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Abstract An inflammatory tumor microenvironment fos-
ters tumor growth, angiogenesis and metastatic progression.
Platelet-activating factor (PAF) is an inflammatory biolipid
produced from membrane glycerophospholipids. Through
the activity of its G-protein coupled receptor, PAF triggers a
variety of pathological reactions including tumor neo-
angiogenesis. Several groups have demonstrated that
inhibiting PAF-PAF receptor pathway at the level of a
ligand or receptor results in an effective inhibition of
experimental tumor growth and metastasis. In particular,
our group has recently demonstrated that PAF receptor
antagonists can effectively inhibit the metastatic potential of
human melanoma cells in nude mice. Furthermore, we
showed that PAF stimulated the phosphorylation of CREB
and ATF-1 in metastatic melanoma cells, which resulted in
overexpression of MMP-2 and MT1-MMP. Our data
indicate that PAF acts as a promoter of melanoma
metastasis in vivo. Since only metastatic melanoma cells
overexpress CREB/ATF-1, we propose that these cells are
better equipped to respond to PAF within the tumor
microenvironment when compared to their non-metastatic
counterparts.
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1 Introduction

An expending amount of data reveals the importance of an
inflammatory microenvironment in cancer initiation and
progression, which brings new directions and approaches to
cancer treatment. Genetic and functional experiments indicated
that inflammatory cells such as tumor-infiltrating monocytes/
macrophages, neutrophils, mast cells, eosinophils and activated
T lymphocytes contribute to malignancies by releasing growth
and survival factors, as well as extracellular proteases,
proangiogenic factors and chemokines [1–4]. Furthermore,
the formation of cancer cell emboli surrounded by platelets in
the circulation is thought to protect tumor cells from the rapid
clearance and cell death due to mechanical forces and immune
surveillance. This promotes an adherence and penetration of
tumor cells through the blood vessel endothelial cell barrier at
potential metastatic sites [5–8]. Activated platelets also play a
major role in tumor neoangiogenesis [9]. Initiating a patho-
logical circle, cancer cells promote the recruitment of the
inflammatory cells and produce inflammatory mediators and
angiogenic factors through the activity of NF-κB and STAT3
transcription factors, or the COX-2 enzyme [2, 4, 10–12].

Melanoma is strongly associated with the inflammatory
process due to high levels of cytokine secretion, including that
of NFκB-dependent interleukin 8 (IL-8), GROα, GROβ,
GROγ, and vascular endothelial growth factor (VEGF) [13–
16]. These factors exert an autocrine control over melanoma
tumor growth and promote tumor angiogenesis [13–16]. In
addition, we have demonstrated that the expression of the
proinflammatory protease-activated receptor-1 (PAR-1,
thrombin receptor) directly correlates with the metastatic
phenotype of melanoma [17, 18]. PAR-1 appears to play a
central role in tumor growth and metastasis of many cancers,
modulating expression of IL-8, matrix metalloproteinase-2,
VEGF, platelet-derived growth factor, and integrins [18, 19].

Cancer Metastasis Rev (2007) 26:359–371
DOI 10.1007/s10555-007-9092-9

V. Melnikova :M. Bar-Eli (*)
Department of Cancer Biology,
The University of Texas M. D. Anderson Cancer Center,
P.O. Box 173, Houston, TX 77030, USA
e-mail: mbareli@mdanderson.org



Among proinflammatory mediators, platelet activating
factor (PAF, 1-O-alkyl-2-acetyl-sn-glycero-3-phoshocholine)
is assuming a major role as a primary and secondary
messenger involved in homotypic and heterotypic cell-to-cell
communication that results in the activation of platelets,
neutrophils, macrophages, lymphocytes, and endothelial cells
[20–28]. All these cells can produce PAF, and can be acti-
vated by PAF (Fig. 1). In particular, PAF promotes the
migration of granulocytes to sites of inflammation [29],
mediates the adhesion of neutrophils to endothelial cells
[20, 21], and is mitotic for fibroblasts [23, 24] and regulates
lymphocyte functions [30]. In addition, it induces in vitro
migration of human endothelial cells, and promotes angio-
genesis in vivo [26–28]. In physiological conditions, PAF
synthesis and degradation is tightly regulated. PAF is typically
produced from the glycerophosphocholines, the most abun-
dant lipids in biomembranes, and is rapidly degraded [31].
The reaction that releases PAF precursor is catalyzed by
phospholipase A2 (PLA2), and yields an additional product,
arachidonic acid, a substrate for the COX-2-mediated
eprostanoid production. In pathological situations, PAF and
PAF-like oxidized phospholipids [25, 31, 32] are produced in
an unregulated fashion resulting in stimulation of a seven
membrane-spanning domain G-protein coupled PAF receptor
(PAFR) and the induction of various intracellular signaling
cascades and gene transcription [22, 33, 34].

PAF is a mediator of diverse pathological and physio-
logical effects including wound healing, inflammation,
apoptosis, angiogenesis, and reproduction [31]. Recent
evidence suggests that PAF receptor-mediated signaling
may be also involved in tumorigenesis and metastatic
progression. The present review summarizes current data
on the role of PAF in tumor growth and metastasis, with a
special emphasis on its role in melanoma.

2 PAF and PAF receptor

2.1 PAF and PAF-like substances

Platelet-activating factor is a potent proinflammatory
mediator and the first bioactive lipid ever identified [35–
37]. PAF was initially discovered as a substance responsible
for the aggregation of platelets that is released from IgE-
sensitized rabbit basophils after antigen challenge [38]. PAF
is produced via the de novo and remodeling pathways, the
latter being regulated by extracellular signals [39–41]. In
the remodeling pathway, PAF synthesis occurs from the
1-O-alkyl-2-arachidonoyl-sn-glycero-3-phosphocholine via
enzymatic hydrolysis catalyzed by phospholypase A2, and
further conversion of lysophosphatidylcholine into PAF by
an acetyl-CoA:lysoPAF acetyltransferase [42–45], the latter
enzyme being cloned most recently [46]. In a parallel
process, the arachidonic acid released in the first reaction is
further converted by COX-2 enzyme to form the precursor
of prostanoids. Normally, the life-span of PAF is short due
to a rapid and tightly regulated degradation by a unique
class of enzymes, the PAF acetylhydrolases [47]. Although
PAF can be metabolized to potentially biologically active
neutral lipid or phosphatidic acid species [48, 49], the
majority of PAF molecules will act through the specific
seven transmembrane spanning G-protein-coupled receptor
[50–52]. In addition to enzymatic routes, oxidation of
unsaturated phosphatidylcholine produces fragmented
phospholipids with agonistic PAF receptor activity [25,
31, 32]. Other products are known to possess PAF-like
activity [53, 54]. Their list includes oxidized low density
lipoprotein (LDL) with its major component implicated in
atherosclerosis—lysophosphatidylcholine [42, 53, 54]. Fur-
thermore, Nakamura and colleagues showed that bacterial
lipopolysaccharide (LPS) can also directly activate PAF
receptors [55]. Lipotechoic acid moieties on Streptococcus
species can also directly stimulate PAF receptors [56].

2.2 PAF receptor

The PAF receptor (PAFR) gene has been localized to
chromosome 1p35–p34.3 [53]. It generates two distinct
mRNA species (PAF receptor transcripts 1 and 2), and

Fig. 1 PAF in the biology of various cells. Platelets, inflammatory
cells, vascular endothelial cells and keratinocytes produce PAF and
respond to PAF. In response to thrombin, platelets secrete the
prestored PAF. In neutrophils, PAF mediates chemotaxis, rolling and
adhesion on endothelial cells, and production of reactive oxygen
species and TNF-α. In macrophages, it mediates production of
angiogenic factors. In endothelial cells, PAF can directly induce or
be a second messenger in growth factor- or cytokine-induced
proliferation and migration. It also mediates the production of TNF-
α, IL-1α, bFGF, VEGF and COX-2. Keratinocytes produce PAF when
irradiated with UV, and respond to PAF by induction of COX-2, IL-6
and IL-8
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produces single PAFR protein [34, 53]. A variety of tissue
and cell types can synthesize PAF and express functional
PAF receptor [53]. Transcription factors NF-κB, SP-1 and
TGF-β2 positively regulate PAFR expression through the
consensus elements on promoter 1, while estrogen, retinoic
acid and thyroid hormone T3 demonstrate activity toward
promoter of the PAFR transcript 2 [53]. A single nucleotide
polymorphism (A224D) of PAFR that impairs its G-protein
binding and function has been detected in Japanese
populations [57]. Its significance vis-à-vis phenotypic
variations in inflammatory response and sensitivity among
the individuals remains to be elucidated.

Following stimulation with PAF, PAFR becomes rapidly
desensitized due to phosphorylation-dependent internaliza-
tion, and consequent proteosomal as well as lysosomal
ubiquitin-dependent degradation [58]. Intracellular PAFR
localized to endosomes has been detected and is thought to
be a consequence of a ligand-driven receptor internalization
[59, 60]. Similar to specific G-protein coupled receptors for
other lipid mediators such as prostaglandin E2 and
lysophosphatidic acid (LPA), functional PAF receptors have
been identified on the nuclear envelope of endothelial cells
[61, 62]. Using confocal microscopy and immunogold
electron microscopy, Marache and colleagues found that
PAFR is localized to the nuclear envelope and inside the
nucleus of the isolated piglet brain microvascular endothelial
cells in vitro and in situ [61]. Radiolabeled ligand binding
studies and gene expression analysis in the freshly isolated
nuclei further confirmed that PAFR was functional [61].
Furthermore, stimulation of nuclei with methylcarbamate-
PAF evoked a decrease in cAMP production and a pertussis
toxin-sensitive rise in nuclear calcium, unlike observations
in plasma membrane, which exhibited a pertussis toxin-
insensitive elevation in inositol phosphates [61]. Moreover,
on isolated nuclei, methylcarbamate-PAF induced the
expression of proinflammatory iNOS and COX-2 and was
associated with an increase in ERK1/2 MAPK phosphory-
lation and activation of NF-κB binding to the DNA
consensus sequence [61]. It is proposed that intracellular
PAFR mediates the effects of PAF acting as a second
messenger.

3 PAF and PAFR-mediated signal transduction
pathways

Through different G-protein species and second messen-
gers, Ca2+, cAMP, inositol 1,4,5-triphosphate (IP3), and
diacylglycerol (DAG), PAF receptor activates MAP kinase,
PI3 kinase, PLA2, PKC and Src pathways [54, 63]. In
Chinese hamster ovarian cells (CHO), PAF has been shown
to trigger phosphorylation of ERK1/2 MAPK in a PKC-
dependent, RAS-independent manner [64, 65]. ERK1/2

MAPK and p38 MAPK activation, as well as increased
proliferation was induced by PAF in human epidermal KB
cells transduced with PAFR gene [66]. These studies
suggested that PAF-induced activation of ERK1/2 MAPK
occurred via matrix metalloproteinase (MMP)-dependent
cleavage of heparin-binding epidermal growth factor (HB-
EGF) and subsequent activation of EGF receptor [66]. In
contrast, in human melanoma cells, PAF (at nano-molar
concentrations) does not stimulate ERK1/2 MAPK phos-
phorylation (our unpublished data). Several groups, includ-
ing ours demonstrated that PAF can stimulate the activity of
p38 MAP kinase in human neutrophils, metastatic melano-
ma cells and human epidermal cells [67–69]. PAF has also
been shown to activate the PI3K/AKT pathway in human
eosinophils [70]. In addition, PAF receptor stimulation can
induce activation of the non-receptor tyrosine kinase Src
[53]. Activation of these signal transduction cascades by
PAF results in upregulation of important effectors of tumor
growth, angiogenesis and malignant progression, such as
NF-κB, STAT-3 and MMPs.

The ability of PAF to activate NF-κB was first demon-
strated by Kravchenko et al. in epidermal KB cells transduced
with PAFR gene, in P388D murine macrophages and in
human ASK.0 cells [71]. Through PAFR on the nuclear
envelop, PAF has been shown to induce the expression of
proinflammatory iNOS and COX-2 in endothelial cells via
the ERK1/2 MAPK/NF-κB cascade [61].

Deo et al. have demonstrated that in human umbilical vein
endothelial cells (HUVECs), basic fibroblast growth factor
(bFGF) activates STAT-3 phosphorylation via a PAF-PAFR-
mediated mechanism [72, 73]. Their analysis revealed that
the first rapid phase of STAT-3 phosphorylation requires
activation of Gαq pertussis toxin-insensitive protein,
adenylyl cyclase, increase in cAMP levels and activation of
PKA, which is mediated by Src. On the other hand, a
delayed phase of PAF-induced phosphorylation of STAT-3
occurs independently from these intermediates and proceeds
through activation of Janus kinase-2 (JAK-2) [72, 73]. In
addition, the same authors demonstrated that PAF induced
phosphorylation of focal adhesion kinase (FAK) in HUVECs
in a cAMP/PKA/Src independent manner [72, 74].

Several reports suggest that PAF regulates the activity of
various matrix metalloproteinases in different cell types,
including corneal epithelial cells and corneal myofibroblast,
as well as human uterine cervical fibroblasts, human
leukocytes, and endothelial cells of different origins [73,
75–80]. Axelrad et al. reported that 100 nM PAF induced
transactivation of MT1-MMP and TIMP-2 genes, which
resulted in proteolytic activation of MMP-2 in HUVECs,
although no increase in proMMP-2 expression was detected
[75]. The absence of PAF’s effect on the MMP-2 gene
could be attributed to the high constitutive levels of
proMMP-2 expression in the endothelial cells [75]. The
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PAF-induced expression of MT1-MMP and TIMP-2 in
HUVECs was found to occur through a mechanism
involving Gαq protein, JAK-2 and Src kinases [73].
Importantly, Axelrad et al. reported that PAFR antagonists
inhibited the migration and invasion of HUVECs induced
by medium conditioned by a prostatic carcinoma cells,
suggesting the involvement of PAF in prostate cancer cell-
mediated neoangiogenesis [75]. Ottino et al. showed that in
corneal myofibroblasts, 100 nM cPAF also stimulated the
expression of MMP-9, but not MMP-2 [78]. In corneal
cultures, cPAF upregulated levels of urokinase plasminogen
activator (uPA) and MMP-1 and -9 through the COX-2-
mediated production of prostaglandins [77]. In endothelial
ECV304 cells, PAF induced expression of MMP-9 through
a mechanism involving activation of NF-κB [76]. Alterna-
tively to the reports showing positive regulation of MMPs
by PAF, Barletta et al. showed that 300 nM PAF donw-
regulated the mRNA levels of MT1-MMP and MMP-2
and reduced levels of MMP-2 activation in isolated
neuroblastoma cell clones [81]. These authors further
reported that downregulation of MMPs inversely correlated
with PAF-induced differentiation in these cells [81].

4 PAF and angiogenesis

PAF is a potent mediator of tumor neoangiogenesis [26, 27,
82–86]. Numerous reports show that PAF can activate
endothelial cells directly, as well as mediate angiogenesis
induced by other angiogenic factors [26, 28]. Camussi’s
group demonstrated that PAF produced by breast or
Kaposi’s sarcoma cancer cells induces and sustains the in
vivo neo-angiogenesis in experimental tumor models
[28, 87]. Hunt’s group has demonstrated the effectiveness
of PAF antagonists in the inhibition of angiogenesis in
prostate cancer xenografts [27]. The same group showed
that PAF induces activation of matrix metalloproteinase 2
activity and vascular endothelial cell invasion and migra-
tion [75]. They further found that bFGF stimulated PAF-
dependent proliferation in human umbilical vein endothelial
cells [72]. HGF and TNF-α both induce angiogenesis
through mechanisms that involve the production of PAF
[83, 85, 86]. Montrucchio et al. demonstrated that Nitric
Oxide (NO) mediates the angiogenesis induced by PAF or
TNF, the latter itself being dependent on the production of
PAF [85]. Brizzi et al. showed that HUVECs express the
Thrombopoietin receptor, which activates cell migration in
vitro and angiogenesis in vivo; these effects were mediated
by PAF- and interleukin-8 (IL-8)-dependent phosphoryla-
tion of the STAT1 and STAT5B [82]. Furthermore, it was
found that vascular permeability induced by VEGF was
mediated by PAF [88]. In HUVECs, both VEGF-induced P-
selectin translocation and subsequent neutrophil adhesion

requires PAF synthesis [89]. Angiopoietin-1, and -2
stimulate PAF synthesis [90]. Russo and colleagues have
shown that PAF production, induced by stimulation of
endothelial CD40 by CD154, is instrumental for the in vitro
migration and vessel-like organization of endothelial cells,
as well as the interaction of endothelial cells with smooth
muscle cells [91]. In addition, it has been shown that in
human endometrial adenocarcinoma cells HEC-1A, estro-
gen induces production of angiogenic factors TNF-α, IL-1,
bFGF and VEGF, and this induction occurs through the
PLA2- PAF-PAFR-mediated activation of NF-κB [92].

5 The role of PAF in various cancers

In breast, prostate, and the Kaposi’s sarcoma, interference
with PAF-PAFR pathway inhibits tumor growth. These
effects were associated with the inhibition of tumor
angiogenesis. Bussolati and colleagues demonstrated that
breast cancer cells express PAFR and produce PAF in vitro
in response to stimulation with VEGF, bFGF, HGF, TNFα
and thrombin [87]. They further showed that PAF promotes
motility specifically in highly metastatic human MDA-
MB231 cells, but not in non-metastatic breast cancer cells,
suggesting for the first time that metastatic cells might be
more responsive to PAF [87]. In addition, PAF receptor
antagonists significantly reduced tumor angiogenesis. This
effect was more pronounced in MDA-MB231 tumors as
compared to tumors derived from non-metastatic cells [87].
Moreover, PAFR antagonist WEB-2086 induces growth
inhibition and differentiation of human breast cancer cells
[93], while the PAFR antagonist BN-50730 inhibited
human prostatic carcinoma xenografts in nude mice [27].
Bocceline et al. have found that PAF acts as a potent
inducer of tumor cell motility in CHO cells in vitro [94].
They demonstrated that in the renal carcinoma cell lines,
the blockade of PAF-R by WEB-2170, a PAF-R antagonist,
abolished the CD154-dependent motility [95].

A complex approach involving simultaneous detection of
PAF, PAF precursor lyso-PAF, PAFR, PAF-AH and PLA2

transcripts was used to examine the role of this pathway in
the progression of tumors of different origins [96–102]. In
colon cancer patients’ blood, levels of both PAF-AH and
PLA2 were found to be elevated as compared to those in
healthy individuals, while no difference was found in PAF
levels in the plasma [96]. Intriguingly, while PAF levels were
lower in tumor tissues of colon cancer patients Dukes’ stage
C than those of Dukes’ A and B, a remarkable increase in
PAF levels was observed in colon cancer liver metastases
[96–98]. In addition, a new longer splice variants of PAFR
mRNA transcript was detected in colon cancer specimens by
Kotelevets et al. [103]. This group also found that PAF
inhibited the invasion in v-src-transformed intestinal and
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kidney epithelial cells [103]. Higher amounts of PAF and
PAFR transcripts 1 and 2 were found in hepatocellular
carcinoma specimens as compared with non-tumor tissues,
while no difference was observed in PLA2, lyso-PAF and
PAF-AH levels [99]. No changes in the levels of these
molecules were detected in papillary thyroid cancer [100].
PAFR transcripts as well as PAF, PLA2 and PAF-AH were
detected in human meningiomas, although no correlation
was observed between their levels and tumor grade or tumor
vascularization [101]. Finally, PAF receptor was detected by
flow cytometry on the surface of B cells of several types of
chronic (mature) B cell leukemia patients [102].

Clearly more needs to be done in order to establish
whether the levels of PAF or its receptor expression has
some prognostic value in cancer. Significant progress has
been made in PAF detection methods and with the
development of screening strategies. Notably, Kita and
colleagues described a new multiplex quantification method
for eicosanoids and PAF, using column-switching reversed-
phase liquid chromatography-tandem mass spectrometry,
which allows rapid and reliable analysis of these lipid
mediators [104].

6 PAF and PAF receptor in melanoma

The first demonstration of the role of PAF in melanoma
metastasis was made in 1996 by Im et al. [105]. These
authors found that IL-1α and TNF-α-induced increase in
experimental pulmonary metastasis produced by the
B16F10 murine melanoma cells in C57Bl/6 mice was
augmented by a single intraperitoneal injection of PAF
[105]. Furthermore, they showed that several repeated
injections of PAFR antagonist BN50739 (day 0 through
day 2) decreased both IL-1α and TNF-α-induced metasta-
sis as well as control lung metastasis, suggesting the role of
endogenous PAF in tumor cell lung colonization. PAF
caused an increase in the retention of radiolabeled B16F10
cells in the lungs, suggesting that stimulation of endothelial
cell adhesion was the primary mechanism for the observed
pro-metastatic effect of PAF [105].

The investigation on the role of PAF in skin pathologies was
further incited by the studies in PAFR-overexpressing trans-
genic mice generated by Takao Shimizu and his group [106,
107]. PAFR transgenic mice exhibited progressive hyper-
proliferative changes in the epidermis as soon as 2 weeks
after birth. The keratinocyte hyperplasia was accompanied by
hyperpigmentation and increase in the number of dermal
melanocytes in the ear and tail, and consequent development
of melanocytic tumors late in life [106, 107]. The PAFR
transgene expression was detected in keratinocytes but not in
melanocytes, suggesting that the progressive recruitment of
melanocytes to the dermis was driven by keratinocytes, and

possibly by the accumulating fibroblasts and mast cells. In
human skin, all these types of cells are indeed known to play
a significant role in regulating skin homeostasis and behavior
of resident melanocytes, as well as melanoma growth and
local malignant invasion [108].

Although it is unclear how closely pathological charac-
teristics of the melanocytic tumors developed by PAFR
transgenic mice resembled those of human lesions, further
support for the role of PAF receptor in melanoma growth
and metastatic dissemination came from the experimental
systems utilizing in vitro and in vivo murine melanoma
models. Indeed, it was reported that inhibition of PAF
activity by means of overexpressing PAF-acetyl-hydrolase
in B16F10 murine melanoma cells led to a significant
decrease in tumor vascularization and growth, allowing
longer animal survival [109]. Most recently, Fallani et al.
have demonstrated that PAF is being synthesized by
B16F10 cells in response to INF-γ treatment, and that
PAF promoted the invasion of these cells through the
Matrigel-coated filters [110]. Moreover, it has been shown
that a single intraperitoneal injection of PAF induced
expression of MMP-9 and MMP-2 in the mouse lungs,
and significantly enhanced B16F10 pulmonary lung metas-
tasis, suggesting an addition, non-tumor-cell mechanism of
PAF action [111]. Finally, in the human melanoma cell line
Hs294T, PAFR antagonists were able to prevent adhesion to
IL-1-stimulated endothelial cells [112].

In human skin, the melanocyte homeostasis and number
is tightly controlled by neighboring keratinocytes through
an E-cadherin-mediated adhesion [108]. Essential for
melanoma tumorigenesis, keratinocytes and corneal stromal
cells secrete PAF in response to UV exposure [113–115].
Keratinocytes express PAF receptors on their surface [116],
and PAF upregulates their COX-2, IL-6, and IL-8 mRNA
expression and PGE2 secretion [117, 118]. Although the
incidence of severe sunburns in childhood have been linked
to melanoma development later in life, the precise
mechanism by which UV contributes to melanomagenesis
has not been discovered. This mechanism may involve, at
least in part, UV-induced immunosuppression [119, 120].
Intriguingly, Walterscheid et al. have found that the UVB-
induced inflammation in mouse skin and the consequent
systemic immunosuppression was abolished by PAFR
antagonists [118]. Indeed, Travers’s group has demonstrat-
ed UVB-induced generation of PAF-like substances in
human epidermal keratinocytes [121].

7 PAF induces MMP-2 and MT1-MMP via activation
of CREB/ATF-1 in melanoma

Recently, we have examined the role of PAF in human
melanoma metastasis and found that PAF receptor was
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expressed in all cultured melanoma cell lines regardless of
their metastatic potential [68]. Cells cultured in vitro and
cells from tumor xenografts express PAFR [68] and Fig. 2).
When used in nanomolar concentrations, cPAF stimulated
melanoma cell growth in confluent cultures [68]. Similarly,
Bennett et al. have demonstrated that PAF-stimulated
primary rat embryonic cells were able to reach a higher
saturation density in complete cell culture medium [122].
We showed that cell exposure to PAF receptor antagonist
PCA4248 caused a rapid inhibition of cell growth in all
melanoma cell lines examined [68]. This effect correlated
with the observed inhibition of cellular expression of Cyclin
D1 by two chemically unrelated PAF receptor antagonists,
PCA4248 and (±)trans-2,5-Bis(3,4,5-trimethoxyphenyl)-1,3-
dioxolane (Fig. 3(a)). This Cyclin D downregulation was
further confirmed in a model of small interfering RNA-
mediated transient knockdown of the PAFR expression in
A375SM melanoma cells (Fig. 3(b)). This suggested that
PAFR is constitutively active in human melanoma cells and
mediates gene expression. A weak stimulatory effect of PAF
on proliferation has been previously observed in different
cell types, whereas potent mitogenic response has been
achieved in vascular endothelial cells [24, 28, 74, 122–124].

We further hypothesized that PAF through the activity of
PAFR can phsophorylate and activate CREB and ATF-1
transcription factors. CREB and ATF-1 expression levels
directly correlate with the transition of human melanoma
cells from the radial to the vertical growth phase and with
their metastatic potential in nude mice [125, 126]. We
previously showed that quenching CREB and ATF-1
activities in metastatic melanoma cells by means of over-
expression of a dominant-negative form of CREB, KCREB,
which has a single-base pair substitution in the DNA-
binding domain [127], decreased melanoma tumorigenicity
and metastatic potential in nude mice [128]. Furthermore,
we have shown that intracellular expression of an inhibitory
anti-ATF-1 single-chain antibody fragment in MeWo
human melanoma cells suppressed their tumorigenicity
and metastatic potential in vivo [129]. At least two

mechanisms explain how CREB and ATF-1 overexpression
contributes to the metastatic phenotype: (1) CREB and
ATF-1 play essential roles in regulating the expression of
the type IV matrix metalloproteinase 2 (MMP-2; gelatinase
A), a key enzyme in melanoma invasion and metastasis,
and of the adhesion molecule MCAM/MUC18 genes [128],
(2) CREB and ATF-1 act as survival factors that promote
melanoma cell survival in vitro in response to apoptosis-
inducing agents (e.g., thapsigargin and ionizing radiation)
and in in vivo experimental tumors [129, 130].

Although it has been shown that melanocyte prolifera-
tion and differentiation can be positively regulated by
agents that increase cAMP levels [126, 131], little is known
about factors that induce CREB and ATF-1 activation in
melanoma. As demonstrated by Halaban’s group, in normal
melanocytes, the HGF, mast/stem-cell growth factor, bFGF,
and endothelin-1 induce CREB phosphorylation on Ser133,
probably via p90RSK and p70S6K cascades [126]. We
have shown that in metastatic melanoma cell lines, which
are known to overexpress CREB and ATF-1 transcription
factors, PAF induces CREB and ATF-1 phosphorylation via
a PAFR-mediated signal transduction mechanism that
required pertussis toxin-insensitive Gαq protein and adeny-
late cyclase activity and was antagonized by a cAMP-
dependent protein kinase A (PKA) and p38 MAPK
inhibitors (Fig. 4 and [68]). Addition of PAF to metastatic
A375SM cells stimulated CRE-dependent transcription.
Furthermore, PAF activated MMP-2 expression (Fig. 5)
and stimulated the gelatinase activity of MMP-2 [68].
MMP-2 activation correlated with the PAF-induced in-
crease in the expression of an MMP-2 activator, membrane
type 1-MMP (Fig. 5). PAF-induced activation of pro-MMP-

Fig. 2 Immunohistochemical detection of PAF receptor in A375SM
human melanoma xenografts in nude mice. Staining with anti-PAFR
antibody reveals PAF receptor expression in tumor cells

Fig. 3 PAFR mediates constitutive expression of Cyclin D1 in
A375SM melanoma cells. The expression of Cyclin D1 was measured
by Western blot (a) after A375SM cells were treated with PAFR
antagonists PCA4248 or (±)trans-2,5-Bis(3,4,5-trimethoxyphenyl)-
1,3-dioxolane, or (b) after 72 h-transfection with small interfering
RNA oligonucleotides targeting PAFR expression
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2 was causally related to PAF-induced CREB and ATF-1
phosphorylation; it was prevented by PAFR antagonist and
inhibitors of p38 MAPK and PKA and was abrogated upon
quenching of CREB and ATF-1 activities by forced over-
expression of a dominant-negative form of CREB [68].
Based on our results, we propose that all melanoma cells,
regardless of their metastatic potential, express PAFR and
secrete basal levels of MMP-2 and MT1-MMP (Fig. 6).
However, within the melanoma tumor microenvironment,
where melanoma cells come in contact with cells such as PAF-
secreting platelets, endothelial cells, and inflammatory cells,
PAF will phosphorylate CREB and ATF1 through the activity
of its receptor and a signaling cascade involving p38 MAPK
and PKA. This will further result in overexpression and
secretion of MMP-2 and MT1-MMP. However, since only
metastatic melanoma cells overexpress CREB and ATF-1,
they are, therefore, better equipped to respond to the effect of
PAF within the tumor microenvironment.

8 PAF receptor antagonist (PCA4248) inhibits
experimental human melanoma lung metastasis

Our in vivo experiments showed that the PAF receptor
antagonist PCA4248 acts as a potent inhibitor of experi-
mental melanoma lung metastasis when delivered intrave-
nously before melanoma cells inoculation (Table 1). This
effect could be attributed to its action as an inhibitor of
platelet aggregation. Indeed, various pharmacological anti-
platelet/anti-coagulant agents have an inhibitory effect on
tumor metastases [5–7]. Also, as mentioned previously, Im
et al. found that PAF receptor antagonists interfere with
murine melanoma cell adhesion to the endothelial wall
[105]. Furthermore, we found that daily PCA4248 injec-
tions initiated 7 days after melanoma cell injection, also
drastically downregulated melanoma lung metastasis, sug-

Fig. 4 PAF induces phosphorylation of CREB(ser133) and ATF-1 in
A375SM melanoma cells. A375SM cells were exposed to PAF,
protein extracts were generated and analyzed by Western blot for the
expression of phospho-CREB/ATF-1. Blots were stripped and re-
probed with anti-total-CREB antibody, and further stripped and re-
probed with antibody against actin

Fig. 5 PAF induces overexpression of MMP-2 and MT1-MMP
proteins. A375SM cells were exposed to PAF, protein extracts were
generated and analyzed by Western blot for the expression of MMP-2
and MT1-MMP. Blots were stripped and re-probed with antibody
against actin

Fig. 6 A model for the stimulation of MMP-2 and MT1-MMP by
PAF via activation of CREB/ATF-1. We propose that melanoma cells,
regardless of their metastatic potential, express PAFR and secrete
basal levels of MMP-2 and MT1-MMP. However, within the
melanoma tumor microenvironment, when melanoma cells come in
contact with cells such as platelets, endothelial cells, and inflammatory
cells that secrete PAF. PAF, through the activity of its receptor and a
signaling cascade involving pertussis-toxin insensitive Gαq protein,
adenylate cyclase, p38 MAPK and PKA, phosphorylates CREB and
ATF1. This results in overexpression and secretion of MMP-2 and
MT1-MMP. However, since only metastatic melanoma cells over-
express CREB and ATF-1, they are better equipped to respond to the
stimulatory effect of PAF within the tumor microenvironment
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gesting that antagonizing PAF-PAFR signaling has an
inhibitory effect on the growth of established microscopic
tumor cell colonies in the lungs. At present, we cannot
exclude the possibility that the inhibitory effect of
PCA4248 in vivo was directly related to its ability to
inhibit activation of CREB and MMPs in the tumor cells.
Clearly however, tumor cells are not the only targets of
PCA4248. Owing to its higher concentration in the
circulation, PAFR antagonist may have primarily affected
the process of recruitment of the inflammatory cells to the
tumor site, which is instrumental for successful tumor
angiogenesis. Nevertheless, our data indicate that PAF has a
strong tumor-promoting effect in melanoma [68].

9 PAF modulates chemotherapeutic and cytokine
treatment responses

The therapeutic modalities to control tumor growth and
metastasis of human melanoma are very limited. Recently,
studies by our group and others have shown that practical
chemotherapeutic drugs such as dacarbazine (DTIC) or
cisplatin, while being toxic, induce a stress response in
melanoma cells that resulted in the activation of MAPK
cascade and stimulation of IL-8 and VEGF production
[132–134]. These are potent survival, angiogenic, and
invasion-associated factors. We found that in vitro, long-
term cell treatment with DTIC selects for the resistant cells
with very high levels of IL-8 and VEGF production, which
exhibited increased tumor growth and metastatic behavior
in nude mice as compared to control parental cells. This
implies that treatment of melanoma patients with DTIC
may produce a considerable hazard by selecting cells with a
more aggressive melanoma phenotype [132]. We have
proposed that the combination treatment of DTIC with
anti-VEGF/IL-8 or MEK inhibitors may potentiate the
therapeutic effects of the cytotoxic drug. Furthermore,

based on our observations that IL-8 plays a major role in
the acquisition of the metastatic phenotype in human
melanoma, we have developed fully human antibodies
targeting IL-8, which effectively inhibited tumor growth,
invasion, angiogenesis, and metastasis of melanoma in
animal models [135].

Intriguingly, Darst and colleagues have found that
reconstitution of PAFR expression in PAFR-negative
epidermal KB cells resulted in an enhanced, NF-κB-
mediated, production of IL-8 and TNF-α in response to the
chemotherapeutic drugs etoposide and mitomycin C [136].
It is therefore highly possible that DTIC-induced IL-8 produc-
tion by melanoma, observed in our experiments, is also
mediated by PAF. If so, PAF receptor antagonists may be
effective in suppressing undesirable cytokine production
during chemotherapeutic treatment. Meanwhile, the same
group of investigators showed that PAF receptor re-expression
protected epidermal KB cells from TNF-α and Tumor
Necrosis Factor-Related Apoptosis-Inducing Ligand
(TRAIL)-induced apoptosis, and this protection was mediated
through NF-κB [137]. Furthermore, they demonstrated that
in vitro cell death in response to cell treatment with
etoposide and mitomycin C, but not to TRAIL or C2

ceramide, was potentiated by PAF receptor in an NF-κB-
dependent manner [138]. This convergence of cytotoxic
(apoptosis) and survival-promoting (IL-8, TNF-α) signals at
the level of PAF-induced NF-κB activation in response to
cytostatic drugs is an interesting phenomenon and perhaps
suggests that PAFR acts upstream in signal transductions
pathways activated by chemotherapeutic drugs. Similarly, it
was demonstrated that PAF potentiates UV-induced death in
human corneal epithelial cells [139].

The involvement of PAF in the anti-tumor activity of the
natural killer (NK) and activated dendritic cells has also
been proposed. Indeed, it was found that glycoprotein 170
(MDR1) induces the expression of PAFR in K562 and
Tera-2 cells, and PAFR expression serves as a prerequisite
for the NK cells-mediated tumor cell lysis [140]. It was also
suggested that the impaired ability of the engineered
monocyte-derived dendritic cells (moDCs) to mount an
effective anti-tumor response, including their ability to
migrate, induce activation of NK cells, and to induce type 2
T helper cell differentiation, could be linked to a single
defect. In particular, dendritic cells generated in the
presence of GM-CSF and IL-4, fail to produce PAF and
other eicosanoids due to suppression of PLA2 by IL-4
[141]. Consequently, the authors argue for the importance
of the preservation of lipid metabolism in order to yield
effective anti-tumor activities with DCs [141]. Clearly,
further in vivo studies should be conducted in order to
determine the therapeutic outcome of combination therapies
involving various chemotherapeutic drugs, cytokine or
immune therapies with PAF receptor antagonists.

Table 1 Experimental A375SM melanoma lung metastasis in nude
mice treated with PCA4248

Number of metastasis

Treatment Median Range Incidence
(number of mice)

Controla 12 5–53 9 out of 9
20 mg/kg PCA4248 i.v.
before cell injection

1 0–1 2 out of 5

40 mg/kg PCA4248 i.p.
daily from day 7

1 0–8 6 out of 9

a A375SM cells (0.5×106 ) were injected i.v. into nude mice; the
number of lung metastasis was determined 31 days post-injection.
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10 Concluding remarks

Metastatic melanoma is virtually incurable and new treatment
modalities are urgently needed. The gold standard for
metastatic melanoma therapy, treatment with DTIC, leads to
undesirable generation of the angiogenic factors IL-8 and
VEGF. Among other proinflammatory mediators, PAF has
been shown to play an essential role in tumor progression,
serving as a primary and second messenger that mediates
tumor angiogenesis and metastatic dissemination in murine
tumor models, including that of melanoma. Meanwhile, we
have demonstrated that in human metastatic melanoma cells,
PAF induced phosphorylation of CREB and ATF-1 in a p38
MAPK and PKA-dependent manner. Furthermore, PAF
stimulated CREB-dependent expression and activation of
MMP-2 and MT1-MMP in melanoma cells. In vivo, PAF
receptor antagonist PCA4248 inhibited experimental human
melanoma lung metastasis in nude mice. We propose to
further assess the applicability of PAF receptor antagonists
for preventing or treating metastatic melanoma, alone, in
combination with DTIC or with other targeted therapies such
as fully humanized anti-IL-8 antibodies.
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