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Summary

Prostaglandins and other eicosanoids have been studied extensively in their physical, biochemical, biophys-
ical and pharmacological aspects. However, studies on their role in tumor progression, especially metastases
are relatively recent. Following a brief overview of the history of discovery and metabolism of eicosanoids
and other fatty acids, we discuss the functions of these fatty acids (with emphasis on prostacyclin, thrombox-
ane A,, 12-hydroxyeicosatetraenoic acid and 13-hydroxyoctadecadienoic acid) in cell transformation, tumor
promotion and particularly in tumor cell metastasis. The relation between these monohydroxy fatty acids
and tumor cell metastasis is discussed from three different perspectives, i.e., their effects on tumor cells, on
platelets and on endothelial cells. The mechanism of these effects are then addressed at cell adhesion
molecule, motility, protease, cell cytoskeleton, protein kinase and eicosanoid receptor levels. Finally,
regulation of three key enzymes which generate eicosanoids (phospholipase, prostaglandin endoperoxide

synthase and lipoxygenase) is explored.

Prostagladins (PGs), thromboxanes (TXs), leuko-
trienes (LTs) and hydroxyeicosatetraenoic acids
(HETES) have been studied extensively since their
discoveries. The vast biological activities of these
eicosanoids and their pharmacological importance
are beyond the scope of our review. Here, we will
focus on thromboxane A, (TXA,), prostacyclin
(PGI,) and 12(S)-hydroxyeicosatetraenoic acid
[12(S)-HETE] and their activities which can affect
tumor metastatic behavior. We will also discuss the
effect of 13(S)-hydroxyoctadecadienoic acid
[13(S)-HODE)], a metabolite of linoleic acid, on
tumor cells. However, a brief introduction on ara-
chidonic acid (AA) and linoleic acid (LA) metabo-
lism is desirable for readers who are not familiar
with eicosanoids and other polyunsaturated fatty
acids.

Historical overview

Research on prostaglandins and other fatty acids
can be traced back about 60 years ago to two inde-
pendent groups. In 1929, two biochemists George
Burr and Mildred Burr at University of Minnesota
discovered that fats contain a substance essential
for growth and health. One year later, they identi-
fied the substance as linoleic acid, now known as
one of the essential fatty acids. This 18-carbon fatty
acid can be metabolized to hydroxyderivatives or
converted to other essential fatty acids, i.e., diho-
mo-y-linolenic acid and arachidonic acid. These
two fatty acids then can be bioconverted to pros-
taglandins and other eicosanoids. Eicosanoid is a
generic term, introduced by E.J. Corey, for ox-
ygenated metabolites of polyunsaturated 20 carbon
fatty acids. Greek eikosi means twenty. In 1930,
New York gynecologist Raphael Kurzrok and
pharmacologist Charles Leib observed that human
semen could cause uterine contractions in some
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women but relaxation in others, and strips of hu-
man uterine tissue would contract or relax when
treated with different semen samples. This work
was extended by Maurice Goldblatt in England and
Ulf von Euler at the Karolinska Institute in Swe-
den. They reported that several substances in hu-
man seminal fluid influenced not only muscle con-
traction, but also blood pressure in animals. The
name prostaglandin was suggested by von Euler in
his paper of 1935. Impeded by World War I1, puri-
fication and structural characterization did not oc-
cur until the 1950s. PGE, and PGF,, (metabolites
of dihomo-y-linolenic acid) were, the first eicosa-
noids crystallized, which led to their structural elu-
cidation in 1962. Soon, biosynthesis of prostaglan-
dins and their analogs was elaborated and a variety
of their biological activities was studied. With the
discovery by Sir John Vane that aspirin and other
nonsteroidal anti-inflammatory agents (NSAID)
inhibited the biosynthesis of prostaglandins, signif-
icant attention focused on PG synthesis inhibitors
for treatment of inflammation. Another major
breakthrough in the prostaglandin field was an-
nounced in 1973 by Hamberg and Samuelsson at
Karolinska as well as by Nugteren and Hazelhof at
Unilever in The Netherlands, who isolated the pre-
viously postulated, arachidonic acid derived pros-
taglandin endoperoxides. On the other hand, in
1969, Priscilla Piper and Sir John Vane, then at the
Royal College of Surgeons in London, described a
short-lived substance formed in guinea-pig lung
during anaphylaxis and named it rabbit aorta con-
tracting substance (RCS). RCS appeared to con-
tain a minor amount of PGG, and/or PGH,, and a
major unknown component which had a half-life of
~ 30sec in water. Meanwhile, Svensson, Hamberg
and Samuelsson at the Karolinska found a potent
platelet ‘aggregating factor resembling the major
component of RCS. Later studies defined the
structure of this unstable factor, now known as
thromboxane A,. Because they are similar regard-
ing conditions under which they formed and their
chemical and biological properties, TXA, and the
major component of RCS are considered to be
identical. In 1976, discovery of a new substance,
whose major biological properties are opposite to
those of TXA,, was announced by Salvador Mon-

cada, Ryszard Gryglewski, Stuart Bunting, and Sir
John Vane who had moved to Wellcome Laborato-
ries. In a collaborative effort by groups at Well-
come and Upjohn, this substance was identified as
the PGI, and named prostacyclin by Vane. Prosta-
cyclin is 30 times more active as an inhibitor of
platelet aggregation than is PGE,, and has a half-
life of ~ 3 min at 37°C in aqueous solution. Thus,
three important arachidonic acid metabolites, i.e.,
prostaglandins, prostacyclin and thromboxanes
were identified. Another important group of me-
tabolites of arachidonic acid, the leukotrienes,
were first described in 1930 by Feldberg and Kella-
way in England, and named slow-reacting sub-
stance (SRS) because of their slow onset of small
intestine contraction. In the early 1950s, W.E.
Brocklehurst coined the term ‘slow reacting sub-
stance of anaphylaxis’ or SRS-A to describe the
reactive material generated during an anaphylactic
event. Although SRS and SRS-A are generated by
different means, they are considered to be identical
and the terms are used interchangeably. During
studies on polymorphonuclear leukocytes in 1975,
Samuelsson and his colleagues identified one of the
polar substances in SRS-A as (5S,12R)-5,12-dihy-
droxy-6,8,10,14-eicosatetraenoic acid, now called
leukotriene B,. Samuelsson coined the term leu-
kotriene to designate the conjugated triene of ara-
chidonic acid metabolites derived from leukocytes.
After the discovery of LTB,, other LTs soon were
identified. Hydroxyeicosatetraenoic acids were
first found in plants and later in animals. In 1974,
Hamberg and Samuelsson discovered that a human
platelet lipoxygenase catalyzes the conversion of
AA into 12-S-hydroperoxy-5,8,10,14-eicosatetra-
enoic acid (12-HPETE) which is rapidly reduced to
12-HETE. Subsequently, they identified S-HETE
from polymorphonuclear leukocytes in 1976 and
15-HETE from neutrophils in 1979. However, un-
til recently, there was little interest in HETEs be-
cause they were considered to be biologically in-
active.

Arachidonic and linoleic acid metabolism

Arachidonic acid is released from phospholipids
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Fig. 1. Metabolism of arachidonic acid by lipoxygenase, pros-
taglandin endoperoxide synthase and cytochrome P450 mono-
oxygenase. HPETE: hydroperoxyeicosatetraenoic acid;
HETE: hydroxyeicosatetraenoic acid.

mainly by the action of phospholipase A, and is the
substrate for lipoxygenases, prostaglandin endope-
roxide synthase and cytochrome P-450 monoox-
ygenase (also known as epoxygenase) (Fig. 1). AA
is metabolized to 5-hydroperoxyeicosatetraenoic
acid (5-HPETE) by S5-lipoxygenase (5-LOX), to
12-HPETE by 12-LOX and to 15-HPETE by 15-
LOX. Then, 5-HPETE can be converted to 5-
HETE and LTs, 12-HPETE to 12-HETE and he-
poxilins (HXs), 15-HPETE to 15-HETE and lipox-
ins (LXs). AA can also be metabolized to pros-
taglandins, prostacyclin and thromboxanes by PG
endoperoxide synthase, or to epoxides and diols by
cytochrome P-450. Linoleic acid is metabolized to
13-hydroperoxyoctadecadienoic acid (13-
HPODE) and 9-HPODE by 15-LOX. Subsequent-
ly, the HPODESs are converted into hydroxyocta-
decadienoic acids (HODE:s), hydroepoxyoctade-
caenoic acids (HEPOEs) and trihydroxyoctade-
caenoic acids (THOES) (Fig. 2). Many reviews are
available on eicosanoid metabolism, and readers
interested in details are referred to references 1-4.

5-, 12-, 15-lipoxygenases and prostaglandin en-
doperoxide synthase are the major enzymes in-
volved in arachidonic acid metabolism. These en-
zymes have been characterized immunologically
and biochemically [2, 5]. Recently, cDNAs have
been cloned from human [6] and rat [7] for 5-LOX;
from human [8], porcine [9] and bovine [10] for
12-LOX; from human [11] and rabbit [12] for 15-
LOX; from human [13], murine [14] and ovine [15]
for PG endoperoxide synthase. The lipoxygenases
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Fig. 2. Metabolism of linoleic acid by lipoxygenase. HPODE:
hydroperoxyoctadecadienoic acid; HODE: hydroxyoctadeca-
dienoic acid; HEPOE: hydroepoxyoctadecaenoic acid; THOE:
trihydroxyoctadecaenoic acid.

are 662-674 amino acid proteins with a molecular
weight ~75kD, while the PG synthases are ~ 600
amino acid protein of 65-70kD. Gene structure of
human 5-LOX [16], rabbit 15-LOX [12], human
[13] and murine [17] PG synthase have been deter-
mined. Human PG synthase have TATA box-like
motif and several CCAAT sequences. In contrast
to human PG synthase, the murine counterpart
does not contain TATA box nor CCAAT box [17].
The promoter of 15-LOX contains TATA box while
no CCAAT motif at the canonical position in 15-
LOX upstream region was found. Interestingly,
the 5-LOX promoter region contains no TATA and
CCAAT sequences but multiple GC boxes. This
raises the question whether 5-LOXis a housekeep-
ing gene.

Fatty acid effects on tumor cells, platelets and
endotheliuvm

Fatty acids and cell transformation

Cell transformation represents the first step of tu-
morigenesis. In polyoma virus transformed ham-
ster kidney fibroblasts, the production of PGE, and
PGF,o0 was significantly increased [18]. This en-
hanced PG synthesis was mainly due to the polyo-
ma T antigen as demonstrated by the fact that the
biosynthesis of PGs were 2-3 fold higher at the
permissive than at the nonpermissive temperature
using temperature-sensitive mutant transformed
cells [18]. Further studies using polyoma virus
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transformed Balb/c 3T3 indicated that polyoma
transformation induced cells to lose inhibitory con-
trol, to continuously produce PGs without alter-
ation in the PG degradation rate, and to increase
the release of AA from cellular lipids [18]. Trans-
formation by another virus of the Papovaviridae
family, SV40, gave variable results [19, 20]. Barker
et al. [21] showed that activation of p60"* in chick-
en embryo fibroblasts increased the release of pros-
taglandins. They suggested that the effect may be
due to alteration in signal transduction upstream of
phospholipase A, (PLA,) and PG synthase, and
probably involving PLC and protein kinase C
(PKC) pathways. Stimulation of PLA, also was
observed in NIH3T3 transformed by membrane-
associated oncogenes src, met and trk as well as by
cytoplasmic oncogenes mos and raf, with no effect
by nuclear oncogene fos and myc [22]. Han et al.
[23] reported that PGH synthase (PGHS) was in-
duced in murine fibroblasts transformed by Rous
sarcoma virus. Oncogene v-src caused a persistent
induction of PG synthase in contrast to the tran-
sient expression induced by PDGF. This persistent
induction is probably independent of the PKC
pathway since down-regulation of PKC inhibited
induction of PG synthase by PMA but not by
p60v+[23]. Recently, a src-inducible PG synthase,
termed miPGHSch, was cloned from chicken em-
bryo fibroblasts [24]. It shares 59% homology with
sheep PGHS. However, significant differences ex-
ist between miPGHSch and sheep PGHS. The
most intriguing differences are that miPGHSch is
in low abundance in nonproliferating cells and in
high abundance in src-transformants, and the
miPGHSch mRNA present in resting cells is found
to be nonfunctional due to an unspliced intron that
separates the signal peptide from the remainder of
the protein [24]. Another unique feature is that the
2.3kb-long, AU-rich 3’ untranslated region of
miPGHSch mRNA contains 16 copies of Shaw-
Kamen repeats (5'-ATTTA-3') which confer in-
stability to transcripts. The Shaw-Kamen sequence
is found in multiple copies in the 3’ untranslated
regions of many mRNAs that encode proteins in-
volved in growth control, including cytokines and
transcription factors. The 3’ untranslated region of

the sheep 2.8kb mRNA is not AU-rich, and con-
tains only one copy of the ATTTA sequence.

Fatty acids and tumor promotion

The relationship between eicosanoid synthesis and
tumorigenesis has been studied extensively. To
various degrees, almost all cancers can form more
prostaglandins, especially of the PGE and F series,
than the normal tissues from which they are de-
rived. PG synthesis has been studied in a variety of
human and animal cancers such as carcinomas of
the thyroid, carcinoid and renal phaeochromocyto-
ma, Kaposis sarcoma, ganglioneuroma, neuroblas-
toma, breast cancer, fibrosarcoma, Moloney sarco-
ma, Chondrosarcoma, etc. [25]. The effects of PGs
on tumor promotion are well documented [26, 27].
Both TPA-type and non-TPA type promoters in-
crease prostacyclin [27] and thromboxane produc-
tion [28]. In fact, one may expect that TPA stim-
ulates an overall production of PGs and TXs, since
it enhances PGH synthase activity. TPA up-regu-
lation of PGHS has been observed in human endo-
thelial cells [29], canine kidney {30] and urothelial
[31] cells, rat tracheal epithelial cells [32]. TPA may
regulate PGHS at transcription [32] and/or trans-
lation [29] levels. It has also been shown that TPA
stimulates arachidonic acid release [33]. TPA stim-
ulation may be mediated by protein kinase C [32,
33]. Interestingly, similar stimulation can be
achieved by growth factors, cytokines and hormon-
es such as PDGF [34, 35], EGF [36, 37], TNF [38],
IL-1[38-40] and epinephrine [41]. Actually, PGHS
is an immediate-early gene induced by IL-1 in hu-
man endothelial cells. The inducibility by growth
factors, cytokines and hormones plus the alterna-
tive splicing control of miPGHSch in resting and
src-transformed cells makes the PGHS gene an
interesting model to study the regulation of eicosa-
noid metabolism during cell transformation and
tumor progression. In contrast to the work on the
relationship between PGHS products and cancer,
until recently, little has been done to study the
relationship of lipoxygenase products (i.e.,
HETEs, lipoxins, leukotrienes and hepoxilins) to



tumor initiation, promotion, growth, invasion and
metastasis.

Tumor cell metastasis

Metastasis is a sequential process which requires
multiple phenotypic factors expressed by tumor
cells and is subjected to distinct stimulus regulation
[42]. During the hematogenous phase of metasta-
sis, tumor cells undergo a variety of cell-cell and
cell-matrix interactions, some of which are delete-
rious (i.e., interaction with cells of the immune
system) [43] and some of which are favorable to
tumor cell survival (i.e., interaction with platelets
and attachment to endothelial cells) [44]. Two cell
types, i.e., platelets and endothelium with which
tumor cells interact during hematogenous metasta-
sis are capable of producing a vast array of lipid
mediators by either direct or transcellular metabo-
lism of precursors. Only a few of the many fatty
acids, capable of being synthesized by platelets and
endothelium, have been examined for their rela-
tionship to metastasis. The notable exceptions are
PGIL,, TXA,, 12-HETE and 13-HODE. The re-
mainder of this review will focus on these four fatty
acids as well as their synthetic analogs and their
relationship to a series of key events in the meta-
static cascade. Specially we will discuss tumor cell
arrest and adhesion to endothelium, induction of
platelet aggregation, induction of endothelial cell
retraction, tumor cell motility and spreading on
subendothelial matrix, attachment to that matrix
and protease dependent extravasation. Tumor cell
arrest in the microvasculature is a critical event in
hematogenous metastasis [43]. Following arrest
and attachment to endothelial cells, platelets rap-
idly associate with the arrested tumor cell, and then
they disappear soon after tumor cell contact with
the extracellular matrix is completed [44-46].
While associated with platelets, tumor cells induce
endothelial cell retraction [44—47], spread on sub-
endothelial matrix, release proteases and finally
migrate through the subendothelial matrix [44, 45].

Platelets are capable of synthesizing PGD,,
PGE, and PGF,, but not prostacyclin. The major

393

PGHS product of AA in platelet is TXA,. Bio-
synthesis of TXA, is associated with intracellular
membrane components of the dense tubular sys-
tem. Platelets also metabolize AA through the li-
poxygenase pathway and the major product is 12-
HETE. No leukotrienes and other HETEs have
been found [48]. The main product of AA in vascu-
lar tissue is prostacyclin and endothelial cells are
the most active cell type to produce prostacyclin.
Synthesis of TXA,, PGE,, PGF,, and a small
amount of PGD, has also been demonstrated in
vascular tissue [48]. Endothelial cells also produce
a significant amount of 13-HODE from linoleic
acid by 15-lipoxygenase [49] and the presence of
5-LOX and leukotriene-like material has been
demonstrated as well as 12-LOX activity [4, 50].

In contrast to platelets, vascular endothelial cells
elaborate PGIL, as their major PGHS metabolite
which plays a paramount role in maintaining the
normal non-thrombogenicity of the vessel wall by
preventing platelet adhesion and aggregation.
Honn et al. [51] first demonstrated that exogenous
PGI, significantly inhibited B16 amelanotic melan-
oma (B16a) cell lung colony formation in syngeneic
mice, and that inhibitors of PGI, synthesis in-
creased the experimental metastases of B16a cells.
This experimental finding established, for the first
time, that PGI,, and possibly its synthetic analogs,
possess anti-metastatic potential which may have
therapeutic significance. Thereafter, a number of
experiments conducted in laboratories worldwide
have provided confirmative evidence for the anti-
metastatic effect of PGI, and its analogs including
epoprotenol, eptaloprost, iloprost and cicaprost
(Table 1 and references therein). So far the anti-
metastatic effects have been observed on a wide
spectrum of tumor cells from different species and
of different histopathological types, including mel-
anoma, fibrosarcoma, reticulum carcinoma, and
the carcinomas of the lung, breast, colon, pancreas
and the prostate, although a few negative results
also have been reported (Table 1).

Based on early experimental observations with
exogenous PGI,, Honn et al. [51, 116, 133] pro-
posed that the production of PGI, by the vascular
endothelium may constitute a natural deterrent
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to hematogenous metastasis. Other experiments
also revealed that treatment of tumor cells with
TXA, synthase inhibitors also inhibited their lung-
colonizing capacity [133]. This led to the further
hypothesis that EC-derived PGI, and platelet-elab-
orated TXA, represent two antagonistic biological
mediators whose balanced ratio maintains the ad-
hesivity and thrombogenicity of the vessel wall and
modulates tumor cell adhesion, that highly meta-
static cells disrupte and shift the PGIL,/TXA, bal-
ance to a proaggregatory condition in favor of
thrombosis and metastasis, and that modulation of
PGI,/TXA, ratio may be a rational and effective
approach to disrupt of the metastatic cascade [53,
134-136]. Many lines of experimental evidence ac-
cumulated so far have lent support to the validity of
the above proposals. First, it was noted that when

mice were perfused with 15-HPETE (hydroperoxy
fatty acids in general are potent inhibitors of pros-
tacyclin synthase) 20 min prior to tail vein injection
of Bl6a tumor cells, three to five times more pul-
monary metastatic lesions were observed. In-
creased macroscopic tumors were also found in the
liver and spleen. Infusion of 15-HPETE followed
by PGI, plus theophylline significantly reduced the
number of metastases compared to 15-HPETE
alone [53; see ref 57 for review]. Second, Menter et
al. [137] examined tumor cell-platelet-endothelial
cell interactions under dynamic conditions involv-
ing shear forces. Rat aortic EC were grown on
microcarrier beads and coincubated with rat plate-
lets and Walker 256 carcinosarcoma cells in an
aggregometry cuvette. These microcarrier grown
EC inhibited TCIPA in a dose dependent fashion.

Table 1. Anti-metastatic effects of prostacyclin (PGI,) and its analogs*

Chemical Effect? Tumor cells Year Reference

reported
Prostacyclin + B16a melanoma 1981 Honn et al. {51]
Forskolin* + B16-F10 1983 Agarwall & Parks [115]
Prostacyclin + Bi6a, 3LL 1983 Honn [116]
Epoprostenol + Lung carcinoma 1984 Tanaka & Fukumoto [117]
Prostacyclin - 3LL, B16a, colon carcinoma 1984 Karpatkin et al. [118]
Prostacyclin + Lung carcinoma, B16 1984 Gorelik et al. [119]
Prostacyclin + Bl6a 1987 Jeney et al. [120]
Prostacyclin + Fibrosarcoma 1988 Mabhalingam et al. [121]
PG12 & Tloprost + BL6 melanoma 1988 Constantini ef al. [122]
PGI2-TEI8153 + Fibrosarcoma 1988 Niitsu et al. [123]
Tloprost + 3LL 1989 Sava et al. [124]
Prostacyclin + Pancreatic carcinoma 1989 Kato et al. [125]
Prostacyclin + Pancreatic carcinoma 1990 Tzanakakis et al. [126]
Prostacyclin + 3LL 1990 Lapis et al. [127]
Cicaprost + B16BL6 1990 Constantini et al. [128)
Tloprost melanoma
Eptaloprost
Tloprost + Prostate 1990 Schneider et al. [129]
Eptaloprost carcinoma
Cicaprost + 3LL 1990 Giraldi et al. [130]
Eptaloprost
Cicaprost + Reticulum carcinoma 1991 Schirner & Schneider {131]
Cicaprost + Reticulum carcinoma; 3LL; 1992 Schirner & Schneider [132]

prostate and mammary carcinoma

# Modified from 71 with permission.

* Not a prostacyclin analog. Included because it also activates adenylate cyclase and thus elevates cCAMP.
t + Anti-metastatic effect; — no anti-metastatic effect; * in this case, PGI, alone showed little anti-metastatic effect, but combination

with heparin resulted in dramatic metastasis-suppressing effect.



The ability of the microcarrier grown EC to inhibit
TCIPA was dependent upon their endogenous pro-
duction of PGI,. This conclusion was based on the
following results: 1) an increased number of micro-
carrier grown EC caused a prolongation of aggre-
gation lag time; 2) an increased number of micro-
carrier grown EC caused a proportional increase in
PGI, synthesis measured as the metabolite, 6-keto-
PGFla; 3) an increased number of microcarrier
grown EC resulted in an inverse correlation with
TXA, production by platelets; 4) indomethacin
pretreatment of microcarrier grown EC caused de-
creased PGI, production which resulted in a de-
creased ability of these EC to inhibit TCIPA and
tumor cell adhesion to EC; 5) the dose dependency
for inhibition of TCIPA and tumor cell adhesion to
EC by endogenous PGI, was the same as that ob-
served for exogenous PGIL,. Third, a Rous sarcoma
virus transformed EC line (RCEtl) was derived
from primary rat cerebral EC [53]. A comparison
was made of the adhesion of rat Walker (W256)
carcinosarcoma cells to monolayers of RCEt1 and
to monolayers of normal rat EC (RAEC) in the
presence and absence of platelets. The trans-
formed EC demonstrated a normal morphology
and elaborated factor VIII, von Willebrand factor
and angiotensin converting enzyme. However,
these cells lacked the ability to produce PG, in
response to external stimuli. As shown in Fig. 3A,
when W256 carcinosarcoma cells alone or together
with washed rat platelets were added to monolay-
ers of RCEt1 cells, there was no change in terms of
PGI, production by these monolayers. In contrast,
when W256 cells or W256 cells plus washed plate-
lets were added to normal rat EC a significant
increase in PGI, production was observed (Fig.
3A). Not unexpectedly, both W256 cells alone and
W256 cells plus platelets adhered to the PGI, defi-
cient RCEt1 monolayer to a greater extent than to
a normal rat EC monolayer (Fig. 3B). Fourth,
clinical studies have suggested that PGI, synthesis,
the PGI,/TXA, ratio, and/or PGI, biological Ty,
are altered in many cancer patients. For example, a
decreased plasma or urinary PGI,/TxA, ratio has
been observed in patients with breast cancer, meta-
static ovarian cancer, carcinoma of the head and
neck, renal cell carcinoma, gestational choriocarci-
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Fig. 3. Endogenous PGI, derived from EC inhibits tumor cell
adhesion. Depicted is the relationship between the PGI, pro-
duction by RCEt1 (a Rous sarcoma virus transformed EC line),
RAEC (rat aortic EC) and platelet enhanced tumor cell ad-
hesion to EC. a, W256 cell (2.5 x 10%) alone; b, W256 cells plus
washed rat platelets (3 x 10%); ¢, W256 cells plus 0.1% platelet
poor plasma (PPP); d, W256 cells plus platelets (3 X 10%) and
0.1% PPP. Taken from ref 57 with permission.

noma, and also in many animal tumors [57, 138
140]. In comparing the urinary excretion of PGI,
and TXA, metabolites in 19 women with gestation-
al choriocarcinoma and 20 healthy age-matched
women, Aitokallio-Tallberg et al. [140] observed
that PGL/TXA, ratio was decreased in cancer pa-
tients as compared to the controls. The decrease in
PGIL,/TXA; may be due to a lower synthesis of PGI,
or a higher synthesis of TXA,, or even a decreased
bioactivity of PGI, (i.e., the ability to inhibit tumor
cell induced platelet aggregation and the duration
of this inhibitory effect) which was observed in
some cancer patients [141]. Furthermore, it was
recently shown that metastatic cells had decreased
NO synthase activity [142] whose enzymatic prod-
uct is nitric oxide, a potent anti-aggregatory agent,
the activity of which is potentiated by PGI,. Fifth,
exogenous PGI, or its analogs and TXA, synthase
inhibitors or TXA, receptor antagonists were
shown to inhibit tumor cell induced platelet aggre-
gation (TCIPA), tumor cell adhesion to endotheli-
um, and cancer metastasis [143-146]. Some calcium
channel blockers could potentiate the antimeta-
static effect of PGI, [147]. Finally, many other
agents which mechanistically mimic the action of
PGI, (i.e., increasing intracellular cAMP levels),
including foskolin, nafazatrom, and phosphodies-
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terase inhibitors also demonstrated antimetastatic
effects [143, 146; see ref 57 and 71 for reviews].

Multiple mechanisms can be involved in the
wide-spectrum in vivo anti-metastatic effects of
PGL. PGI, (and thromboxane synthetase inhib-
itors) have been observed to inhibit tumor cell
proliferation and DNA synthesis by a cAMP-de-
pendent mechanism [133). Constantini et al. [122,
128] have shown that the metastasis-suppressing
effects of PGI, or its analogs may be mediated by its
potentiation of host immunocompetence. More re-
cent experimental results of ours indicate that in-
hibition of TCIPA, tumor cell adhesion to endo-
thelium and subendothelium matrix and tumor
cell-induced platelet-enhanced endothelial cell re-
traction by PGI, and its analogs, may be the most
important and revelant mechanisms [53, 67, 136,
145; see ref 57, 58 and 71 for reviews]. Other mech-
anisms, such as synergism with nitric oxide (NO,
which inhibits TCIPA) may also be involved [142].
At the molecular level, PGI, activates adenylate
cyclase through membrane-bound G-protein (Gs).
Elevated intracellular cAMP activates protein ki-
nase A, which subsequently phosphorylates myo-
sin light chain kinase. Phosphorylated myosin light
chain kinase loses its ability to catalyze the phos-
phorylation of myosin light chain, therefore, cy-
toskeleton-driven cell shape change is inhibited
[see ref 71 for detailed discussions]. This may ex-
plain the inhibition by PGI, (or its analogs such as
cicaprost) of tumor cell-induced endothelial cell
retraction. Also, direct phosphorylation of vimen-
tin by protein kinase A leads to the disruption of
the vimentin filaments [148}. Increased intracellu-
lar cAMP may block the functional activation of
alIbp3 integrin receptor [149]. Concerted action of
these two effects resulting from PGI, activation of
the protein kinase A explain the decreased TCIPA
and tumor cell adhesion to endothelial cells as de-
scribed above.

Arachidonic acid metabolite regulation of TCIPA
Recently, we demonstrated that a lipoxygenase

metabolite of AA, i.e. 12-(S)-HETE, enhances tu-
mor cell induced platelet aggregation [58, 59]. The

role of 12-HETE and TXA, in TCIPA was exam-
ined in a homologous system [60]. Rat Walker 256
carcinosarcoma cells and rat platelets were used in
the in vitro assay. Tumor cells induced the aggrega-
tion of rat platelets via a thrombin-dependent
mechanism with concomitant production of 12-
HETE and TXA,;. The extent of TCIPA was de-
pendent on the concentration of tumor cells used to
induce aggregation and the biosynthesis of platelet
PGH synthase (PGHS) and lipoxygenase (LOX)
products, i.e. TXA, and 12-HETE, were correlat-
ed with tumor cell concentration. PGHS and lipox-
ygenase inhibitors were used to treat platelets be-
fore aggregation assays. PGHS inhibitors, but not
LOX inhibitors, blocked TCIPA at a low concen-
tration of agonist (8.8 X 10* tumor cells). At a high
concentration of agonist (5 X 10° tumor cells), nei-
ther PGHS nor LOX inhibitors alone affected pla-
telet aggregation, however, the combination of
both inhibitors resulted in subsequent inhibition of
TCIPA regardless of agonist concentration. These
results suggest that both the platelet PGH synthase
and lipoxygenase products are important for tumor
cell induced platelet aggregation. TXA, and 12-
HETE employ different mechanisms during TCI-
PA but they may act in synergism.

Adhesion to endothelium

Tumor cell interaction with endothelial cells of the
vessel wall is a critical step in tumor cell metastasis.
12(S)-HETE increased the adhesion of murine
B16a cells to endothelium derived from pulmonary
microvessels. All other monohydroxy and dihy-
droxy fatty acids were ineffective. LTB, induced a
modest stimulation but LTC,, LTD, as well as
LXA, and LXB, were ineffective [61]. The 12(S)-
HETE enhanced adhesion of Bl6a cells was inhib-
ited by pretreatment with 13(S)-HODE but not by
13(R)-, 9(S)-HODE or 13-OXO-ODE [61b].
12(S)-HETE stimulated adhesion was also observ-
ed in Lewis lung carcinoma cells (3LL) [62] and
Walker carcinosarcoma cells (W256) [150]. 12(S)-
HETE, but not 12(R)-HETE, enhanced 3LL cell
adhesion to endothelial cells, subendothelial ma-
trix and fibronectin, but not type IV collagen [62].



Similar enhancement of adhesion can be obtained
by treatment of tumor cells with phorbol ester
PMA. Interestingly, the PMA effect appears to be
mediated by lipoxygenase metabolites [possibly by
12(S)-HETE], as it can be reversed by lipoxyge-
nase inhibitors but not PGHS inhibitors. These
results suggest that 12(S)-HETE can be a physio-
logical mediator during cell processes such as ad-
hesion. 12(S)-HETE stimulated adhesion of both
3LL and W256 cells to endothelium can be blocked
by 13(S)-HODE [62, 150].

Tumor cell induced endothelial cell retraction

The induction of EC retraction is crucial for tumor
cell interaction with subendothelial matrix and sub-
sequent extravasation. Large vessel ECs demon-
strated reversible retraction in response to 12(S)-
HETE, but not the stereoisomer 12(R)-HETE or
other lipoxygenase metabolites i.e. 5(S)-HETE
and 15(S)-HETE. The induction of retraction by
12(S)-HETE was both dose and time dependent
with no cytotoxic effect on EC. Scanning electron
microscopy confirmed the 12(S)-HETE induced
EC retraction and revealed collapsed filopodia on
the cell surface, appearance of spaces between EC
and underlying subendothelial matrix, and large
gaps between adjacent EC [63]. Similarly, 12(S)-
HETE also induces the retraction of pulmonary
microvascular EC [65 and unpublished observa-
tion]. The EC retraction was observed 15 min after
12(S)-HETE treatment, and reached a peak level
between 1-2h. The monolayer reformed by 24 h.
Silver staining and ‘gap-FRAP’ experiments sug-
gest that 12(S)-HETE altered the normally ap-
posed cell junctions and impaired gap junction-
mediated cell-cell communication. It appeared that
the 12(S)-HETE effect was mediated by cytoskele-
tal alteration. The first observed alteration in EC
cytoskeleton following 12(S)-HETE stimulation is
vimentin bundling, followed by the rearrangement
and disruption of vinculin-containing adhesion
plaques and/or simultaneous redistribution of o-
actinin, and disruption of spectrin. These changes
are accompanied by progressive microfilament dis-
solution. During the same time interval, a-actinin
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is mobilized to the cell periphery at cell ‘ruffles’.
The distribution of myosin along the stress fibers
also appeared to be disrupted in some cells. How-
ever, 12(S)-HETE showed little or no effects on
the actin binding proteins filamin and tropomyo-
sin, or on microtubules.

Spreading

Tumor cell adhesion to matrix protein such as fi-
bronectin can be described by two distinct steps,
i.e. the initial tumor cell attachment to matrix and
spreading on that matrix. Treatment of B16a cells
with 12(S)-HETE shortens their spreading time
from 50min (control) to 15min [64], suggesting
that 12(S)-HETE has a significant effect on the
spreading process. However, 12(S)-HETE may
have multiple effects on tumor cells and it may
accelerate other processes during the tumor cell-
endothelium interaction other than spreading.

Source of 12(S)-HETE and 13(S)-HODE

Platelets are a rich source of 12(S)-HETE and they
synthesize 12(S)-HETE in response to tumor cells
as an agonist [66], therefore, platelets may be the
primary contributors of 12(S)-HETE to facilitate
tumor cell induced endothelial cell retraction.
When murine platelets and 3LL carcinoma cells
were simultaneously added to murine pulmonary
microvessel EC monolayers, a platelet dose de-
pendent increase in EC retraction was observed
over the retraction induced by 3LL cells alone or
platelets alone [57]. Pretreatment of platelets with
the LOX inhibitor NDGA, but not the PGHS in-
hibitor indomethacin, abolished their ability to en-
hance tumor cell induced EC retraction. These
results suggest that platelet derived 12(S)-HETE is
the agent responsible for the acceleration of tumor
cell induced EC retraction. When platelets were
pretreated with PGI, or its analogues Cicaprost
and Iloprost, the ability of these treated platelets to
enhance tumor cell induced EC retraction was
abolished as well [67]. Yet, the ability of tumor
cells to induce EC retraction was not significantly
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affected. Since 12(S)-HETE is also produced by a
number of tumor cells such as 3LL [68] and Walker
256 carcinosarcoma cells [150], pretreatment of tu-
mor cells with NDGA, reduced their ability to
induce EC retraction while indomethacin was in-
effective. Treatment of 3LL tumor cells with PGI,,
Hloprost or Cicaprost also inhibits their ability to
induce EC retraction. These results indicate that
platelet enhanced, tumor cell induced EC retrac-
tion can be either blocked by decreasing the level of
12(S)-HETE with LOX inhibitors or counterbal-
anced by prostacyclin. Similarly, if the EC mono-
layer was treated with PGI, or its analogues prior to
the addition of tumor cells, the EC monolayer no
longer retracts in response to tumor cell induction
[57]. Collectively, 1) 12(S)-HETE is a stimulant for
tumor cell induced EC retraction; 2) 12(S)-HETE
can be derived from both platelets and tumor cells,
therefore treatment of tumor cells and/or platelets
with LOX inhibitors can inhibit tumor cell induced
EC retraction; 3) platelets, tumor cells and endo-
thelial cells can be the three targets for PGI, inhib-
itory action.

Previously, we discussed the inhibitory effect of
13(S)-HODE on 12(S)-HETE stimulated tumor
cell adhesion. 13(S)-HODE may also have an in-
hibitory effect on the subsequent processes follow-
ing adhesion such as tumor cell induced EC retrac-
tion and metastasis. Endothelial cells (EC) pro-
duce a significant amount of 13-HODE which acts
as a chemorepellant to maintain the vessel wall
thromboresistance. The 13-HODE production is
decreased by thrombin, calcium ionophore, and
trypsin stimulation [49] as well as by synthetic pep-
tide fMLP and cytokines such as IL-1, TNF treat-
ment [69]. When 13-HODE synthesis is increased
in the resting EC by adding exogenous dbcAMP or
by growing the cells in the presence of a phospho-
diesterase inhibitor (dipyridamole), there is a cor-
responding dose-related decrease in the ability of
tumor cells to adhere to the EC surface. In con-
trast, when 13-HODE is decreased, tumor cell ad-
hesion to EC increases [69]. It has been shown that
13-HODE, produced either by tumor cells or endo-
thelial cells, can inhibit tumor cell adhesion to EC
and pulmonary metastasis. Secondary tumor cell
metastasis is blocked more effectively by increasing

vessel wall 13-HODE level via diet than by in-
creasing tumor cell 13-HODE [70]. However, ex-
ogenous 13(S)-HODE reduces lung colony forma-
tion by high metastatic B16a cells as well as 12(S)-
HETE stimulated lung colony formation by low
metastatic B16a cells [61].

Mechanism of action
Effects on cell adhesion receptors

Platelet adhesion to vascular endothelial cells and
subendothelial matrix, and interaction with circu-
lating cells, e.g. leukocytes, tumor cells, depend on
surface adhesion molecules. So far, members of
three major families of adhesion molecules, i.e.,
integrins, immunoglobulins (Igs) and selectins
have been localized to platelets [71]. In addition,
platelets also express some leucine-rich glycopro-
teins (LRG) and some other minor groups of pro-
teins that may serve certain adhesional functions.
No cadherins have been identified on platelets {71].
Integrins are heterodimeric (an o subunit non-co-
valently associated with a §§ subunit) surface gly-
coproteins which are involved in both cell-cell and
cell-matrix interactions. Platelets express at least
five integrin receptors, i.e. a2f1, a5p1, allbf3 and
avf3, and the alIbf3 which is the most abundant
adhesion receptor and plays a key role in platelet
aggregation [71]. On unstimulated platelets,
olIbf3 is randomly dispersed on the surface and is
capable of recognizing only immobilized fibrino-
gen. Platelet stimulation and aggregation rapidly
causes the alIbB3 complex to become associated
with cytoskeleton [72] and to develop binding affin-
ities for several soluble adhesive glycoproteins in-
cluding fibrinogen, fibronectin, vitronectin, von
Willebrand factor and thrombospondin [73]. Like
platelets, tumor cells express a variety of adhesion
molecules. Among them, integrin aIIbB3 is one of
the most interesting receptors and best studied by us
on tumor cells. The ollbpB3 was considered to be
expressed only in platelets and cells of megakaryo-
blastic potential. We first observed that an allbf3-
like protein was expressed in solid tumor cell lines
by immunocytochemistry [74]. Later, mRNA en-



coding for oIIb and B3 were detected by Northern
blot analysis in several human and murine tumor
cells [75]. Recently, allb and f3 mRNA were am-
plified from B16a cells by reverse transcription-
polymerase chain reaction (RT-PCR) using specif-
ic primers. Partial DNA sequencing revealed that
B16a aIlb shares 80% and 90% homology with
human and rat alIb, respectively, and only 26%
homology with human av [76]. In addition, RT-
PCR combined with sequencing was employed to
screen the expression of alIb on a wide spectrum of
tumor cells (about 20 lines) from different species
and of different histological and pathological types.
Preliminary results indicate that allb is widely ex-
pressed among the tumor cells [77].

Integrin alIbf3 complex or individual subunits
were detected by immunoprecipitation with com-
plex specific antibody or by Western blotting with
subunit specific antibodies [76). Tumor cells orga-
nize the allbp3 receptor to focal adhesions, cell
filapodia, or to the cell surface [74, 78]. Intracellu-
larly, this integrin receptor colocalizes with the
intermediate filament vimentin [59]. Treatment of
tumor cells with anti-alIbf3 antibodies inhibited
tumor cell-induced platelet aggregation [59, 74, 78,
79], tumor cell adhesion to matrix proteins or to
endothelium [62, 79] and experimental metastasis
[79, 80]. As we know, 12-HETE and TXA, are
synthesized by activated platelets in response to
tumor cells [66]. Pretreatment of tumor cells with
anti-alIbp3 antibody inhibited the generation of
platelet TXA, and 12-HETE [59], indicating inte-
grin-integrin interaction transduces a signal for eico-
sanoid production. Cell surface immunoreactivity of
B16a cells for alIbB3 can be enhanced by pretreat-
ment with exogenous 12-(S)-HETE in a dose de-
pendent manner while other lipoxygenase metabo-
lites are ineffective. Bl6a cells possess a large in-
tracellular pool of alIbf3, from which the receptor
complex translocates to the cell surface following
12-(S)-HETE pretreatment. This pretreatment of tu-
mor cells enhances their adhesion to and spreading
on fibronectin, which is mediated exclusively by
oIIbf3 receptors [64, 78]. In contrast, 13(S)-
HODE [62], prostacyclin or its analogues [81] and
lipoxygenase inhibitors [60] down-regulated al-
IbB3 cell surface expression. However, the en-

399

hanced allbB3 expressed was not inhibited by a
PGHS inhibitor (aspirin), a thromboxane synthase
inhibitor (CGS-14854) or stimulated by a TXA,
mimic (pinane-TXA,) [60]. 12-(S)-HETE also fa-
cilitates the redistribution of aIIb83 in the plasma
membrane with localization at the focal adhesion
plaques. Disruption of intermediate filaments and/
or microfilaments prevents the 12-(S)-HETE in-
duced increase in plasma membrane allbp3, and
12(S)-HETE enhanced tumor cell adhesion to fi-
bronectin. The microtubule-disrupting agent, col-
chicine, is ineffective in both respects. These re-
sults suggest that 12-(S)-HETE regulates the sur-
face expression and function of alIbf3 integrin in
Bi6a cells in a cytoskeleton-dependent manner
[78]. Disruption of tumor cell cytoskeleton also
prevented tumor cell-platelet interaction [59]. In
addition, 12(S)-HETE not only can regulate in-
tegrin alIbB3 at the post-translational level as dis-
cussed above, but also may have an effect on the
transcription of allbf3. Four subpopulations of
Bl6a cells, possessing different abilities to induce
platelet aggregation and to form lung colonies,
were isolated by centrifugal elutriation. A gradial
increase in mRNAs and cell surface immunoreac-
tivity of the aIlbf3 receptor, but not in their gene
copies, was observed from the low to the high
metastatic subpopulations. The ability of tumor
cells to adhere to fibronectin and subendothelial
matrix increased in parallel. In the high metastatic
cells, the alIbB3 receptors were localized to focal
adhesion plaques. Incubation of the high meta-
static cells with aIIbf3 specific antibodies reduced
their matrix adhesion, TCIPA and lung coloniza-
tion abilities. The data indicate that enhanced
metastatic potential of Bl6a subpopulations may
be mediated by an increased expression of alIbg3
receptors and that expression of these receptors
may be regulated at the transcriptional level. In-
terestingly, when comparing the level of endoge-
nous 12(S)-HETE and 13(S)-HODE biosynteshis,
a 3-fold greater amount of 12(S)-HETE was found
in the high metastatic subpopulation than that in
the low metastatic subpopulation while the amount
of 13(S)-HODE is similar in both subpopulations
[82, and unpublished observations]. However, this
correlation may be casual rather than causal. Fur-
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ther studies are needed to elucidate the mecha-
nism. Based on the above observations, we hy-
pothesized that tumor cell alIb83 serves as a multi-
functional receptor mediating tumor cell-platelet-
endothelium interactions. Indeed, a nearly linear
correlation (R = 0.918-0.978) can be observed in
B16a cells between the oIIbB3 expression and cell
adhesion to matrix, or TCIPA or lung colonization
[79]. In the previous section we discussed that
12(S)-HETE induces large vessel and microvessel
endothelial cell retraction. It is intriguing that the
biological response to 12(S)-HETE treatment is
significantly different in EC from tumor cells, i.e.,
12(S)-HETE induces EC retraction whereas it in-
duces tumor cell spreading. Vitronectin receptor
(avB3) and fibronecting receptor (a5p1) are two
major integrins in endothelial cells. These two re-
ceptors were localized to both cell-matrix (focal
adhesions) and cell-cell (cell borders) contact sites
in confluent EC monolayer. Both receptors were
functional in that specific antibodies inhibited EC
adhesion to intact subendothelial matrix while only
avf3 antibody disrupted the monolayer integrity.
12(S)-HETE induced a significant redistribution of
the avf3-containing focal adhesions, leading to a
decrease in avp3-containing plaques, whereas
12(S)-HETE did not demonstrate any significant
effect on the distribution pattern and the surface
expression of a5@1 [83]. Therefore, 12(S)-HETE
induced EC retraction may be mediated by redis-
tribution of avp3 integrins.

Effect on cell motility and release of protease

Besides the effects on integrins, 12(S)-HETE also
appears to regulate other factors which are impor-
tant to tumor cell metastasis. Pretreatment of
K-1735 murine melanoma cells with 12(S)-HETE
at a concentration of 0.1 uM stimulated (2-fold)
cell migration. An analysis of cell surface for the
expression of the autocrine motility factor receptor
(AMF-R) by immunofluorescence revealed an in-
crease in the amount of AMF-R at the leading edge
of the treated cells [84]. B16a cells in culture were
shown to release both native and latent forms of
cathepsin B. Release of native form and total cath-

epsin B activity from B16a cells was significantly
increased by 12(S)-HETE treatment. In contrast,
the release of latent cathepsin B activity was not
altered. The effect of 12(S)-HETE on release of
cathepsin B was time dependent; values returned
to control levels after 30-60 min of exposure [85
and unpublished observations]. In addition, incu-
bation with 12(S)-HETE for 15 min resulted in a
40% decrease in the activity of heat stable cysteine
proteinase inhibitors (CPIs) in the media of B16a
cells [85]. Thus 12(S)-HETE can have opposite
effects on the release of cathepsin B and CPlIs.

Effect on cell cytoskeleton

The ability of 12(S)-HETE to enhance cell surface
expression of a variety of proteins and receptors
may be due to its profound effect on cytoskeleton
components. In Bl6a cells, the main cytoskeletal
protein F-actin is found principally in cytoplasmic
stress fibers or as a homogenous cortical accumu-
lation. Stimulation of tumor cells with 12(S)-
HETE induces a rapid and reversible rearrange-
ment of the F-actin skeleton. Within Smin treat-
ment the cytoplasmic stress fibers disappear and
focal F-actin aggregates form under the cell body
and in filopodia. Later, the cytoplasmic stress fi-
bers regenerate and the focal cell body aggregates
disappear. 12(S)-HETE treatment also induces a
reversible, pronounced bundling of the vimentin
network which is usually found in the perinuclear
region irradiating toward the plasma membrane in
untreated control cells. Cytoskeletal rearrange-
ments generally were followed by alteration in ac-
tin-binding proteins. Vinculin, an actin-binding
protein which localizes principally in cell body-
adhesion plaques, is redistributed to the peripheral
plasma membrane after 12(S)-HETE treatment.
The cytoskeletal alteration appears to be driven by
protein phosphorylation. Myosin light chain
(MLC) and vimentin are the main phosphorylated
cytoskeletal proteins besides the myosin heavy
chain (MHC) and a 90kD protein. 12(S)-HETE
induces a rapid (within 5 min) hyperphosphoryla-
tion of these proteins [86].



Effect on protein kinase C

It is known that 12(S)-HETE treatment enhances
tumor cell adhesion (see previous section). Liu et
al. [87] showed that 12-HETE enhanced adhesion
of W256 cell was blocked by protein kinase inhib-
itors, staurosporine, calphostin C and 1-(5-
isoquinoline-sulfonyl)-2-methylpiperazine  (also
known as H7). Depleting PKC from W256 cells
abolished their ability to respond to 12(S)-HETE.
Treatment of W256 cells with 12(S)-HETE in-
duced a 100% increase in membrane-associated
PKC activity whereas 13(S)-HODE inhibited the
effect of 12(S)-HETE on PKC translocation. The
stimulatory effect of 12(S)-HETE and inhibitory
effect of 13(S)-HODE on PKC translocation were
also observed in B16a cells [87]. Only PKCa iso-
zyme has been found in Bl6a cells [87]. Thus, it
appears that 12(S)-HETE and 13(S)-HODE can
up- and down-regulate PKCu activity, respective-
ly. It is still an open question whether these two
monohydroxy fatty acids have similar effects on the
other PKC isozymes. Besides the direct activation
of PKC by 12(S)-HETE, evidence demonstrates
that PKC is involved in 12(S)-HETE enhanced
tumor cell adhesion [87], spreading [64], cytoskele-
tal rearrangement [88], EC retraction [88], integrin
redistribution [83] and experimental metastasis
[82, 89]. At present, the involvement of other pro-
tein kinases is still elusive.

Eicosanoid receptors

It is known that the effect of many eicosanoids is
mediated through receptors. For example, PGE, is
able to operate through two different receptors; a
stimulatory receptor coupled to Gs and involved in
activation of adenylate cyclase (AC), and an inhib-
itory receptor coupled to Gi and involved in inhib-
ition of vasopressin-stimulated AC. Although it is
still unclear for HETEs, evidence suggests that all
prostanoids and leukotrienes operate through G
protein-linked receptors [90]. Receptors for PGA,
PGE, PGF, PGD, PGI,, TXAYPGH? and LTs
have been described [1, 2, 91-94] and different
subclasses of PGI, and TXA,/PGH, receptors have
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been found [95, 96]. No conclusive data shows the
presence of HETE receptors, however, a binding
site for 12(S)-HETE has been reported in human
epidermal cells [97-99]. G-protein coupled eicosa-
noid receptors play important roles in cell signal
transduction upon ligand binding. For instance, in
platelets, TXA, binding can activate phospholipase
C (PLC). Activation of PLC produces two intracel-
lular second messengers, inositol 1,4,5-triphos-
phate (IP;) and diacylglycerol (DAG). IP; releases
Ca** from the platelet dense tubular system, rais-
ing the cytosolic free Ca** concentration. Elevat-
ed Ca** level in turn activates PLA, localized on
both the membrane of the dense tubular system
and plasma membrane. PLA, releases AA from
membrane phospholipid such as phosphatidylcho-
line. Arachidonate is then metabolized to PGHS
products such as TXA,, and LOX products such as
12(S)-HETE. TXA, diffuses out of the cell, binds
again to its receptors, activates G'p (a pertusis
toxin-resistant G protein) and causes further plate-
let activation [100]. 12(S)-HETE, as discussed ear-
lier, can exert a variety of biological effects. In-
creased Ca** also binds to calmodulin and Ca**/
calmodulin complex activates myosin light chain
kinase (MLCK), which subsequently phosphory-
lates myosin light chain (MLC) and initiates con-
traction and cell shape change. DAG, together
with Ca**, activates PKC, triggering granule se-
cretion and the activation of integrin allbf3.

Phospholipases

Based on the broad activities of eicosanoids and
their roles in cell transformation, tumor progres-
sion and metastasis, understanding the regulation
of phospholipases, PG synthases and lipoxygenas-
es has a critical importance. Here, we will not
discuss the enzyme activity regulated by factors
such as ions, inhibitors, suicide substrates, etc.
These aspects have been reviewed previously [1, 5,
101, 102]. Instead, we focus on more recent work
and put emphasis on their genetic regulation and
regulation by growth factors and cytokines. Phos-
pholipase A, constitute a diverse family of enzymes
that hydrolyze the sn-2 fatty acyl ester bond of
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phosphoglycerides liberating free acids and lyso-
phospholipids [103]. cDNAs of extracellular se-
creted PLA,s from pancreas and snake venoms
have been cloned and sequenced, however little is
known about the molecular structure and proper-
ties of non-pancreatic mammalian PLAs. Extra-
cellular PLA,s are abundant in pancreatic secre-
tions, but are also present in plasma, lymph and
pulmonary alveolar secretions. Intracellular PLA,s
are found in all cells where they are either located
in the cytosolic compartment associated with the
plasma membrane or stored within secretory gran-
ules. PLA,s have been separated into two distinct
structural classes [104]; Group I, exemplified by
bovine pancreas PLA,, and Group II, exemplified
by C. atrox venom PLA,. The control and regu-
lation of enzymatic activity of the granule-associ-
ated and cytosolic PLA,s are distinct. PLA,s se-
questered in granules are inactive and are activated
upon secretion into the extracellular space. How-
ever, the activity of cytosolic PLA, is regulated by
various factors such as Ca?*, PKC and PLA, activa-
ting protein (PLAP). It is accepted that upon stim-
ulation of cells (e.g., platelets) with agonists, the
initial phospholipid response of the cell is inositol
phospholipid hydrolysis by phospholipase C fol-
lowed by activation of phospholipase A,. The com-
mon assumption is that PLC generates IP; and
DAG upon stimulation and then IP; activates PLA,
by elevation of intracellular Ca** concentration
while DAG stimulates PLA, by activation of PKC
[105]. Recently, the PLAP sequence structure has
been elucidated and other studies indicate that it
may play a pivotal role in control of the activity of
PLA,s in nucleated cells [106].

Prostaglandin synthases

In the previous section, we discussed that PGHS
can be stimulated by phorbol ester, growth factors,
cytokines and hormones. PMA is capable of stim-
ulating endothelial cells to synthesize eicosanoids
and the stimulation pattern is in sharp contrast to
that exhibited by histamine, ionophore A23187 and
bradykinin. Due to the fact that PMA increases the
de novo synthesis of PGHS, its stimulation of eico-

sanoid production lasts more than 12 hrs [29]. How-
ever, histamine, ionophore A23187 and bradykinin
induce a rapid generation of eicosanoids within
minutes, and the eicosanoid production reaches its
peak at 30 min and declines [29]. This self-limita-
tion of eicosanoid synthesis has been attributed to
autoinactivation of PGHS [29]. PDGF has been
shown to stimulate de novo synthesis of PGHS [35]
but the PDGF effect might be mediated by the
synthesis of other proteins rather than directly af-
fecting the PGHS gene [35]. EGF [36, 37], TNF
[38], IL-1 [38-40] and epinephrine [41] have also
been demonstrated to stimulate the de novo syn-
thesis of PGHS, yet the molecular mechanisms are
still elusive. Human PGHS gene has been cloned
and several CAAT and TATA box-like sequences
were found in its 5’ region [13], so far little is known
about its transcriptional regulation. Based on the
fact that cAMP induces, while corticosteroids sup-
press the PGHS gene [41, 107], it has been speculat-
ed that the cAMP responsive element and/or ste-
roid hormone responsive element may exist in the
5'-flanking region of the gene [13]. Indeed, by ana-
lyzing mouse PGHS gene, a sequence with simi-
larity to the negative glucocorticoid regulatory ele-
ment (nGRE) was found at position — 2123 and
—2009 [17]. In addition, two SP1 sites and three
putative AP-1 sites were identified. These results
suggest that PGHS gene may be regulated posi-
tively by jun/fos, SP-1 and negatively by glucocorti-
coid receptor. Unexpectedly, a putative dioxin re-
sponsive element is located at position — 403 to
— 385. The dioxin responsive element is known to
be responsible for the induction of transcription of
the cytochrome P450IA1 and other genes involved
in detoxification/activation of polycyclic aromatic
hydrocarbons. Besides these possible transcrip-
tional controls, alternative splicing may be another
regulatory mechanism for PGHS gene [24].

Lipoxygenases

In the case of lipoxygenases, cDNAs of 5-, 12-,
15-LOX have been obtained from different species
[6-15]. EGF has been demonstrated to stimulate
LOX activity and therefore the production of
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HETE [108] and HODE [119]. It has been shown
that Ca?* activates 5-LOX in vitro [110]. Trans-
location of 5-LOX from cytosol to membrane has
also been observed upon activation by ionophore
A23187 [110]. The nature of the membrane trans-
location and its physiological relevance are not yet
understood. It is possible that binding of 5-LOX to
membrane facilitates the access of the enzyme to
substrate (e.g. AA) that is released from phospho-
lipids. Information on gene structure of 5-, 15-LOX
but not 12-LOX is available [12, 16], yet little is
known about their regulation. Multiple GC boxes
were found in the 5’ region, raising the possibility
of 5-1.OX as a housekeeping gene. However, this is
not very likely since LOX activity is highly in-
ducible [110, 111] and its expression demonstrates a
tissue specificity [99]. Recent discovery of a 5-li-
poxygenase-activating protein (FLAP), which is
required for leukotriene synthesis by 5-LOX [112,
113], suggests an alternative mechanism of regu-
lation of 5-LOX. Differentiation of HL-60 cell in-
duced by DMSO is associated with the concurrent
induction of both FLAP and 5-LOX, however, LT
synthesis depends on FLAP [114].

Altogether, we presented evidence showing the
association of eicosanoid metabolism and tumor
cell metastasis. Eicosanoids and other monohy-

droxy fatty acids (i.e., 13(S)-HODE) have pro-
found effects on the behavior of tumor cells, plate-
lets and EC which are reflected by their effects on
cell surface receptors, signal transduction path-
ways and cytoskeletal networks (represented in
Fig. 4). Information on the regulation of phospho-
lipases, PG synthases and lipoxygenases is accumu-
lating, which in turn will lead to a better under-
standing of the regulation of eicosanoids and other
fatty acids, and subsequently their role in tumor
progression and metastasis.

Conclusions

— Transformation by membrane-associated and
cytoplasmic oncogenes enhances PGHS and
PLA,; activity in some cell systems.

— Several tumor promoters, growth factors, cyto-
kines and neurotransmittors can up-regulate
PGHS expression whereas glucocorticoid sup-
press its expression.

— TXA, and 12(S)-HETE increase while PGI, and
13(S)-HODE decrease tumor cell metastatic po-
tential.

— Tumor cell-platelet-vessel wall interactions are
critical for hematogenous phase of metastasis
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and these interactions can be positively regu-
lated by TXA, and 12(S)-HETE and negatively
regulated by PGI, and 13(S)-HODE.
12(S)-HETE induces PKC translocation to cel-
lular membrane but 13(S)-HODE inhibits PKC
translocation.

12(S)-HETE increases integrin alIbf3 cell sur-
face expression in a cytoskeleton dependent
manner.

Unanswered questions

Whether 12(S)-HETE is a cell signal transduc-
tion mediator?

Can 13(S)-HODE or its stable analogs be used
as anti-metastatic agents?

Are 12(S)-HETE activation and 13(S)-HODE
inhibition of PKC isoform specific?

Are effects of 12(S)-HETE and 13(S)-HODE
on PKC direct or indirect?

Do eicosanoids activate or inhibit other protein
kinases?

How are lipoxygenase, PG synthase and phos-
pholipases regulated at the molecular level?

Acknowledgements

We thank Dr. Zofia Duniec for constructive dis-
cussions. Original work from the authors laborato-

ry

were supported by grants from National Insti-

tute of Health (CA29997-10, CA47115-5) and a
grant from Harper Hospital.

References

1

3.

4

. Samuelsson B, Goldyne M, Granstrom E, Hamberg M,

Hammarstrom S, Malmsten C: Prostaglandins and throm-
boxanes. Ann Rev Biochem 47: 997-1029, 1978
. Needleman P, Turk J, Jakschik BA, Morrison AR, Lef-
kowith JB: Arachidonic acid metabolism. Ann Rev Bio-
chem 55: 69-102, 1986
Piper PJ, Samhoun MN: Leukotrienes. Brit Med Bull 43:
297-311, 1987
. Spector AA, Gordon JA, Moore SA: Hydroxyeicosa-

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

tetraenoic acids (HETEs). Prog Lipid Res 27: 271-323,
1988

. Papatheofanis FJ, Lands WEM: Lipoxygenase mecha-

nisms. In: Lands WEM (ed) Biochemistry of arachidonic
acid metabolism. Martinus Nijhoff Publishing, Boston,
1985, pp9-39

. Dixon RAF, Jones RE, Diehl RE, Bennett CD, Kargman

S, Rouzer CA: Cloning of the cDNA for human 5-lipoxy-
genase. Proc Natl Acad Sci USA 85: 416-420, 1988

. Balcarek JM, Theisen TW, Cook MN, Varrichio A,

Hwang S, Strohsacker MW, Crooke ST: Isolation and
characterization of a cONA clone encoding rat 5-lipoxyge-
nase. J Biol Chem 263: 13937-13941, 1988

. Funk CD, Furci L, Fitzgerald GA: Molecular cloning,

primary structure, and expression of the human platelet/
erythroleukemia cell 12-lipoxygenase. Proc Natl Acad Sci
USA 87: 5638-5642, 1990

. Yoshimoto T, Suzuki H, Yamamoto S, Takai T, Yokoya-

ma C, Tanabe T: Cloning and sequence analysis of the
¢DNA for arachidonate 12-lipoxygenase of porcine leuko-
cytes. Proc Natl Acad Sci USA 87: 2142-2146, 1990
DeMarzo N, Sloane DL, Dicharry S, Highland E, Sigal E:
Cloning and expression of an airway epithelial 12-lipoxy-
genase. Am J Physiol 262: 1L198-1.207, 1992

Sigal E, Craik CS, Highland E, Grunberger D, Costello
LL, Dixon RAF, Nadel JA: Molecular cloning and pri-
mary structure of human 15-lipoxygenase. Biochem Bio-
phys Res Commun 157: 457464, 1988

O’PreyJ, Chester ], Thiele BJ, Janetzki S, Prehn S, Flem-
ing J, Harrison PR: Promoter structure and complete
sequence of the gene encoding the rabbit erythroid cell-
specific 15-lipoxygenase. Gene 84: 493-499, 1989
Yokoyama C, Tanabe T: Cloning of human encoding
prostaglandin endoperide synthase and primary structure
of the enzyme. Biochem Biophys Res Commun 165: 888
894, 1989

DeWitt AL, El-Harith EA, Kraemer SA, Andrews MJ,
Yao EF, Armstrong RL, Smith WL: The aspirin and
heme-binding site of ovine and murine prostaglandin en-
doperoxide synthases. J Biol Chem 265: 5192-5198, 1990
DeWitt DL, Smith WL: Primary structure of prostaglan-
din G/H synthase from sheep vesicular gland determined
from the complementary DNA sequence. Proc Natl Acad
Sci USA 85: 1412-1416, 1988

Funk CD, Hoshiko S, Matsumoto T, Radmark O, Sa-
muelsson B: Characterization of the human 5-lipoxyge-
nase gene. Proc Natl Acad Sci USA 86: 2587-2591, 1989
Kraemer SA, Meade EA, DeWitt DL: Prostaglandin en-
doperoxide synthase gene structure: identification of the
transcriptional start site and 5'-flanking regulatory se-
quences. Arch Biochem Biophys 293: 391-400, 1992
Hammarstrom S: Biosynthesis and biological actions of
prostaglandins and thromboxanes. Arch Biochem Bio-
phys 214: 431-445, 1982

Hammarstrom S: Prostaglandin production by normal and



20.

21.

22.

23,

24,

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

transformed 3T3 fibroblasts in cell culture. Eur J Biochem
74: 7-12, 1977

Ritzi EM, Stylos WA: Prostaglandin production in cultur-
es of Balb/3T3 and SV3T3 mouse fibroblasts. J Natl Can-
cer Inst 56: 529-533, 1976

Barker K, Aderem A, Hanafusa H: Modulation of arachi-
donic acid metabolism by Rous sarcoma virus. J Virol 63:
2929-2935, 1989

Alonso T, Morgan RO, Marvizon JC, Zarbl H, Santos E:
Malignant transformation by ras and other oncogene pro-
duces common alterations in inositol phospholipid signal-
ing pathways. Proc Natl Acad Sci USA 85: 4271-4275,
1988

Han J, Sadowski H, Young DA, Macara IG: Persistent
induction of cyclooxygenase in p60"* transformed 3T3
fibroblasts. Proc Natl Acad Sci USA 87: 3373-3377, 1990
Xie W, Chipman JG, Robertson DL, Erikson RL, Sim-
mons DL: Expression of a mitogen-responsive gene en-
coding prostaglandin synthase is regulated by mRNA
splicing. Proc Natl Acad Sci USA 88: 2692-2696, 1991
Karim SMM, Rao B: Prostaglandins and tumors. In: Ka-
rim SMM (ed) Prostaglandins: Physiological, pharmac-
ological and pathological aspects. Univ Park Press, Balti-
more, 1976, pp 303-325

Levine L: Arachidonic acid transformation and tumor
production. In: Lein G, Weinmhouse S (eds) Advances in
cancer research. Academic Press, 1981, 35: 49-79
Levine L: Tumor promoters and prostaglandin produc-
tion. In: Nigam SK, McBrien DCH, Slater TF (eds) Eico-
sanoids, lipid peroxidation and cancer. Springer-Verlag,
1988, pp11-21

Ulirich V, Hecker M, Nusing R, Rosenbach T: Throm-
boxane A, and prostacyclin in tumorigenesis. In: Nigam
SK, McBrien DCH, Slater TF (eds) Eicosanoids, lipid
peroxidation and cancer. Springer-Verlag, 1988, pp 4-10
Wu KK, Hatzakis H, Lo SS, Seong DC, Sanduja SK, Tai
HH: Stimulation of de novo synthesis of prostaglandin
G/H synthase in human endothelial cells by phorbol ester.
J Biol Chem 263: 19043-19047, 1988

Ohuchi K, Levine L: Stimulation of prostaglandin syn-
thesis by tumor-promoting phorbol-12,13-diesters in ca-
nine kidney (MDCK) cells. J Biol Chem 253: 4783-4790,
1978

Zenser TV, Eling TE, Duniec ZM, Huang YH, Davis BB:
Mechanism of 12-O-tetradecanoylphorbol-13-acetate en-
hanced metabolism of arachidonic acid in dog urothelial
cells. Cancer Res 50: 46504655, 1990

Duniec ZM, Nettesheim P, Eling TE: Stimulation of pros-
taglandin H synthase mRNA levels and prostaglandin bio-
synthesis by phorbol ester: mediation by protein kinase C.
Mol Pharmacol 39: 164-170, 1990

Parker I, Daniel LW, Waite M: Evidence of protein ki-
nase C involvement in phorbol diester-stimulated arachi-
donic acid release and prostaglandin synthesis. I Biol
Chem 262: 5385-5393, 1987

Habenicht AJR, Goerig M, Grulich J, Rothe D, Gron-

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

405

wald R, Loth U, Schettier G, Kommerell B, Ross R:
Human platelet-derived growth factor stimulates pros-
taglandin synthesis by activation and by rapid de novo
synthesis of cyclooxygenase. J Clin Invest 75: 1381-1387,
1985

Lin AH, Bienkowski MJ, Gorman RR: Regulation of
prostaglandin H synthase mRNA levels and prostaglandin
biosynthesis by platelet-derived growth factor. J Biol
Chem 264: 17379-17383, 1989

Yokota K, Kusaka M, Ohshima T, Yamamoto S, Kurih-
ara N, Yoshino T, Kumegawa M: Stimulation of pros-
taglandin E, synthesis in cloned osteoblastic cells of mouse
(MC3T#-El1) by epidermal growth factor. J Biol Chem
261: 15410-15415, 1986

Casey ML, Korte K, MacDonald PC: Epidermal growth
factor stimulation of prostaglandin E, biosynthesis in am-
nion cells, induction of prostaglandin H, synthase. J Biol
Chem 263: 7846-7854, 1988

Topley N, Floege J, Wessel K, Hass R, Radeke HH,
Kaever V, Resch K: Prostaglandin E, production is syn-
ergistically increased in cultured human glomerular me-
sangial cells by combinations of IL-1 and tumor necrosis
factor-a. J Immunol 143: 1989-1995, 1989

Raz A, Wyche A, Siegel N, Needleman P: Regulation of
fibroblast cyclooxygenase synthesis by interleukin-1. J
Biol Chem 263: 3022-3028, 1988

Maier JAM, Hla T, Maciag T: Cyclooxygenase is an im-
mediate-early gene induced by interleukin-1 in human
endothelial cells. J Biol Chem 265: 10805-10808, 1990
Kusaka M, Oshima T, Yokota K, Yamamoto S, Kumega-
wa M: Possible induction of fatty acid cyclooxygenase in
mouse osteoblastic cells (MC3T3-E1) by cAMP. Biochim
Biophys Acta 972: 339-346, 1988

Hart IR, Goode NT, Wilson RE: Molecular aspects of the
metastatic cascade. Biochim Biophys Acta 989: 65-84,
1989

Weiss L, Orr FW, Honn KV: Interactions of cancer cells
with the microvasculature during metastasis. FASEB J 2:
12-21, 1988

Honn KV, Menter DG, Steinert BW, Taylor JD, Onoda
JM, Sloane BF: Analysis of platelet, tumor cell and endo-
thelial cell interactions in vivo and in vitro. In: Garaci E,
Paoletti R, Santoro MG (eds) Prostaglandins in cancer
research. Springer-Verlag, 1987, pp 172-183

Crissman JD, Hatfield JS, Menter DG, Sloane BF, Honn
KV: Morphological study of the interaction of intravascu-
lar tumor cells with endothelial cells and subendothelial
matrix. Cancer Res 48: 4065-4072, 1988

Kawaguchi T, Nakamura K: Cancer Metastasis Rev 5:
77-94, 1986

Menter DG, Hatfield JS, Harkins CJ, Sloane BF, Taylor
JD, Crissman JD, Honn KV: Tumor cell-platelet interac-
tions in vitro and their relationship to in vivo arrest of
hematogenously circulating tumor cells. Clin Expl Metas-
tasis 5: 65-78, 1987

Moncada S, Higgs EA: Arachidonate metabolism in



406

49.

50.

51.

52.

53.

54.

55.

56.

57.

8.

59.

61.

blood cells and the vessel wall. Clin Haemato 15: 273292,
1986

Buchanan MR, Haas TA: 13-hydroxyoctadecadienoic acid
is the vessel wall chemorepellant factor, LOX. J Biol
Chem 260: 16056-16059, 1985

Piper PJ, Letts LG, Galton SA: Generation of a leu-
kotriene-like substance from porcine vascular and other
tissues. Prostaglandins 25: 591-599, 1983

Honn KV, Cicone B, Skoff A: Prostacyclin, a potent
antimetastatic agent. Science 212: 1270-1272, 1982
Sloane BF, Makim S, Dunn JR, Lacoste R, Theodorou M,
Battista J, Alex R, Honn KV: Lipoxygenase products as
mediators of tumor cell lysosomal enzyme release: Inhib-
ition by nafazatrom. Prostaglandins and cancer: First in-
ternational conference, Alan R. Liss New York,
NY10011, 1982, pp 789-792

Honn KV, Buss WD, Sloane BF: Prostacyclin and throm-
boxanes: Implications for their role in tumor cell metasta-
sis. Biochem Pharmacol 32: 1-11, 1983

Menter D, Neagos G, Dunn J, Palazzo R, Tchen TT,
Taylor JD, Honn KV: Tumor cell induced platelet aggre-
gation: Inhibition by prostacyclin, thromboxane A, and
phosphodiesterase inhibitors. Prostaglandins and cancer:
First international conference, Alan R. Liss New York,
NY10011, 1982, pp 809-813

Honn KV, Dunn JR: Nafazatrom inhibition of tumor cell
lipoxygenase activity and cellular proliferation. FEBS
Lett 139: 65-68, 1982

Marnett LJ, Siedlik PH, Ochs RC, Pagels WR, Das M,
Honn KV, Warnock RH, Tainer BE, Eling TE: Mecha-
nism of the stimulation of prostaglandin H synthase and
prostacyclin synthase by the antithrombotic and antimeta-
static agent, nafazatrom. Mol Pharmacol 26: 328-335,
1984

Honn KV, Chen YQ: Prostacyclin, hydroxy fatty acids
and tumor metastasis. In: Rubanyi GM, Vane JR (eds)
Prostacyclin: New perspectives in basic research and novel
therapeutic indications. Elsevier Science Publishers, Am-
sterdam, The Netherlands, in press

Honn KV, Grossi IM, Timar J, Chopra H, Taylor JD:
Platelets and cancer metastasis. In: Orr FW, Buchanan M,
Weiss L (eds) CRC Press, Inc., Boca Raton, FL, 1991,
pp93-110

Chopra H, Timar J, Rong X, Grossi IM, Hatfield JS,
Fligiel SEG, Finch CA, Taylor JD, Honn KV: Is there a
role for the tumor cell integrin alIb@3 and cytoskeleton in
tumor cell-platelet interaction. Clin Expl Metastasis 10:
125-138, 1992

. Steinert BW, Tang DG, Jones CL, Grossi IM, Umbarger

LA, Honn KV: Studies on the role of platelet eicosanoid
metabolism and integrin alIbf3 in tumor cell induced
platelet aggregation, submitted

Honn KV, Nelson KK, Renaud C, Bazaz R, Diglio CA,
Timar J.: Fatty acid modulation of tumor cell adhesion to
microvessel endothelium and experimental metastasis.
Prostaglandins (in press)

62.

63.

65.

67.

68.

69.

70.

71.

72.

Grossi IM, Fitzgerald LA, Umbarger LA, Nelson KK,
Dioglio CA, Taylor JD, Honn KV: Bidirectional control
of membrane expression and/or activation of the tumor
cell IRGplIb/IIIa receptor and tumor cell adhesion by
lipoxygenase products of arachidonic acid and linoleic
acid. Cancer Res 49: 1029-1037, 1989

Honn KV, Grossi IM, Diglio CA, Wojtukiewicz M, Tay-
lor JD: Enhanced tumor cell adhesion to the subendo-
thelial matrix resulting from 12(S)-HETE-induced endo-
thelial cell retraction. FASEB J 3: 2285-2293, 1989

. Timar J, Chen YQ, Liu B, Bazaz R, Taylor JD, Honn K V:

The lipoxygenase metabolite 12(S)-HETE promotes
allIbB3 integrin mediated tumor cell spreading on fibro-
nectin, Int J Cancer, in press

Tang D, Diglio CA, Honn KV: 12(S)-HETE-induced mi-
crovascular endothelial cell retraction is mediated by cy-
toskeletal rearrangement dependent on PKC activation.
In: Nigam S, Honn KV, Marnett LJ, Walden T (eds)
Eicosanoids and other bioactive lipids in cancer, inflam-
mation and radiation injury. Kluwer Academic Publish-
ers, 1992, pp 219-229

. Honn KV, Steinert BW, Moin K, Onoda JM, Taylor JD,

Sloane BF: The role of platelet cyclooxygenase and lipox-
ygenase pathways in tumor cell induced platelet aggrega-
tion. Biochem Biophys Res Commun 29: 384-389, 1987
Grossi IM, Diglio CA, Honn KV: Control of tumor cell
induced endothelial cell retraction by lipoxygenase metab-
olites, prostacyclin and prostacyclin analogues. In: Honn
KV, Marnett LJ, Nigam S, Walden T (eds) Eicosanoids
and other bioactive lipids in cancer and radiation injury.
Kluwer Academic Publishers, 1991, pp 409414

Marnett LJ, Leithauser MT, Richards KM, Blair I, Honn
KV, Yamamoto S, Yoshimoto T: Arachidonic acid me-
tabolism of cytosolic fractions of Lewis lung carcinoma
cells. In: Samuelson B, Paoletti R, Ramwell P (eds) Adv
Prostacyclin Thromboxane Leukotriene Res. Raven
Press, 1991, 21: 895-900

Buchanan MR, Bertomeu MC, Bastida E, Orr FW, Gallo
S: Eicosanoid metabolism and tumor cell endothelial cell
adhesion. In: Honn KV, Marnett LJ, Nigam S, Walden T
(eds) Eicosanoids and other bioactive lipids in cancer and
radiation injury. Kluwer Academic Publishers, 1991,
pp 347-350

Buchanan MR, Bertomeu MC, Gallo S, Orr FW: Fatty
acid regulation of endothelial cell adhesion molecules and
tumor cell adhesion: Implications in metastasis. In: Nigam
S, Honn KV, Marnett L}, Walden T (eds) Eicosanoids
and other bioactive lipids in cancer, inflammation and
radiation injury. Kluwer Academic Publishers, 1992,
pp 619-622

Honn KV, Tang DG, Chen YQ: Platelets and cancer
metastasis: More than an epiphenomenon. Sem Throm
Hemost 18: 390413

Fitzgerald LA, Phillips DR: Platelet membrane glycopro-
teins. In: Colman RW, Hirsh J, Marder VI, Salzman EW



73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

(eds) Hemostasis and Thrombosis: Basic Principles and
Clinical Practice.2nd ed, JB Lippincott, 1988, pp 572-593
Phillips DR, Charo IF, Scarborough RM: GplIb-IIIla: the
responsive integrin. Cell 65: 359-362, 1991

Grossi IM, Hatfield IS, Fitzgerald LA, Newcombe M,
Taylor JD, Honn KV: Role of tumor cell glycoproteins
immunologically related to glycoproteins Ib and IIb/IITain
tumor cell-platelet and tumor cell-matrix interactions.
FASEB J 2: 2385-2395, 1988

Chang YS, Cheng YQ, Fitzgerald LA, Honn KV: Analy-
sis of integrin mRNA in human and rodent tumor cells.
Biochem Biophys Res Commun 176: 108-113, 1991
Chen YQ, Gao X, Timar J, Tang D, Grossi IM, Chellad-
vrai M, Kunicki TJ, Fligiel SEG, Taylor JD, Honn KV:
Identification on the oIIbP3 integrin in murine tumor
cells. J Biol Chem, in press

Chen YQ, Gao X, Honn KV: Wide distribution of ay,
integrin among tumor cells: Its potential importance. Sub-
mitted

Chopra H, Timar J, Chen YQ, Rong X, Grossi IM, Fitz-
gerald LA, Taylor JD, Honn KV: The lipoxygenase me-
tabolite 12(S)-HETE induces cytoskeleton-dependent in-
crease in surface expression of integrin allbf3 on melan-
oma cells. Int J Cancer 49: 774-786, 1991

Honn KV, Chen YQ, Timar J, Onoda JM, Hatfield IS,
Fligiel SEG, Steinert BW, Diglio CA, Grossi IM, Nelson
KK, Taylor JD: alIbfi3 integrin expression and function in
subpopulations of murine tumors. Exp Cell Res 201: 23-
32,1992

Chang YS, Chen YQ, Timar J, Nelson KK, Grossi IM,
Fitzgerald LA, Diglio CA, Honn KV: Increased expres-
sion of alIbB3 integrin in lung-colonizing subpopulations
of murine melanoma cells. Int J Cancer 51: 445451, 1992
Grossi IM, Honn KV: PG12 and its analogs inhibit 12-
HETE induced expression of the aIIbf3 integrin and ad-
hesion in W256 carcinosarcoma cells. Submitted

Liu B, Renaud C, Nelson KK, Chen YQ, Bazaz R, Kowy-
nia J, Timar J, Diglio CA, Honn KV: Protein kinase C
inhibitor calphostin C reduces B16 amelanotic melanoma
cell adhesion to endothelium and lung colonization. Int J
Cancer 52: 147-152

Tang DG, Chen YQ, Renaud C, Diglio CA, Honn KV:
PKC-dependent effects of 12(S)-HETE on endothelial
cell vitronectin receptor and fibronectin receptor. Sub-
mitted

Raz A, Silletti S, Timar J, Honn KV Effect of 12-HETE
on the expression of autocrine motility factor receptor and
motility in melanoma cells. In: Nigam S, Honn KV, Mar-
nett LI, Walden T (eds) Eicosanoids and other bioactive
lipids in cancer, inflammation and radiation injury. Kluw-
er Academic Publishers, 1992, pp 645-649

Sloane BF, Rozhin J, Gomez AP, Grossi IM, Honn KV:
Effects of 12-hydroxyeicosatetraenoic acid on release of
cathepsin B and cysteine proteinase inhibitors from malig-
nant melanoma cells. In: Honn KV, Marnett LI, Nigam S,
Walden T (eds) Eicosanoids and other bioactive lipids in

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

407

cancer and radiation injury. Kluwer Academic Publishers,
1991, pp373-377

Taylor JD, Timar J, Tang D, Bazaz R, Chopra H, Kimler
V, Honn KV: 12(S)-HETE induces cytoskeleton phos-
phorylations and rearrangement in melanoma cells. In:
Nigam S, Honn KV, Marnett LJ, Walden T (eds) Eicosa-
noids and other bioactive lipids in cancer, inflammation
and radiation injury. Kluwer Academic Publishers, 1992,
pp 635-638

Liu B, Hannun YA, Khan WA, Renaud C, Wetsel WC,
Honn KV: Alteration of membrane association of protein
kinase Ca in B16 amelanotic melanoma cells by arachid-
onate and linoleate derived monohydroxy fatty acids. Sub-
mitted

Tang DG, Timar J, Grossi IM, Renaud C, Kimler VA,
Diglio CA, Taylor JD, Honn KV: The lipoxygenase me-
tabolite, 12(S)-HETE, induces a protein kinase C depend-
ent cytoskeletal rearrangement and retraction of micro-
vascular endothelial cells. Submitted

Liu B, Marnett LJ, Blair I, Nelson KK, Renaud C, Diglio
CA, Honn KV: Correlation of 12(S)-HETE and 13(S)-
HODE biosynthesis to the metastatic potential of tumor
cells. Submitted

Smith WL: The eicosanoids and their biochemical mecha-
nisms of action. Biochem J 259: 315-324, 1989
Samuelsson B, Granstrom E, Green K, Hamberg M,
Hammarstrom S: Prostaglandins. Ann Rev Biochem 44:
669-695, 1975

Nicosia S, Patrono C: Eicosanoid biosynthesis and action:
novel opportunities for pharmacological intervention.
FASEB J 3: 1941-1948, 1989

Gardiner PI: Classification of prostanoid receptors. In:
Samuelsson B, Dahlen S, Fritsch J, Hedqvist P (eds) Ad-
vances in prostaglandin, thromboxane and leukotriene
research. Raven Press, 1990, 20: 110-118

Samuelsson B, Ramwell PW, Paoletti R, Folco G, Gran-
strom E: Advances in prostaglandin, thromboxane and
leukotriene research 21A: 331414, 1991

Gorsini A, Folco GG, Fumagalli R, Nicosia S, Noe MA,
Qliva D: (5Z)-carbacyclin discriminates between prosta-
cyclin receptors coupled to adenylate cyclase in vascular
smooth muscle and platelets. Br J Pharmacol 90: 255-261,
1987

Masuda A, Mais DE, Oatis JE, Halushka PV: Platelet and
vascular thromboxane A,/prostaglandin H, receptors —
Evidence for different subclasses in the rat. Biochem
Pharmacol 42: 537-544, 1991

Gross E, Ruzicka T, Mauch C, Krieg T: Evidence for
LTBy12-HETE binding sites in a human epidermal cell
line. Prostaglandins 36: 49-58, 1988

Gross E, Ruzicka T, Restorff B, Stolz W, Klotz K: High-
affinity binding and lack of growth-promoting activity of
12(S)-HETE in a human epidermal cell line. J Invest
Dermatol 94: 446-451, 1990

Suss R, Arenberger P, Gross E, Ruzick T: Regulation of



408

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

12(S)-HETE binding sites on human epidermal cells by
interferon-y. Exp Cell Res 191: 204-208, 1990

Smrcka AV, Helper JR, Brown KO, Sternweis PC: Regu-
lation of polyphosphoinositide-specific phospholipase C
activity by purified Gq. Science 251: 804-807, 1991
Rouzer CA: Regulation and structure of human leukocyte
5-lipoxygenase. In: Crook ST, Wong A (eds) Lipoxyge-
nases and their products. Academic Press, 1991, pp 51-65
Wong A: Regulation of 5-lipoxygenase activity in rat ba-
sophilic leukemia cells. In: Crook ST, Wong A (eds) Li-
poxygenases and their products. Academic Press, 1991,
pp 67-87

Kramer RM, Johansen B, Hession C, Pepinsky RB: Char-
acterization of a secretable phospholipase A, from human
platelets. In: Samuelsson B, Dahlen S, Fritsch J, Hedquvist
P (eds) Advances in prostaglandin, thromboxane and leu-
kotriene research. Raven Press, 1990, 20: 79-86
Heinrikson RL, Krueger ET, Keim PS: Amino acid se-
quence of phospholipase A,-o from venom of crotalus
adamanteus, a new classification of phospholipases A,
based upon structural determinants. J Biol Chem 252:
4913-4921, 1977

Lapetina EG, Crouch MF: Relationship of inositol phos-
pholipid metabolism to phospholipase A,. In: Samuelsson
B, Wong PYK, Sun FF (eds) Advances in prostaglandin,
thromboxane and leukotriene research. Raven Press,
1989, 19: 568-573

Clark MA, Ozgur LE, Conway TM, Dispoto J, Crook ST,
Bomalaski JS: Cloning of a phospholipase A,-activating
protein. Proc Natl Acad Sci USA 88: 5418-5422, 1991
Pash JM, Bailey JM: Inhibition by corticosteroids of epi-
dermal growth factor-induced recovery of cyclooxygenase
after aspirin inactivation. FASEB J 2: 2613-2618, 1988
Chang WC, Ning CC, Lin MT, Huang JD: Epidermal
growth factor enhances a microsomal 12-lipoxygenase ac-
tivity in A431 cells. In: Nigam S, Honn KV, Marnett LJ,
Walden T (eds) Eicosanoids and other bioactive lipids in
cancer, inflammation and radiation injury. Kluwer Aca-
demic Publishers, 1992, pp 463-466

Glasgow WC, Eling TE: Epidermal growth factor regu-
lation of linoleic acid metabolism in syrian hamster em-
bryo fibroblasts. In: Nigam S, Honn KV, Marnett LJ,
Walden T (eds) Eicosanoids and other bioactive lipids in
cancer, inflammation and radiation injury. Kluwer Aca-
demic Publishers, 1992, pp 467470

Wong A, Hwang SM, Cook MN: The regulation of 5-
lipoxygenase activity in rat basophilic leukemia cells. In:
Samuelsson B, Dahlen S, Fritsch J, Hedqvist P (eds) Ad-
vances in prostaglandin, thromboxane and leukotriene
research. Raven Press, 1990, 20: 28-34

Funk CD, Fitzgerald GA: Eicosanoid forming enzyme
mRNA in human tissues. J Biol Chem 266; 12508-12513,
1991

Miller DK, Gillard JW, Vickers PJ, Sadowski S, Leveille
C, Mancini JA, Charleson P, Dixon RAF, Ford-Hutchin-
son AW, Fortin R, Gauthier JY, Rodkey J, Rosen R,

113.

114.

115.

116.

117,

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Rouzer C, Sigal IS, Strader CD, Evans JF: Identification
and isolation of a membrane protein necessary for leu-
kotriene production. Nature 343: 278-281, 1990

Dixon RAF, Diehl RE, Opas E, Rands E, Vickers PJ,
Evans JF, Gillard JW, Miller DK: Requirement of a 5-
lipoxygenase-activating protein for leukotriene synthesis.
Nature 343: 282-284, 1990

Reid GK, Kargman S, Vickers PJ, Mancin JA, Leveille C,
Ethier D, Miller DK, Gillard JW, Dixon RAF, Evans JF:
Correlation between expression of 5-lipoxygenase-activa-
ting protein, 5-lipoxygenase, and cellular leukotriene syn-
thesis. J Biol Chem 265: 19818-19823, 1990

Agarwall KC, Parks RE Jr: Foskolin: a potential anti-
metastatic agent. Int J Cancer 32: 801-804, 1983

Honn KV: Inhibition of tumor cell metastasis by mod-
ulation of the vascular prostacyclin/thromboxane A2 sys-
tem. Clin Expl Metastasis 1: 103-114, 1983

Tanaka K, Fukumoto S: Cancer blood-borne metastasis
and platelets. Jpn J Cancer Chemother 11: 2453-2459,
1984

Karpatkin S, Ambrogio C, Pearlstein E: Lack of effect of
in vivo prostacyclin on the development of pulmonary
metastases in mice following intravenous injection of CT
26 colon carcinoma, Lewis lung carcinoma, or B16a ame-
lanotic melanoma cells. Cancer Res 44: 3880-3883, 1984
Gorelik E, Bere WW, Herberman RB: Role of NK cellsin
the metastatic effect of anticoagulant drugs. Int J Cancer
33: 87-94, 1984

Jeney A, Lapis K, Kopper L, Pal K, Timar F, Institoris L,
Galambos G: Tumor progression and prostaglandins. In:
Muszbek L (ed) Hemostasis and Cancer. CRC Press, Inc.,
Boca Raton, FL, 1987, pp 207-214

Mahalingam M, Ugen KE, Kao KJ, Klein PA: Functional
role platelets in experimental metastasis studied with
cloned murine fibrosarcoma cell variants. Cancer Res 48:
1460-1464, 1988

Costantini V, Fuschiotti P, Allegrucci A, Nencil GG,
Fioretti MC: Platelet-tumor cell interaction: effect of
prostacyclin and a synthetic analog on metastasis forma-
tion. Cancer Chemother Pharmacol 22: 289-293, 1988
Niitsu Y, Ishigaki S, Kogawa K, Mogi Y, Watanabe N,
Kohgo Y, Urushizaki I: Effect of combined administra-
tion of a prostacyclin analogue and adriamycin against the
artificial metastasis of Meth A cell. Invasion Metastasis 8:
57-72, 1988

Sava G, Perissin L, Zorzet S, Piccini P, Giraldi T: Anti-
metastatic action of the prostacyclin analog iloprost in the
mouse. Clin Expl Metastasis 7: 671-678, 1989

Kato S, Kobari M, Matsuno S, Sato T: Inhibitory effect of
anti-platelet prostaglandin on liver metastasis of hamster
pancreatic cancer. J Jpn Surg Society 90: 745-752, 1989
Tzanakakis GN, Agarwall KC, Vezeridis MP: Inhibition
of hepatic metastasis from a human pancreatic adenocarci-
noma (RWP-2) in the nude mouse by prostacyclin, forsko-
lin, and ketoconazole. Cancer 65: 446451, 1990

Lapis K, Timar J, Papay J, Paku S, Szende B, Ladanyi A:



128.

129.

130.

131.

132.

133.

134,

135.

136.

137.

138.

139.

Experimental metastasis inhibition by pretreatment of the
host. Arch Geschwulstforsch 60: 97-102, 1990
Constantini V, Giampietri A, Allegrucci M, Agnelli G,
Nenci GG, Fioretti MC: Mechanisms of the antimetastatic
activity of stable prostacyclin analogues: modulation of
host immunocompetence. Adv Prostaglandin Thrombox-
ane Leukotriene Res 21: 917-920, 1990

Schneider MR, Schillinger E, Schirner M, Skuballa W,
Sturzebecker S, Witt W: Effects of prostacyclin analogues
in in vivo tumor models. Adv Prostaglandin Thromboxane
Leukotriene Res 21: 901-908, 1990

Giraldi T, Rapozzi V, Perissin L, Zorzet S: Antimetastatic
action of stable prostacyclin analogs in mice. Adv Pros-
taglandin Thromboxane Leukotriene Res 21: 913-916,
1990

Schirner M, Schneider MR: Cicaprost inhibits metastasis
of animal tumors. Prostaglandins 42: 451-461, 1991
Schneider MR, Schirner M: Demonstration of antimeta-
static effects of prostacyclin analogues in vivo. In: Nigam
S, Honn KV, Marnett LJ, Walden T (eds) Eicosanoids
and Other Bioactive Lipids in Cancer, Inflammation and
Radiation Injury. Kluwer Academic Publishers, Boston,
1992, pp 657-662

Honn KV, Meyer J: Thromboxane and prostacyclin: Posi-
tive and negative modulators of tumor growth. Biochem
Biophys Res Commun 102: 1122-1129, 1981

Honn KV, Sloane BF: Prostacyclin, thromboxanes, and
hematogenous metastasis. Adv Prostaglandin Thrombox-
ane Leukotriene Res 12: 313-319, 1983

Honn KV, Onoda JM, Menter DG, Taylor JD, Sloane
BF: Prostacyclin in the control of tumor metastasis. In:
Cohen MM (ed) Biologic Protection With Prostaglandins.
CRC Press, Inc., Boca Raton, FL, 1985, pp 92-110
Honn KV, Onoda JM, Menter DG, Cavanaugh PG, Tay-
lor JD, Crissman JD, Ryan RE, Sloane BF: Possible
strategies for antimetastatic therapy. In: Welch DR,
Bhuyan BK, Liotta L (eds) Cancer Metastasis: Experi-
mental and Clinical Strategies. Alan R. Liss, Inc., 1986,
pp 217-246

Menter DG, Steinert BW, Sloane BF, Taylor JD, Honn
KV: A new in vitro model for investigation of tumor
cell-platelet-endothelial cell interactions and concomitant
eicosanoid biosynthesis. Cancer Res 47: 2425-2432, 1987
Vergote IB, vanDam PA, Lackeman GM, Keersemaeck-
ers GH, Uyttenbroeck FL, Herman AG: Prostacyclin/
thromboxane ratio in human breast cancer. Tumour Biol
12: 261-266, 1991

Stolman GJ: Plasma thromboxane A2 and prostacyclin
concentrations in squamous cell carcinoma of the head
and neck. J Surg Oncol 38: 33-37, 1988

140.

141.

142,

143.

144,

145.

146.

147.

148.

149.

150.

409

Aitokallio-Tallberg AM, Jung JK, Kim SJ, Viinikka LU,
Ylikorkala RO: Urinary excretion of degradation prod-
ucts of prostacyclin and thromboxanes is increased in pa-
tients with gestational choriocarcinoma. Cancer Res 51:
41464148, 1991

Mehta P, Lawson D, Ward MB, Lee-Ambrose L, Kimura
A: Effects on thromoxane A, inhibition on osteogenic
sarcoma cell-induced platelet aggregation. Cancer Res 46:
5061-5063, 1986

Radomsky MW, Jenkins DC, Holmes L, Moncada §:
Human colorectal adenocarcinoma cells: Differential ni-
tric oxide synthesis determines their ability to aggregate
platelets. Cancer Res 51: 6073-6078, 1991

Tohgo A, Tanaka NG, Osada Y: Inhibitory effects of
DN-9693 on platelet-enhanced tumor cell attachment to
cultured endothelium. Invasion Metastasis 10: 1-17, 1990
Menter DG, Onoda JM, Taylor JD, Honn KV: Effects of
prostacyclin on tumor cell-induced platelet aggregation.
Cancer Res 44: 450-456, 1984

Menter DG, Onoda JM, Moilanen D, Sloane BF, Taylor
JD, Honn KV: Inhibition by prostacyclin of the tumor
cell-induced platelet release reaction and platelet aggrega-
tion. JNCI 78: 961-969, 1987

Honn KV, Dunn JR: Nafazatrom (Bay g6575) inhibition
of tumor cell lipoxygenase activity and cellular prolifer-
ation. FEBS Lett 139: 65-68, 1982

Onoda JM, Sloane BF, Honn KV: Antithrombogenic ef-
fects of calcium channel blockers: Synergism with prosta-
cyclin and thromboxane synthase inhibitors. Thromb Res
34: 367-378, 1984

Lamb NJC, Fernandez A, Feramisco JR, Welch WJ:
Modulation of vimentin containing intermediate filament
distribution and phosphorylation in living fibroblasts by
the cAMP-dependent protein kinase. J Cell Biol 108:
2409-2422, 1989

van Willigen G, Akkerman J-WN: Protein kinase C and
cyclic AMP regulate reversible exposure of binding sites
for fibrinogen on the glycoprotein IIB-IITA complex of
human platelets. Biochem J 273: 115-120, 1991

Liu B, Timar J, Howlett J, Diglio CA, Honn KV: Lipoxy-
genase metabolites of arachidonic and linoleic acids mod-
ulate the adhesion of tumor cells to endothelium via regu-
lation of protein kinase C. Cell Regulation 2: 1045-1055,
1991

Adadress for offprints:

K.V. Honn,

Departments of Radiation Oncology and Chemistry,
Wayne State University, 431 Chemistry,

Detroit, MI 48202, USA



