 181], and, furthermore, to
be a co-substrate for the peroxidase activity of COX-2 [182], implying that the interactions
between curcumin and eicosanoid biosynthesis are highly complex. Curcumin induces
apoptosis of various tumor cell lines and inhibits intrahepatic metastases of hepatocellular
carcinoma cells in mice [183]. Although this natural compound is not yet used as anticancer
drug in clinics, a study aimed to evaluate curcumin toxicity has revealed histologic
improvement of precancerous lesions in patients with resected bladder cancer, oral
leucoplakia, and intestinal metaplasia of the stomach [184]. In addition to curcumin, the dual
COX/LOX inhibitor 7-tert-butyl-2, 3-dihydro-3, 3-dimethyl substituted dihydrofuran 30
inhibits both in /n vitroand in vivo growth of pancreatic cancer cells by reducing the
expression of COX-2, 5-LOX, and the proangiogenic factor VEGF [185]. Using
indomethacin (a COX-1 and COX-2 inhibitor) as template, new A-aroyltetrahydro-y-
carbolines intended to inhibit both 5-LOX and COXs have been designed. Promising results
indicate that some of these new compounds have the ability to suppress proliferation of
prostate cancer cells /n vitro [186]. Finally, although most of the dual inhibitors target
COX-2 and LOX, an effort has been also made to design dual COX-1/LOX inhibitors, such
as acrylic acid derivatives [187]. As these compounds might prevent COX1-mediated
platelet aggregation and LOX-mediated inflammatory activity, they might be potentially
used as anticancer agents.
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Although dual COX/LOX inhibition might be promising, there are also some pitfalls that
need to be taken into account. One important mediator in the activation of the arachidonic
acid pathways is PPARgamma. Both LOX-and COX-derived products can act as
endogenous ligand of this anti-proliferative and anti-tumorigenic receptor. Thus, blocking
COX/LOX might result in decreased PPARgamma activation and paradoxically in a pro-
tumorigenic effect. Thus, combination therapies based on inhibition of COX/LOX pathways
together with activation or PPARgamma could be considered as an option for certain types
of cancer, as suggested by Tauler and Mulshine [188].

6 Conclusions

In this review, we have focused on the role of two major arachidonic acid pathways, the
COX and the LOX pathways, in tumorigenesis. In general, COX and LOX contribute to
tumorigenesis by directly promoting tumor cell proliferation, growth, and survival. These
results together with the finding that upregulation of COX and LOX expression is often
observed in cancer, seem to justify the use of COX and/or LOX inhibitors as anti-
tumorigenic agents. Although these inhibitors are available and seem to be efficient in
slowing and/or preventing cancer formation, it is important to acknowledge that some of
them have serious adverse side effects. The cardiovascular side effects associated with
selective COX-2 inhibitors are a clear example that questions their use in clinics. In
addition, the potential for non-COX-dependent antitumor effects of NSAIDs [189, 190]
challenge the mechanism of action of these drugs and the role of COX-derived products in
human cancer. Moreover, the pro-tumorigenic effects exerted by some arachidonic acid-
derived products are tumor type specific, thus making it difficult to have a uniform
antitumorigenic regiment. Finally, some COX-derived products such as prostacyclin protect
from tumor development and maneuvers aimed to enhance—rather than inhibit—their
synthesis can be viewed as a potential anti-tumorigenic therapy. The picture is also
complicated by the fact that COX and/or LOX might also act as “double edge sword”, as
they exert both tumor-suppressive and tumor-stimulatory effects, as observed for the 15-
LOX isoforms, thus making these enzymes “difficult” targets for anti-tumorigenic therapy.
In addition, despite an initial beneficial effect of some COX inhibitors, tumors ultimately are
able to escape COX inhibition. This effect is due to the ability of tumor cells to upregulate
the expression of the targeted enzyme or the expression of potent pro-angiogenic or pro-
inflammatory factors. Indeed, COX and LOX products can indirectly promote tumorigenesis
by modifying the surrounding microenvironment. In this regard, COX and LOX products
can be pro-tumorigenic by enhancing angiogenesis. LOX products can directly regulate
endothelial cell functions, while COX-derived metabolites can regulate the synthesis of
proteinases contributing to endothelial cell migration and invasion. In addition, COX and
LOX can promote tumorigenesis by affecting the immune system. Some COX and/or LOX
isoforms are expressed predominantly by immune cells and their products can exert pro-
inflammatory responses. Given that the type of infiltrating cell (i.e., T regulatory, T
effectors, natural killers, macrophages, neutrophils, and granulocytes) highly dictates
whether tumor growth is exacerbated or inhibited, understanding how COX and LOX
control immune responses is key to determining the potential use of inhibitors as anticancer
therapy [89].

Another key point to consider in targeting arachidonic acid-derived pathways in
tumorigenesis is that inhibition of one single pathway (i.e., COX-2) might not be beneficial
or have unwanted side effect by shunting the arachidonic acid metabolism towards the LOX
or cytochrome P450 pathways. Thus, the use of double inhibitors has the potential to
increase efficacy, selectively and potentially overcome some side effects due to single
inhibition. However, the use of dual inhibitors comes with the recognition that these
inhibitors might block the synthesis of eicosanoids with direct and/or indirect anti-
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tumorigenic action. As addressed above, blocking COX and LOX might prevent the
formation of natural PPARgamma ligands, thus preventing the anti-proliferative effects of
this nuclear receptor. Multiple combination therapies (i.e., COX/LOX inhibitors and
PPARgamma ligands or COX/LOX inhibitors and anti-TNFalpha therapies) might represent
novel approaches for the development of more effective anti-tumorigenic therapies. Despite
these promising solutions, the development of safe, well-tolerated, efficient, and “on” target
antitumorigenic drugs still presents a major challenge.
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Fig. 1.

Arachidonic- and linoleic-derived products. a Schematic representation of the major
arachidonic acid-metabolizing enzymes and their products. Only the contribution of COX-
and LOX-derived products is discussed in this review. b Linoleic acid can be metabolized
by 15-LOX-1, thus producing 13-HODE. c In addition to the generation of 5-HETE (a), 5-
LOX-derived 5-HPETE can be metabolized by 5-LOX to form LTA4. d Consecutive
oxygenation of arachidonic acid by 15-LOX and 5-LOX generates lipoxins
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Fig. 2.

COX-derived eicosanoids in tumorigenesis. Schematic representation of the pro- and anti-
angiogenic actions mediated by themajor COX products. These lipids can both promote and/
or inhibit tumor growth by acting on tumor cells or the host microenvironment
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LOX-derived eicosanoids in tumorigenesis. Schematic representation of the pro- and anti-
angiogenic actions mediated by the major LOX products. These lipids can both promote
and/or inhibit tumor growth by acting on tumor cells or the host microenvironment
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LOX-COX-derived eicosanoids in tumorigenesis. a Schematic representation of the
generation of cyclic hemiketal (HK) eicosanoids from a converging 5-LOX/COX-2
pathway. Only the generation of HKD,, is illustrated. b Biosynthesis of hemiketals by a tight
interaction between neutrophils— macrophages or neutrophils— tumor cells in an inflamed
tumor could play a pro-tumorigenic role by stimulating angiogenesis
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