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Phospholipase A, (PLA,) are esterases that cleave glycerophospholipids to release fatty acids
and lysophospholipids. Inhibition of PLA, alters cancer cell growth and death in vitro and
PLA, expression is increased in breast, lung, and prostate cancers compared to control

tissues. Thus, PLA, may be novel targets for chemotherapeutics. However, PLA, are a diverse
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family of enzymes, encompassing 19 members. The selectivity of these individual PLA, for
phospholipids varies, as does their location within the cell, and tissue expression. Thus,
their role in cancer may also vary. This review summarizes the expression of individual PLA,
in cancers, focuses on the potential mechanisms by which these esterases mediate carci-
nogenesis, and suggests that select PLA, isoforms may be targets for anti-cancer drugs.

© 2007 Elsevier Inc. All rights reserved.

1. Introduction
1.1. Phospholipases A, and cancer

Phospholipase A, (PLA;) are esterases that cleave glyceropho-
spholipids at the sn-2 ester bond to release a fatty acid and
lysophospholipid ([1,2]; Fig. 1). The activity and expression of
several PLA, isoforms are increased in several human cancers
[3-11], suggesting that these enzymes may be targets for anti-
cancer drugs [5]. In order to prove this hypothesis more
information is needed about the role of PLA, in the mechan-
isms of carcinogenesis.

A major mechanism by which PLA, may mediate carcino-
genesis is the release of arachidonic acid, a 20-carbon fatty
acid containing 4 double bonds, from glycerophospholipids.
Once released, arachidonic acid is metabolized by multiple
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enzymes into several molecules, most of which induce cancer
cell growth and proliferation in vitro [12]. In addition, PLA, may
also mediate carcinogenesis by releasing lysophospholipids
(Fig. 1), which can induce cell growth via their metabolism to
lysophosphatidic acid (LPA) [13,14]. Thus, multiple mechan-
isms exist by which PLA, can participate in the development of
cancer.

PLA, inhibitors are attractive anti-cancer targets as they
would theoretically decrease the formation of both arachi-
donic acid and LPA congruently. This would eliminate the
shifting of arachidonic acid to alternate pathways, possibly
decreasing adverse side effects associated with arachidonic
acid metabolism inhibitors [5]. However, PLA, are a diverse
family of enzymes with at least 19 different individual
isoforms [2], some of which have important physiological
roles [1,15]. Thus, general inhibitors that target all PLA, may

Abbreviations: BEL, bromoenol lactone; COX, cyclooxygenase; cPLA,, cytosolic phospholipase A,; CYPP450, cytochrome P450 mono-
oxygneaes; EET, epoxyeicosatrienoic acid; HETE, hydroxyeicosatetraenoic acid; HPETE, hydroperoxyeicosatetraenoic acid; iPLA,, Ca®*-
independent phospholipase A,; LOX, lipoxygenase; LTC,, leukotrienes; LysoPLD, lysophospholipid specific phospholipase D; NSAID,
nonsteroidal anti-inflammatory drugs; PAF, platelet activating factor; PAF-HA, platelet activating factor-acetylhydrolase; PGE,, prosta-
glandins; PGI,, prostacyclins; PLA,, phospholipase A,; PPAR, peroxisomal proliferator activated receptor; sPLA,, secretory phospholipase
Ay; TXA,, thromboxanes
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Fig. 1 - PLA, cleave glycerophospholipids at the sn-2 ester
bond to release a fatty acid and a lysophospholipid. The
cleavage site for PLA, is denoted.

not be practical. Therefore, more studies are needed focusing
on the development of inhibition strategies for individual PLA,
isoforms. Such studies would enhance the development of
PLA, inhibitors for treatment of cancer.

2. PLA, classification, function, and inhibitors
2.1.  Classification of PLA,

PLA, are broadly defined into three different classes; secretory
PLA, (SPLA,), cytosolic PLA, (cPLA,), and Caz"-independent
PLA, (iPLA,) [1,2]. SPLA; are the oldest class of PLA,. They are
found throughout nature, and were originally characterized in

Table 1 - Classification of PLA,

Class Group Molecular Common
weight (kDa) name
Histidine active site
SPLA, I (A-B) 13-15 N/A
1 (A-F) 13-17 N/A
I 15-18 N/A
\% 14 N/A
X 14 N/A
XI (A-B) 12-13 N/A
XII 18-19 N/A
XIII <104 N/A
X1V 13-19 N/A
Serine active site
cPLA, IVA 85 cPLAx
IVB 114 cPLA,B
IVC 61 cPLAyy
iPLA, VIA-1 84-85 iPLA,B (short)
VIA-2 88-90 iPLA,B (long)
VIB 63-88 iPLA,y
PAF-AH VII (A-B) 40-45 PAF-AH (I)
VIII (A-B) 26 PAF-AH (IB)

Adapted from Cummings et al. [1] and Balsinde et al. [2]. d: Dalton.

snake and bee venom [1]. They range in size from 13 to 19 kDa,
typically require Ca* for their activity, and utilize histidine to
hydrolyze the sn-2 ester bond of the glycerol backbone [2].
cPLA, and iPLA, are larger in size, typically 66-90 kDa, and
utilize serine to facilitate the hydrolytic cleavage of the sn-2
fatty acid [2]. While Ca®* facilitates the activity of cPLA,, it is
not needed for the hydrolytic cleavage of the fatty acid. Rather,
the Ca?* is used to facilitate the translocation of cPLA, to
membranes [2]. In contrast to sPLA, and cPLA,, iPLA, do not
require Ca®* for either their activity or translocation to
membranes.

A newer classification system organizes PLA, based on
their genetic sequence into 14 distinct groups (designated by a
roman numeral), encompassing over 19 individual members
(designated by Arabic letters) [2] (Table 1). sPLA, are
represented by Groups I-III, V, and IX-XIV, with Group II
having the most members (Groups IIA-F) [2]. cPLA, are
represented by Group IV PLA,, and include Group IVA, B,
and C PLA,. Group IVC is unique in that it is expressed in
the membrane [16]. iPLA, are represented by Group VI and
there are at least 3 known members [15]. Group VIA-1 and A-2
are splice variants of the same gene and are expressed in the
cytosol [17]. In contrast, Group VIB is a distinct gene product
localized to the endoplasmic, peroxisomal, and mitochondrial
membranes [18,19]. A recent report identified three novel
iPLA, called iPLAy¢, iPLA,(, and iPLA;v [20]. The exact group to
which these PLA, belongis not yet reported, but may be Group
V1. Groups VII and VIII PLA, are Ca®*-independent and range in
size from 26 to 45kDa. They are commonly referred to as
platelet activating factor-acetylhydrolase (PAF-AH) [21]. PAF-
AH utilizes a catalytic serine to hydrolyze the sn-2 ester bond,
but typically act to deacetylate, and inactivate PAF, as opposed
to glycerophospholipids.

2.2. Function of PLA,

The functions of PLA, are as diverse as their classes and
include (1) inflammation [22-24], (2) cell death [1,25,26], (3) cell
growth [27-31], (4) cell signaling [23,32-34], and (5) main-
tenance of membrane phospholipids [35-37]. For the most
part, specific PLA, classes are not assigned to specific
functions. This is due, in part, to the significant overlap that
exists with regards to the ability of PLA, to cleave and release
free fatty acids and lysophospholipids (Fig. 1), a process
inherent to the function of all PLA,.

All PLA, isoforms are capable of mediating inflammation.
However, a majority of studies attribute inflammation to both
SPLA, and cPLA, [38-40]. sPLA, tends to be more associated
with general inflammatory events while cPLA, tends to be
more associated with chronic inflammation, or that induced
by arachidonic acid release [38,39]. These differences may
exist due to the fact the cPLA, prefers phospholipids with
arachidonic acid at the sn-2 bond [41]. Studies also suggest
roles for iPLA, in acute inflammation [39,40]. Most of these
studies focus on PAF-AH [40]. However, at least one study has
suggested a role for Group VI iPLA, (iPLA,B) in acute
inflammation [39].

PLA, can mediate the mechanisms of cell death indepen-
dently of inflammation [1,24], and all three classes of PLA, are
known to be involved. Roles for both cPLA, and iPLA, are
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Fig. 2 - Role of PLA, in the generation of mitogneic lipid
signals. PLA, cleave glycerophospholipids to release
arachidonic acid and lysophospholipids. LysoPLD can
metabolize lysophospholipids to lysophosphatidic acid
(LPA), which is reported to be mitogenic in several cells.
The lysophospholipid may also act as an acceptor for fatty
acids and be inserted into the membrane. Arachidonic
acid can be metabolized by cyclooxygenases (COX),
lipoxygenases (LOX), or cytochrome-P450
monooxygenases (CYP450). Metabolism of arachidonic
acid by COX results in the formation of thromboxanes
(TXA,), prostacyclins (PGI,), and prostaglandins (PGE,).
Metabolism by LOX results in the formation of
hydroperoxyeicosatetraenoic acids (HPETE) and
leukotrienes (LTC,). Metabolism by CYP450 results in the
formation of hydroxyeicosatetraenoic acids (HETE) and
epoxyeicosatrienoic acids (EET). All of these metabolites
are reported to be mitogenic by several mechanisms,
which are indicated.

reported in Fas- and TNF-induced cell death in human
leukemia cell lines [25,42], and iPLA, mediates cisplatin-
induced cell death in renal proximal tubule cells [43]. Both
sPLA, and cPLA, mediate oxidant-induced cell death in several
cells lines [44].

One of the main mechanisms by which PLA, mediate cell
death is by the release of arachidonic acid, which is
metabolized to several species reported to stimulate caspase
activation [1,25] (Fig. 2). However, recent studies demonstrate
that arachidonic acid can induce cell death with out
metabolism. For example, arachidonic acid can disrupt
membrane integrity by acting as a detergent [45]. Further,
evidence in isolated mitochondria suggests that Ca®*-induced-
PLA, activity mediates the release of arachidonic acid, which
induces mitochondrial permeability transition [46]. Other
studies demonstrate that arachidonic acid can induce mito-
chondrial swelling and an uncoupling of oxidative phosphor-
ylation by inhibition of NADH-Coenzyme Q oxidoreductase
activity [26]. Thus, PLA, can mediate cell death via direct
alteration of mitochondrial function.

PLA, can also function to mediate cell growth. This
function is again mediated by cleavage and release of fatty

acids and lysophophospholipids. Both the fatty acid and
lysophospholid mediate cell growth in a stimulus and cell-
dependent manner by activation of both kinases and
receptors. It is in this manner that PLA, function in cell
signaling. The functions of PLA, in cell growth and cell
signaling are discussed at depth below.

The function of PLA, in the maintenance of membrane
phospholipids is mainly attributed to iPLA,. In fact, the first
defined role of Group IVA PLA, (iPLA,B) was that of a ‘house-
keeping’ role involving phospholipid remodeling of the cell as
part of the Lands cycle [47]. This cycle is a reacylation/
deacylation process of incorporating free fatty acids into
phospholipids that is integral to the maintenance of a normal
cell membrane [48]. In this process, a fatty acid is cleaved by
iPLA,; at the sn-2 of a phospholipid, creating a lysophospholipid
thatisre-esterified with another fatty acid by acyl-CoA:lysopho-
sphatide acyltransferase. Balsinde et al. demonstrated in
P388D1 macrophages that iPLA,was responsible for providing
lysophospholipid acceptors to be re-esterified with arachidonic
acid, and reinserted into the cell membrane [47]. The availability
of lysophospholipids was the rate-limiting step in the process.
This finding was verified using siRNA against iPLA,B [35]. The
modulation of iPLA, activity in correlation with either cell
growth or catabolism, strengthensitsrole asanintegral enzyme
in maintaining cell membrane homeostasis.

2.3. Inhibitors of PLA,

Several inhibitors of PLA, have been developed. These include
general inhibitors, those that differentiate between the catalytic
serine and histidine of PLA, classes, as well as those that can
differentiate between individual PLA, isoforms within the same
class. PLA; inhibitors have been extensively reviewed [22,49].
However, a basic understanding of these inhibitors is invaluable
when trying to determine the role of PLA, isoforms in
carcinogenesis (Table 2). General PLA, inhibitors include
manoalide, and non-specifically decrease the activity of all
PLA, isoforms. Thy do not display any specificity for different
active sites amongst PLA, (histidine versus serine) and are
typically used at high concentrations (>1 mM) [50]. They have
been reported to induce cell death at high concentrations [1].

More advanced PLA, inhibitors display specificity for
individual PLA, classes by targeting the active sites used for
the catalytic hydrolysis of the sn-2 ester bond. For example,
sPLA,; is selectively inhibited by 3-(3-acetamide-1-benzyl-2-
ethylindolyl-5-oxy) propane sulfonic acid (LY311727) [13],
which targets the catalytic histidine of sPLA,. Because it does
not inhibit either cPLA, or iPLA, it can be used to test the
hypothesis that sPLA, mediates cancer cell growth.

In contrast to LY311727, methylarachidonyl flouropho-
sphonate (MAFP) and arachidonyl triflouromethyl ketone
(AAOCFs;) target the catalytic serine active site common to
both cPLA, and iPLA,, but not sPLA, [1,13]. These inhibitors can
be used to distinguish between sPLA, and cPLA,/iPLA, activity.
The ICs, for these compounds against purified cPLA, oriPLA; is
approximately 0.5 uM [15,51]. However, most studies using
these compounds in cell cultures or tissue extracts use 5-
10 uM [1,13,19,43,52].

Bromoenol lactone (BEL or (E)-6-(1-bromoethyle)tetrahy-
dro-3-(1-naphthalenyl)-2H-pyran-2-one)) inhibits iPLA,, but
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Table 2 - Inhibitors of PLA,

Isoform Inhibitor ICso® Reference
All Manoalide 500 pM/1 mM [22]
SPLA, 3-(3-Acetamide-1-benzyl-2-ethylindolyl-5-oxy) propane sulfonic acid 20-40 nM/1 pM [13]
(LY311727)
cPLA, Methyl arachidonyl fluorohosphonate (MAFP) 0.5/10 pM [53]
Arachidonyl trifluoromethyl ketone (AACOCFs) 0.3/10 uM [1,13,22]
iPLA, AAOCF; 0.3/10 uM [1,13,22]
MAFP 0.5/10 uM [1,13,22]
Bromoenol lactone (BEL) 0.5/5 pM [37]
iPLA,y R-Bromonel lactone (R-BEL) 2/2.5 uM [54,56]
iPLA,B S-Bromoenol lactone (S-BEL) 1/2.5 pM [54,56]
PAF-AH Diisopropylfluorophosphate (DFP)® 1/1 mM [55]
Phenylmethylsulfonylfluoride (PMSF)® 1/1 mM [57,58]
MAFP 0.25/5 uM [21]
Pefabloc (4-[2-aminoethyl]benzenesulfonyl fluoride)® 100/200 pM [58]

& x/y: x, Reported ICsp; y, dose commonly used in cells and tissues.

b General inhibitors of serine-esterase and might inhibit cPLA, and iPLA, isoforms.

not cPLA, or sPLA,, and can be used to distinguish between
cPLA, and iPLA, [47]. BEL specificity for iPLA, arises from the
fact that it does not modify the serine active site, but rather
forms a keto acid hydrolysis product that alkylates cysteines
specific to iPLA, isoforms [53]. Recently R- and S-enantiomers
of BEL have been developed that selectively inhibit Group VIB
and VIA PLA,, respectively [52,54]. The mechanisms involved
in this specificity are still under study, but demonstrate that
pharmacological inhibitors of select individual PLA, isoforms
are becoming available. However, more are needed, as they
would be invaluable for the study of carcinogenesis in vivo.

PAF-AH inhibitors include diisopropylfluorophosphate
(DFP) and phenylmethylsulfonylfluoride (PMSF) [55]
(Table 2). However, these are serine-esterases inhibitors and
thus could inhibit cPLA, and iPLA,. Pefabloc (4-[2-aminoethyl]-
benzenesulfonyl fluoride) is also a serine esterase inhibitor
that displays increased sensitivity towards PAF-AH, compared
to either DFP or PMSF (uM versus mM, respectively) [56]. MAFP
also inhibits PAF-AH activity in human coronary artery
endothelial cells; however BEL does not [21]. This specificity
most likely arises because MAFP targets the active site serine
common to PAF-AH, cPLA,, and iPLA,, while BEL does not (see
above). Inhibitors that specifically target PAF-AH and not
cPLA, or iPLA, are still understudy.

The use of anti-sense oligonucleotides, small inhibitor RNA
(siRNA), and knock out mice have resulted in valuable inhibition

strategies capable of targeting individual PLA, isoforms
[28,35,57,58]. These techniques remove the drawback of over-
lapping specificity that exists for many pharmacological
inhibitors. However, the effectiveness of some of these tech-
niques vary from model to model, and many, with the exception
of mice null for cPLA; [59], have only been utilized in vitro.

3. PLA, expression in human cancers

Several studies demonstrate increased expression of PLA, in
human cancers [3-11]. However, with the exception of Group
IIA PLA, (sPLA,), the exact roles for many of these PLA,, and
their contribution towards carcinogenesis are not well under-
stood. Further, many studies typically report the expression of
a specific class of PLA, (SPLA,, cPLA,, or iPLA,), but information
regarding the expression of individual group members is
lacking, with some exceptions. Table 3 lists PLA, isoforms
whose expression are altered in human cancers. A discussion
of the possible roles of these PLA, in multiple human cancers
follows.

3.1. SPLA, expression in human cancers

sPLA, expression and activity is increased in numerous
cancers [9] including breast [7-9], pancreatic [60,61], prostate

Table 3 - Cancers in which PLA, expression is increased

PLA, class Cancers Individual isoform References
SPLA, Breast, prostate, liver, skin, and pancreatic Group II, X [7-11,32-36]
cPLA, Colorectal, small bowel, and lung Group IVA [37,40,41,92]
iPLA,? None to date® ? NA
PAH-AH® Colorectal, lung, thyroid, lung, and brain ? [3,49-51]

Based on both activity and expression in human tissues. ?: unknown.

& Group VI PLA; only.

b Several studies report expression in cancer cell lines, but no in vivo studies with human tissue are reported.
€ Group VII and VIII PLA,.
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[4,10,11,62], liver [63], and skin [7]. A correlation was reported
between sPLA, expression and colorectal cancer, but further
reports failed to provide support for this finding [64], leaving
the role of sPLA, in colorectal cancer unresolved.

Breast cancer was one of the first in which a link between
tumor formation and sPLA, was identified. Yamashita et al. [6-
8] measured the activity of microsomal PLA, activity in tissue
isolated from invasive and benign breast tumors and found
significantly higher levels in metastatic tissues, compared to
benign breast tumor or normal breast tissue. Microsomal PLA,
activities were also higher in patients with skin or muscle
invasion, vessel involvement, and distant metastasis. This
activity was subsequently attributed to Group II PLA, (sPLA,)
[7,9]. The activity and expression of Group II PLA, also
correlated to disease reoccurrence and death, leading to the
hypothesis that Group II PLA, is a prognostic indicator [6,7].

Increased sPLA, expression is also reported in prostate
cancers [4,10,11,62]. This is especially true for Group IIA sPLA,,
which is reported to be expressed at levels 22 times higher
than paired controls [4]. Group IIA sPLA, is also increased in
seminal fluids in prostate cancer patients [62], suggesting it
may serve as a diagnostic tool. In support of this hypothesis
Group IIA sPLA, expression correlated to tumor grade and was
highest in the most poorly differentiated, highest-grade,
primary human prostate cancers [10]. Alterations in the
cellular localization of Group IIA sPLA, have not been reported
to date.

In addition to increased expression, Group IIA sPLA, DNA is
altered in colorectal and intestinal neoplasms [5,65,66]. In
these cancers there appears to be a lack of an allele for Group
IIA sPLA, [66], as opposed to a specific mutation. The loss of
this allele correlates to deletion of coding sequences on
chromosome 4 and altered tumor motility [65,66]. These
studies suggest a genetic link between certain tumors types
and sPLA,. However, this link appears tissue dependent, as
analysis of Group II sPLA, gene sequences in human colon
cancers revealed no mutations, even though mRNA expres-
sion was increased over 100-fold [67]. Further, changes in
expression of Group IIA sPLA, mRNA have not been ade-
quately correlated to activity.

3.2 cPLA, expression in human cancers

cPLA, (Group IVA-C PLA,) expression is increased in several
human cancers including colorectal [68], small bowel [68], and
lung [69] cancers. There is some evidence of a role for cPLA,,
specifically Group IVA PLA,, in human prostate cancer [4].
However, cPLA, expression does not appear to be increased in
human prostate tissues [4]. Rather, the role of cPLA, in
prostate cancer may be to facilitate the activation of sPLA, [4].
Several studies suggest that cPLA, can mediate cancer cell
growth and death in human cancer cell lines [70]. However,
further studies are needed to confirm the role of cPLA, in
cancer cell growth and tumor formation in vivo.

3.3.  iPLA, expression in human cancers
The role of iPLA, (Group VIA and VIB PLA,) in human cancer is

not as well studied compared to sPLA, and cPLA,. Reasons for
this include the fact that several novel isoforms, such as Group

VIB (iPLAyy), have only been identified in the last 7 years [18-
20]. Further, antibodies and inhibitors capable of differentiat-
ing between different iPLA, group members (i.e. between
Group VIA and VIB PLA,) have only become available in the last
5 years. While there is a lack of data about the expression of
iPLA, in cancers, several in vitro studies demonstrate that both
Group VIA and VIB PLA, are expressed in human pancreatic
[71], kidney [72], and brain [27,52,73] cancer cells. Recent
reports also suggest that iPLA, mediates cell growth in both
non-cancerous and cancer cell models [27,28]. However, this
work has not been duplicated in vivo.

3.4.  PAF-AH expression in human cancers

With the exception of Group VI PLA,, less is known about
PAF-AH (Group VII and VIII PLA,) expression in human
cancers than other PLA, classes. Reports demonstrate
increased expression in colorectal cancers [74] and increased
activity in thyroid, lung, and brain cancers [56]. PAF-AH
deacetylate and inactivate PAF. PAF levels are elevated in
breast [76], colorectal, and brain cancers [75]. PAF alters the
formation of angiogenic and cytokine networks in these
cancers [75], which may promote migration and prolifera-
tion. Unlike other PLA, classes, the use of PAF-AH inhibitors
(DFP, Pefabloc, and MAFP) may be contradictory for the
treatment of these cancers, as they would increase the level
of PAF. Rather, these data suggest that PAF-AH agonists may
be more valuable. This hypothesis is difficult to prove
pharmacologically as many PAF-AH inhibitors inhibit cPLA,
and iPLA,. However, studies demonstrated that increased
expression of PAF-AH in Kaposi’s sarcoma cells implanted in
SCID mice, and B16F10 mouse melanoma cells implanted in
syngenic C57Bl/6] mice, decreased tumor growth, vascular-
ization, and motility [77].

4, Roles of PLA, in the mechanisms of tumor
formation and cancer cell growth

The roles of PLA, in the mechanisms of carcinogenesis are
diverse and somewhat controversial. They include the
generation of inflammatory mediators that may to tumor
formation [58,62]. In addition, arachidonic acid and lysopho-
spholipids can be metabolized to several molecules that
induce cancer cell growth [23,27,28,40,78,79]. Finally, the
ability of select PLA, to maintain membrane glyceropho-
spholipids may also contribute to cancer cell growth
[27,28].

Regardless of the mechanisms involved, PLA, roles in
carcinogenesis stem from their ability to cleave glyceropho-
spholipids and release fatty acids and lysophospholipids
(Fig. 1). These molecules are further metabolized to at least
eight different lipid species, all of which alter cell growth in
numerous models (Fig. 2). These lipids may also induce cell
death [1,2], resulting in controversy as to which lipids are more
important in cell growth and which are more important in cell
death. The roles of PLA, in the mechanisms of inflammation
and cell death have been extensively reviewed [1,2,49,80] and
will not be covered. In contrast, PLA, metabolites as mitogenic
signals are stressed.
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4.1. PLA,-mediated regulation of arachidonic acid

A majority of mitogenic signals derived from PLA, activity
arise from the cleavage and release of arachidonic acid from
glycerophospholipids. All PLA, isoforms are capable of
releasing arachidonic acid, provided they have access to
phospholipids. After release, arachidonic acid is metabolized
by cyclooxygenases I and II (COX-1 and -2, respectively),
lipoxygenases (LOX) [1,81], and cytochrome P450 monoox-
ygenases ((CYP450) [23,82]; Fig. 2)). Metabolism of arachidonic
acid by COX-1 and -2 results in the formation of cycloper-
oxides, which can form thromboxanes (TXA,), prostacyclins
(PGL,), and prostaglandins (PGE,). These lipids mediate cell
death, inflammation, vasoconstriction, and vasodilatation in
numerous tissues including platelets [83,84], endothelium [85],
and smooth muscle [54]. They also induce proliferation [86].
Metabolism of arachidonic acid by lipoxygenases leads to the
formation of hydroperoxyeicosatetraenoic acids (HPETE),
which subsequently form leukotrienes (LTC,4), which mediate
vascular function during injury and inflammation [2]. Meta-
bolism of arachidonic acid by CYP450 results in the formation
of hydroxyeicosatetraenoic acid (HETE) and epoxyeicosatrie-
noic acid (EET) [23,82]. HETE and EET are reported to mediate
vascular tone and ion transport in epithelial cells [82], act as
peroxisomal proliferator activated receptor (PPAR) agonists,
and as angiogenic and mitogenic signals [87].

4.1.1. PLAj,-mediated regulation of COX and cancer

COX metabolize arachidonic acid to cycloperoxides, which can
form TXA,, PGl,, and PGE,. COX expression is increased in
colon, pancreatic, breast, prostate, lung, skin, urinary bladder,
and liver cancers [4,12,86,88,89]. Studies in human cancer cell
cultures demonstrate that COX inhibition decreased cell
growth and exacerbated chemotherapeutic-induced apopto-
sis in breast [90], prostate [4], colon, lung, and liver cancer cells
[89].

The above studies suggest that inhibition of COX expres-
sion or activity would decrease tumor formation in vivo. This
hypothesis is supported by correlations between the use of
nonsteroidal anti-inflammatory drugs (NSAIDs), which inhibit
COX activity, and reductions in colorectal, esophageal, breast,
lung, and bladder cancers [12,86,88]. The COX-2 inhibitor
Celecoxib, increased breast cancer cell death in vitro [90], and
decreased malignancies in human patients [86], suggesting
that this isoform may be one chemotherapeutic target for
treatment of breast cancer.

COX-mediated generation of PGE, may be one mechanism
by which this enzyme controls cancer cell growth. PGE, levels
are increased in several cancers [4,12,86,91] and correlate to
tumor formation. PGE, actions are initiated upon binding to G-
protein coupled receptors, which activate second messengers
that induce cell proliferation, migration, apoptosis, or angio-
genesis [12,86]. Further, PGE, also feedback to increase the
expression of COX-2 [92], possibly by mechanisms involving
the activation of cPLA,, sPLA,, and PPAR-y [92]. This positive
feedback cycle increases COX-2 activity, leading to increased
generation of PGE,, increased mitogenic signals and increased
cancer cell growth.

Regulation of COX activity by PLA, is primarily a result of
generation of arachidonic acid as a substrate. Studies also

suggest that Group IV PLA, (cPLA,) and Group II PLA, (sPLA,)
directly regulate COX expression by mechanisms that are still
under study [4,88,93]. However, such regulation does not occur
in all cancers, as studies reported no alterations in either COX-
1 or -2 expression in mice lacking cPLA, [58]. Regardless of the
mechanisms PLA, activity generates the arachidonic acid
substrates for COX enzymes. Therefore, studies are needed
testing the effect of combinatorial treatments of COX and PLA,
inhibitors on cancer cell growth and tumor formation.

4.1.2. PLAj,-mediated regulation of LOX and cancer
Arachidonic acid is metabolized by LOX to generate HPETE and
LTC,4. Multiple LOX isoforms exist including 5-, 12-, and 15-LOX
[12,94]. These isoforms are expressed in several cancers
including colon, pancreatic, breast, prostate, lung, skin,
urinary bladder, and liver cancers [12,4,94,95]. Like LOX
expression, HPETE and LTC,4 levels correlate to cancer cell
growth, proliferation, and invasion in prostate [96-98], and
breast [94] cancer cell lines. The mechanisms involved include
the activation of epidermal growth factor receptors [96],
inhibition of apoptosis [97], alteration in the activity of protein
kinase c [98], stimulation of cell adhesion to extracellular
matrices [99], or activation of transforming growth factor-p1-
activated protein kinase-1 (TAK1) or mitogen activated protein
kinases kinase 6 [99].

Similar to COX-1 and -2, PLA, regulate LOX activity by
producing arachidonic acid. However, correlations exist
between the expression of select PLA, and LOX isoforms that
go beyond the simple providing of the arachidonic acid
substrate [4,12]. Studies demonstrate that increased LOX
expression correlates to increased PLA, expression [30,100].
For example, cPLA, (Group IV cPLA,) mediated activation of 12-
and 15-LOX results in a signaling cascade involving both MIP-2
and AP-1 activation, resulting in the increased expression of
Group IIA sPLA, [100]. These processes appear to be partially
independent of arachidonic acid. Because of these studies,
recent reviews suggest that better outcomes in the treatment
of cancer may be seen using combinatorial therapies of LOX
and PLA, inhibitors [4].

4.1.3. PLAj,-mediated regulation of CYP450 and cancer
CYP450 metabolizes arachidonic acid to hydroxyeicosatetrae-
noic acids (HETE) and epoxyeicosatrienoic acids (EET) [23,82].
HETE and EET are reported to mediate vascular tone and ion
transport in epithelial cells [82], act on peroxisomal prolif-
erator activated receptors [87], and as angiogenic and
mitogenic signals [87]. Several studies demonstrate correla-
tions between the expression of arachidonic acid metabolizing
CYP450 and cancer cell growth in vitro [101]. These include
CYP2W1 [101], CYP2J2 [102], and possibly CYP1A1 and 4A1 (in
rats) [103].

Similar to COX and LOX, PLA, can regulate CYP450 activity
by producing arachidonic acid. However, in contrast to COX
and LOX, few studies report links between PLA, and CYP450
expression. Selected studies suggests that increases in
CYP2C12 expression are regulated by PLA,-mediated release
of arachidonic acid [104]. This regulation may exist due to
arachidonic acid-mediated activation of PPARa [105,106].
However, it's not known if these signaling mechanisms are
critical in tumor formation or cancer cell growth.
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4.2. PLA,-mediated regulation of lysophospholipids and
cancer

For every fatty acid generated by PLA,, a lysophospholipid is
also generated (Fig. 1). Lysophospholipids differ in terms of
their polar head group, the length of the fatty acid chain on the
sn-1 position of the glycerol backbone and the saturation of
this chain [79]. Once released they can be re-incorporated with
fatty acids and re-inserted into the membrane (Fig. 2), or can
be further metabolized by a lysophospholipid specific phos-
pholipase D (LysoPLD, also called autoxaxin) to produce
lysophosphatidic acid [79]. LPA is degraded by lysopho-
spholipases to monoacylglycerols, free fatty acids, and
glycerophosphates [79].

The conversion of lysophospholipids to LPA is most likely
how PLA,-generated lysophospholipids induce cancer cell
growth [79]. Both LPA and LysoPLD are increased in ovarian
and prostate cancers [79], and increased LPA correlates to
cellular proliferation, differentiation, inhibition of cell death,
and invasiveness [79,107]. LPA mediates these processes by
activating G-protein-coupled receptors leading to increases in
several second messengers such as cytosolic calcium and
cAMP levels, and activation of Rac and Rho small GTPases,
protein kinase C, phosphatidylinositiol 3 kinases, the Ras
MAPK, and proteases [79].

PLA, contribute to the regulation of LPA by producing
lysophospholipids, which are metabolized by LysoPLD. All
PLA, isoforms can participate in LPA production [14,108].
However, the role of PLA, appears to favor the generation of
substrates, as opposed to the direct regulation of LysoPLD
[108]. To date, it is not know if specific PLA, classes have
differential roles in LPA production in cancer cells.

4.3.  PLA,-mediated regulation of glycerophospholipids
and cancer

PLA, play major roles in the maintenance and remodeling of
glycerophospholipids, especially those that contain arachi-
donic acid [27,28,35,47]. Both cPLA, and iPLA, participate in
phospholipid remodeling. Individual isoforms known to be
involved include Groups IVA, IVC, VIA, and VIB PLA, [27,28].
These PLA, do not directly synthesize glycerophospholipids.
Rather they are critical in the generation of lysophospholipid
acceptors [35,47], which serve as substrates for reacylated
fatty acids. In the absence of PLA, activity, lysophospholipids
are not released, resulting in a decrease in select phospho-
lipids and cell growth [35,47].

The role of PLA,; in the regulation of phospholipids during
cancer cell growth is still being investigated. Studies using
both pharmacological and molecular inhibition strategies
demonstrate that iPLA, inhibition decreases arachidonic acid-
containing phospholipids and cell growth [27,28]. Decreases in
arachidonic-acid containing phospholipids may serve to limit
the release of arachidonic acid, leading to a decrease in the
generation of mitogenic lipid signals by COX, LOX of CYP450
(Fig. 2). In contrast, decreases in these phospholipids may also
reduce the release of lysophospholipids, leading to decreases
in the production of LPA (see above).

Recent studies suggests that inhibition of a specific PLA,,
Group VIA iPLA,, or iPLA,p as it's commonly called, decreased

both arachidonic acid-containing phospholipids and cell
proliferation [27,28]. In contrast, inhibition of Group VIB
PLA, (iPLAyy) had no effect [28]. These data suggest the
hypothesis that iPLA,8 may be a novel chemotherapeutic
target for inhibition of cancer cell growth.

5. Conclusion

The question can be posed if enzymes that mediate the
formation of arachidonic acid and lysophospholipid metabo-
lites are better anti-cancer targets than PLA,. This is a valid
question and these pathways certainly deserve further study.
However, some inhibitors of arachidonic acid metabolism,
such as COX-2 inhibitors, have severe and unpredictable
cardiovascular side effects [86]. This toxicity may be a result of
the fact that if arachidonic acid is not metabolized by COX-2 its
metabolism may be shifted to other enzymes, such as COX-1,
LOX, or CYP450. This may induce inflammation or life-
threatening alterations in smooth muscle and vascular tone
[15,24,80,82].

PLA, represent the primary step in the arachidonic acid
signaling cascade and the formation of Isyophospholipids
(Fig. 2). Inhibition of PLA, would not only decrease the overall
release of arachidonic acid, but would also inhibit the
activation of epigenetic pathways such as those involving
PPARs. Further, inhibition of PLA, would decrease the
generation of lysophospholipids. These facts, combined
with the increased expression of PLA, in several cancers,
support the hypothesis that PLA, isoforms are therapeutic
targets for anti-cancer agents. To prove this hypothesis,
more studies are needed determining the differential roles of
individual PLA, isoforms in tumor formation and growth.
These studies will aid in the development of specific
pharmacological, and molecular, inhibitors for in vivo cancer
studies. In addition, studies are needed testing the effect of
PLA, inhibitors in combination with existing chemother-
apeutics on cancer cell growth. Finally, studies are needed
testing the effect of PLA, inhibitors in combination with
agents that target COX, LOX, and CYP450, on cancer cell
growth.
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