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Abstract

While normal angiogenesis is critical for development and tissue growth, pathological
angiogenesis is important for the growth and spread of cancers by supplying nutrients and oxygen
as well as providing a conduit for distant metastasis. The interaction among extracellular matrix
molecules, tumor cells, endothelial cells, fibroblasts, and immune cells is critical in pathological
angiogenesis, in which various angiogenic growth factors, chemokines, and lipid mediators
produced from these cells as well as hypoxic microenvironment promote angiogenesis by
regulating expression and/or activity of various related genes. Sphingosine 1-phosphate and
lysophosphatidic acid, bioactive lipid mediators which act via specific G protein-coupled
receptors, play critical roles in angiogenesis. In addition, other lipid mediators including
prostaglandin E,, lipoxin, and resolvins are produced in a stimulus-dependent manner and have
pro- or anti-angiogenic effects, presumably through their specific GPCRs. Dysregulated lipid
mediator signaling pathways are observed in the contxt of some tumors. This review will focus on
LPA and S1P, two bioactive lipid mediators in their regulation of angiogenesis and cell migration
that are critical for tumor growth and spread.
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Introduction

Lipids, important constituents of the diet, serve as energy source and major structural
components of biological membranes. In addition to these fundamental roles, many lipids
such as lysophospholipids and fatty acids have been proposed to function as signaling
molecules in intercellular and intracellular locales (Rosen & Goetzl, 2005; Shimizu, 2009;
Xie, Gibbs, & Meier, 2002). Lipid mediators that function as extra-cellular signaling
molecules are synthesized by specific enzymes in both intracellular and extracellular milieu
while intracellularly produced lipid mediators are released via exocytosis or transporter-
mediated pathways (Nakanaga, Hama, & Aoki, 2010; Nishi, Kobayashi, Hisano, Kawahara,
& Yamaguchi, 2014). Subsequently, binding to specific receptors activates downstream
signaling cascades in target cells. A single lipid mediator can act as an agonist for multiple
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receptor subtypes, and the expression patterns in these receptor subtypes enable different
cellular responses such as migration, proliferation, apoptosis, cell survival and
differentiation.

Numerous knockout mice in which lipid receptors and metabolizing enzymes have been
deleted were generated and analysis of these mice revealed the involvement of such
mediators in a wide range of physiological phenomena including inflammation, immunity,
and angiogenesis. For example, during embryonic development, precisely-controlled
vascular network formation is regulated by key pro- and anti-angiogenic factors including
vascular endothelial growth factor (VEGF) and lipid mediators. While angiogenesis does not
occur frequently under homeostatic conditions in the postnatal period, angiogenesis is
critical for cancer progression. Uncontrolled angiogenesis enables tumor growth by
supplying oxygen and nutrients to the rapidly growing tumor and allowing metastasis to
distant sites. This review will focus on the bioactive lipid mediators that regulate
angiogenesis and cell migration.

2. Sphingosine 1-phosphate signaling

Sphingosine 1-phosphate (S1P), a bioactive lipid mediator that occurs abundantly in plasma,
regulates many physiological processes including angiogenesis, vascular permeability,
inflammation, and immunity (Brinkmann, 2007; Proia & Hla, 2015). Intracellularly
produced S1P was proposed to function as a second messenger, as well as a ligand for its
specific G-protein coupled receptors expressing on target cell surface after secreted from the
cells via its specific transporters such as SPNS2 (Hisano, Nishi, & Kawahara, 2012). In our
opinion, intracellular S1P plays a role as a metabolic intermediate in interconnected lipid
metabolic pathways (Hla & Dannenberg, 2012; Nakahara et al., 2012). Its function as a bona
fide second messenger has been questioned since physiological and genetic evidence to
support this mode of action are lacking.

Since the first S1P receptor was cloned from human endothelial cells as an orphan receptor
(Hla & Maciag, 1990), numerous studies have revealed the mechanism of S1P signaling and
its biological actions (Gonzalez-Cabrera, Brown, Studer, & Rosen, 2014; Takuwa et al.,
2001). So far, five S1P receptors (S1IPR1-5) have been identified in mammals and
characterized. SIPR1, S1PR2, and S1PR3 are ubiquitously expressed on various cell types,
including those of the immune, cardiovascular, and central nervous systems, whereas S1PR4
and S1PR5 show more restricted expression patterns in the lymphoid tissues, lung and
central nervous systems, respectively (Chae, Proia, & Hla, 2004; Graler, Bernhardt, & Lipp,
1998; Ishii et al., 2001; Terai et al., 2003; Yamaguchi et al., 2003). Genetic studies with
transgenic mice as well as pharmacological studies have revealed the physiological roles of
each S1P receptor subtype. Genetic deletion of SZprIin mice leads to embryonic lethality
due to severe edema and hemorrhage, and deletion of three receptors, namely SIpri, S1pr2,
and SZpr3results in a more severe hemorrhagic phenotype at an earlier stage, indicating
these S1P receptor subtypes cooperatively regulate vascular development (Kono et al., 2004;
Liu et al., 2000). In addition, the clinically important role of SIPR1 as a regulator of
lymphocyte circulation was uncovered since the discovery of fingolimod (FTY720), an
analogue of sphingosine, which is now an approved oral drug for multiple sclerosis (Cyster
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& Schwab, 2012). Its phosphorylated form can be recognized by S1P receptors except for
S1PR2, and induces receptor internalization and degradation. Therefore, this drug is
classified as a functional antagonist. FTY720 functions as an immunomodulatory agent by
suppressing lymphocyte egress from lymphoid tissues and reducing the number of
circulating lymphocytes.

At the cellular level, S1P signaling regulates fundamental functions including cell growth,
apoptosis, and cell migration, which are also involved in many diseases including
inflammatory diseases and cancer progression (Kihara, Mitsutake, Mizutani, & lgarashi,
2007; Yester, Tizazu, Harikumar, & Kordula, 2011). Indeed, it has been reported that the
expression of some S1P receptor subtypes and S1P-producing enzymes are dysregulated in
cancer tissues (Watson et al., 2010; Zhang et al., 2014). It has been considered that the S1P
signaling plays a key role in multiple processes in cancer progression such as cell growth,
invasion, metastasis, and angiogenesis.

3. Cell migration, invasion, and metastasis

Cell migration is a fundamental phenomenon that occurs in many biological processes
including embryogenesis, inflammatory responses, wound healing, lymphatic egress, and
cancer progression. A dynamic reorganization of the actin cytoskeleton is essential for cell
migration and regulated by chemoattractants mainly through Rho and Rac GTPase
subfamilies. Rho regulates stress fiber formation and focal adhesions while Rac induces
lamellipodia formation by promoting peripheral actin assembly at the leading edge of
migrating cells (Ridley, 2015).

S1P signaling through S1PR1, S1PR2, and S1PR3 is known to be involved in cell migration
by regulating Rho/Rac pathways. Each S1P receptor subtype associates with different
heterotrimeric G protein a subunits. SIPR1 couples mostly with G;, whereas S1PR2 and
S1PR3 can associate with G;, G12/13, and Gq. However, SIPR2 and S1PR3 show preferential
coupling to Gyp/13, and Gg, respectively. The activation of SIPR1 and S1PR3 induces cell
migration via G;j or G1/13-dependent Rho and Rac activation (Arikawa et al., 2003; Paik,
Chae, Lee, Thangada, & Hla, 2001). In contrast to S1IPR1 and S1PR3, S1PR2 signaling
negatively regulates cell motility although this mechanism still remains unclear. S1P-
induced inhibition of Rac and migration were observed in S1IPR2-overexpressing CHO cells
and B16 melanoma cells, in which Rho activation was required for the inhibitory effect
(Arikawa et al., 2003; Okamoto et al., 2000). In addition, PTEN, a lipid phosphatase, has
been reported to act downstream of the Rho and be necessary for SIPR2-mediated inhibition
of migration in mouse embryonic fibroblasts (Sanchez et al., 2005), while another study
shows that SIPR2-mediated activation of G15/13 and Rho also inhibits cell migration in
PTEN-null GNS-3314 glioblastoma cells (Malchinkhuu et al., 2008). Furthermore, S1P
stimulation does not induce Rac suppression in U118 glioblastoma cells exogenously
overexpressing S1IPR2, in which cell migration is inhibited (Lepley, Paik, Hla, & Ferrer,
2005). In murine macrophages, S1PR2-inhibition of migration is independent of PTEN but
requires CAMP/PKA signaling (Michaud, Im, & Hla, 2010). These studies suggest that the
S1PR2-mediated inhibition of cell migration can be regulated by multiple mechanisms.
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Migratory response against S1P is dependent on the expression of S1P receptor subtypes.
S1P stimulation induces cell migration of endothelial cells, immune cells, astrocytes, and
osteoclasts (Ishii et al., 2009; Kimura et al., 2000; Malchinkhuu et al., 2005; Matloubian et
al., 2004), whereas endothelial migration is suppressed by S1PR2 overexpression (Ryu et
al., 2002). The anti-migratory effect is observed in cells that express SIPR2 predominantly
such as vascular smooth muscle and mast cells when exposed to S1P. On the other hand,
JTEO13, an inhibitor of S1PR2, abolished the inhibition of cell migration (Takashima et al.,
2008; Yokoo et al., 2004). Furthermore, among various human gastric cancer cell lines,
MKN1 and HGC-27 cells, which express high S1IPR3, show the S1P dependent activation of
cell migration, while AZ-521 and MK74 cells, which are expressing higher SIPR2 than
S1PR3, exhibit anti-migratory effect (Yamashita et al., 2006). As for other cancer cell lines,
there are numerous /n vitro studies that describe S1P inhibition of cell migration in
melanoma, osteosarcoma, and breast cancer cells (Sadahira, Ruan, Hakomori, & Igarashi,
1992; Spiegel et al., 1994), while S1P-induced cell migration is observed in pancreatic,
esophageal, prostate, and ovarian cancer cells (Alfranca et al., 2008; Miller, Alvarez,
Spiegel, & Lebman, 2008; Pai et al., 2001a, 2001b; Park et al., 2007).

In addition to motility, degradation of extracellular matrix by secreted proteases is an
important factor for cancer invasion and metastasis. Plasminogen activator system is an
enzymatic cascade for this degradation process. Plasminogen activators extracellularly
convert inactive plasminogen to plasmin, a serine protease, which directly degrades various
extracellular matrix molecules including fibronectin, laminin, vitronectin, proteoglycans,
and fibrin, as well as activates matrix metalloproteinases (MMPs). S1P signaling through its
receptors has been shown to upregulate the expression of components of plasminogen
activator system and MMP2/9 (Bryan et al., 2008; Devine, Smicun, Hope, & Fishman, 2008;
Young, Pearl, & Van Brocklyn, 2009). Furthermore, the expression of matriptase, another
serine protease, was induced by S1P signaling probably through S1PR2 and/or S1PR3
(Benaud et al., 2002). Especially in glioblastoma cells, the S1IPR2 inhibitor or siRNA
treatment abolished the S1P-induced upregulation of plasminogen activator system (Bryan et
al., 2008), suggesting the contribution of SIPR2 to cancer invasion and metastasis although
S1PR2 generally shows inhibitory effect in cell migration as mention above. Taken together,
the S1P signaling through receptors is thought to regulate caner invasion and metastasis by
regulating cell migration and degradation of extracellular matrix proteins through complex
mechanisms.

Recently, the involvement of SPNS2, an S1P transporter, in cell migration has been
proposed. SPNS2, identified by genetic analysis of a cardia bifida zebrafish mutant, exports
S1P from vascular and lymphatic endothelial cells (Hisano, Kobayashi, Yamaguchi, & Nishi,
2012; Kawahara et al., 2009). A recent study examined the role of S1P secretion in
hepatocyte growth factor (HGF)-induced angiogenesis. HGF promotes endothelial cell
migration through lamellipodia formation, barrier function, and tumor formation. HGF-
induced migration and lamellipodia formation are attenuated by treatment of SPNS2,
SPHK1, or S1PR1siRNA, and SPNS2 can associate with SIPR1 and SPHK1 by HGF
stimulation in lung endothelial cells, suggesting that autocrine pathway of the S1P signaling
can regulate cell migration (Fu et al., 2016). On the other hand, SPNS2siRNA treatment
conversely promotes cell migration in lung cancer cell lines (Bradley et al., 2014). In these
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cells, SPNS2 knockdown causes accumulation of intracellular S1P as well as activation of
PI3K/Akt and Jak/Stat3 pathway, which are crucial for cell migration. Indeed, SPNS2
mMRNA level is significantly reduced in lung cancer tissues from patients with stage 2B and
stage 3 disease compared with the adjacent normal tissues, indicating downregulation of
SPNS?2 is a potential risk factor for lung cancer (Bradley et al., 2014). The mechanism by
which SPNS2 negatively regulates cell migration in these cell lines remains unclear and
further studies are required for developing this concept for potential therapeutic strategy for
cancer metastasis. In this context, Spns2was recently identified as a major metastatic
regulatory gene from an unbiased screen for mouse melanoma spread to the lung. The
authors suggested that SPNS2 acts via immunological mechanisms to promote antitumor
immunity (van der Weyden et al., 2017).

4. Sphingosine 1-phosphate and angiogenesis

Angiogenesis performs a critical role in the growth and spread of cancers by enhancing
nutrients and oxygen supply as well as providing a conduit for distant metastasis.
Pathological angiogenic process is regulated by the tumor microenvironment comprised of
extracellular matrix molecules, tumor cells, endothelial cells, fibroblasts, and immune cells.
These cells can interact each other using signaling molecules thus promoting angiogenesis
and metastasis (Martin, Fukumura, Duda, Boucher, & Jain, 2016). Numerous studies have
been carried out to show the involvement of S1P signaling in vascular development.
Pioneering studies from the Proia laboratory showed that SZprZ knockout mice are
embryonic lethal because of vascular defect and severe hemorrhage (Liu et al., 2000).
Among five S1P receptors, S1IPR1/2/3 expression is detected in endothelial cells (Lee et al.,
1999). S1PR2 and S1PR3 are also involved in vascular development because S1pr1/2/3
triple knockout mice exhibit earlier and more severe hemorrhage although single depletion
of S1IPR2 or S1PR3 does not cause any vascular developmental defects (Ishii et al., 2002;
Kono et al., 2004). Furthermore, analyses of endothelial specific SZpr1 knockout mice have
revealed that endothelial S1IPR1 plays a key role in maintaining vascular stability by
suppressing excessive sprouting and promoting barrier function (Ben Shoham et al., 2012;
Gaengel et al., 2012; Jung et al., 2012). The endothelial hypersprouting phenotype is also
observed in S1IPR1-knockdown zebrafish by morpholino oligonucleotides, but not in genetic
knockout zebrafish (Ben Shoham et al., 2012; Gaengel et al., 2012; Hisano et al., 2015;
Mendelson, Zygmunt, Torres-Vazquez, Evans, & Hla, 2013). Interestingly, in addition to
S1P in the blood, fluid shear stress, which occurs due to blood flow, can activate endothelial
S1PR1, which increases adherens junction stability and promotes vascular barrier function
(Jung et al., 2012).

VEGEF is one of most prominent angiogenic growth factors, and regulates both angiogenesis
and vasculogenesis by binding to tyrosine kinase receptors, VEGFRs. In contrast to the
hypersprouting phenotype of SZpr1 deletion, inducible Vegfr2deletion in endothelial cells
causes strongly reduced endothelial sprouting and vessel density (Gavard & Gutkind, 2006).
Vascular endothelial (VE)-cadherin is a major determinant of permeability of the
endothelium, composing adherens junctions, the loss of which causes retinal hypersprouting
phenotype similar to SZpr1 knockout mice (Gaengel et al., 2012). While the S1PR1
activation induces stabilization of VVE-cadherin localization at endothelial junctions (Lee et
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al., 1999), the VEGF signal promotes VE-cadherin destabilization at endothelial junctions
and triggers its subsequent internalization (Gavard & Gutkind, 2006). Indeed, VEGF was
initially discovered by Dvorak and co-workers as vascular permeability factor (VPF) (Senger
et al., 1983). These studies propose a functional antagonism between S1PR1 and VEGFR2
signaling, which regulates the VE-cadherin localization and endothelial junctional stability.
VEGFR?2 signaling plays a critical role at the early process of the angiogenic program
followed by S1PR1 signaling stimulates stabilization of newly formed vasculature at the
later phase. This mechanism may be a critical in the formation of a primary vascular
network.

S1PR1 expression level is induced in the vasculature upon the implantation of tumor cells,
and its suppression by siRNA reduces tumor angiogenesis and vascular maturation, resulting
in less primary tumor growth (Chae, Paik, Furneaux, & Hla, 2004). Furthermore, repeated
administration of anti-S1P antibody inhibits proangiogenic effect of VEGF in vivo and
tumor progression in multiple murine models (Visentin et al., 2006). These studies suggest
that the S1P signaling plays a proangiogenic role in tumors, but SIPR1 is expressed in
almost cell types including endothelial, stromal and cancer cells, which are likely inhibited
by SIpri-siRNA and anti-S1P antibody. Thus, the function of endothelial SIPR1 for the
pathological angiogenic process remains to be further defined.

Interleukin-8 (IL-8), a chemokine produced from various cell types (macrophages, vascular
smooth muscle cells (VSMCs), and endothelial cells), activates CXCR1 receptors on
endothelial cells to promote an angiogenic response (Li et al., 2005; Li, Dubey, Varney,
Dave, & Singh, 2003). IL-8 is upregulated in various cancers including breast, pancreatic,
prostate, gastric, bladder, ovarian, lung, and melanoma. In addition, a positive correlation
between ectopic I1L-8 expression and poor prognosis exists for ovarian, pancreatic, and lung
cancers (Chen et al., 2003; Chen, Chen, Chou, & Lin, 2012; Li et al., 2003). Furthermore,
S1P stimulation promotes the IL-8 signaling by upregulating its expression and release of
this chemokine from ovarian and breast cancer cell lines /n vitro (Boucharaba et al., 2009;
Schwartz et al., 2001). The studies using specific inhibitors in epithelial cells show that the
expression and secretion of IL-8 are regulated independently; the S1PR1 signaling induces
IL-8 expression while the SIPR2 signaling via NF-xB and Racl might regulate IL-8
secretion from cells (Brunnert, Piccenini, Ehrhardt, Zygmunt, & Goyal, 2015; O’Sullivan,
Hirota, & Martin, 2014).

Moreover, angiogenesis is induced by hypoxia, which is commonly seen in rapidly growing
tumors. Hypoxia-induced angiogenesis is predominantly mediated by the hypoxia-inducible
factors (HIFs), which are oxygen-dependent transcriptional activators. Hypoxia induces
SPHK1 expression via HIF-2a., which directly binds the SPHK1 promoter region in glioma
cells, resulting in increased S1P release to the medium (Anelli, Gault, Cheng, & Obeid,
2008). Adenocarcinoma cells show hypoxia dependent induction of SPHK2 expression and
S1P release (Schnitzer, Weigert, Zhou, & Brune, 2009). Although S1P release mechanism
from these cancer cells remains unknown, S1P transporters likely function in these cancer
cells because even when SPHKSs are overexpressed, S1P transporters are needed to release
S1P (Hisano, Kobayashi, Kawahara, Yamaguchi, & Nishi, 2011). Recently, it has been
reported that SPHK1 expression is upregulated in 786-0 renal cancer cells, which is
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abolished by HIF-2a siRNA treatment, suggesting HIF-2a is an upstream regulator of
SPHK1 as shown in glioma cells (Salama et al., 2015), while another study using different
renal cancer cells (CAKI-1 and A498) showed that hypoxia-induced HIF-2a. upregulation is
abolished by SPHK1, SPNSZ, or S1PR1 siRNA treatment, suggesting that SPHK1/SPNS2/
S1PR1 signaling axis acts as a regulator of HIF-2a expression (Watson et al., 2010). Further,
S1PR2-signaling is also reported to positively regulate HIF-1a expression by increasing the
protein stability (Michaud, Robitaille, Gratton, & Richard, 2009). Taken together, the S1P
signaling via S1IPR1 and/or S1IPR2 might be potential targets to suppress hypoxia-induced
angiogenesis. In addition, about 65% of plasma S1P is associated with HDL (high density
lipoprotein) which contains several lipoproteins and various lipids including sterols,
triglycerides, vitamins, and sphingolipids. As reviewed by Tan et al. (Tan, Ng, & Bursill,
2015), serum HDL level is elevated in physiological ischemia and HDL plays a role in
hypoxia-driven angiogenesis by regulating HIF-1a expression via SR-BI, HDL receptor
(Tan et al., 2014). HDL containing S1P also activates S1IPR1 on endothelial cells and its
downstream signaling pathways (Galvani et al., 2015; Sato & Okajima, 2010; Swendeman et
al., 2017), suggesting that SIPR1 and SR-BI cooperatively regulate hypoxia-induced
angiogenesis.

5. Lysophosphatidic acid and angiogenesis

Similar to S1P, lysophosphatidic acid (LPA) is a bioactive lysophospholipid, regulating
proliferation, migration, and survival of many cell types through its specific GPCRs. Based
on primary sequence similarity, LPA receptors are classified into two subfamilies,
endothelial differentiation gene (Edg) family and non-Edg (P2Y) family. LPAR1/2/3
comprise the Edg family with five S1P receptors, and other LPA receptors (LPAR4/5/6,
GPR87, and P2Y10) are classified into non-Edg (P2Y) family.

LPA exists in plasma as a circulatory lipid mediator. The secreted lysophospholipase D
enzyme called autotaxin (ATX), encoded by the £npp2 gene, is mainly responsible for LPA
production from lysophosphatidylcholine. In heterozygous £npp2*/~ mice, which do not
show obvious abnormal phenotypes, protein expression and enzymatic activity of ATX in
plasma is about half of wild-type mice as well as the plasma LPA level is also reduced to
half of wild-type mice (Tanaka et al., 2006; van Meeteren et al., 2006). Homozygous
Enpp2~~mice die at embryonic day 9.5-10.5 due to severe vascular phenotype in the yolk
sac and embryos, as well as neural tube defects (Koike et al., 2011; Tanaka et al., 2006; van
Meeteren et al., 2006). In zebrafish, enpp2-knockdown causes developmental vascular
defects (Yukiura et al., 2011). Furthermore, transgenic mice overexpressing ATX also
exhibit severe vascular defects causing embryonic lethality at embryonic day 9.5 (Yukiura,
Kano, Kise, Inoue, & Aoki, 2015a). Taken together, AT X-derived LPA plays an essential
role in angiogenesis and need to be strictly regulated. In zebrafish, single LPA receptor
knockdown by morpholino oligonucleotides do not cause vascular defects, while Jpar? and
Ipar4 double knockdown embryos exhibit similar vascular defects as enpp2-knockdown
(Yukiura et al., 2011). On the other hand, some of Lpar4 knockout mice are embryonic lethal
due to hemorrhages and edema although their phenotypes are not as severe as £Enpp2
knockout mice (Sumida et al., 2010). These studies suggest that ATX is an indispensable
factor and LPAR4 plays a key role in angiogenesis in cooperation with other LPA receptors.
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LPA treatment of various cancer cell lines promotes the expression and release of IL-8,
which is a potent angiogenic factor as mentioned above (Boucharaba et al., 2009; Chen,
Chen, et al., 2012; Schwartz et al., 2001; Shida et al., 2003). Ovarian and cervical cancer
cells express LPAR1/2/3, and knockdown of LPARZand/or LPAR3results in abolishment of
LPA-induced IL-8 production while LPARI knockdown did not result in a similar effect
(Chen, Chen, et al., 2012; Yu et al., 2008). Indeed, when cervical cancer cells with different
LPA receptor expression patterns are injected into mice to assess tumorigenicity, the
microvessel density and tumor size are suppressed in the LPARZ/3 double knockdown cells,
which is as low as the LPAR1/2/3triple knockdown cells (Chen, Chen, et al., 2012). The
promoter region for /L-8harbors AP-1 and NF-xB transcription factor-binding sites. Both of
these transcription factors synergistically activate the LPA-dependent IL-8 expression in
ovarian cancer cells, while only NF-xB transcription factor is involved in cervical cancer
cells (Chen, Chen, et al., 2012; Fang et al., 2004). Among colon cancer cell lines, LPAR1
activation induces IL-8 release from DLD1 cells, while other colon cancer cells (HT29 and
WIiDR) predominantly expressing LPAR2but not LPARI also have an ability to release I1L-8
(Shida et al., 2003). Even in normal cell lines including endometrial stromal cells, placental
trophoblasts, and chondrocytes, the LPA signaling through some of LPA receptors induces
IL-8 production in a NF-xB-dependent manner (Chen et al., 2008, 2010; Chuang et al.,
2014). Taken together, angiogenesis mediated by IL-8 in both normal and cancer cells may
be regulated by the activation of LPA signaling in which several LPA receptor subtypes are
involved in a cell-type-specific manner.

Extracellular S1P and LPA are converted to sphingosine and monoacylglycerol, respectively
by dephosphorylation at the cell surface via LPPs (lipid phosphate phosphatases), membrane
proteins, which interrupts the activation of S1P or LPA receptors. Endothelial-specific Lpp3
knockout mice also exhibit lethal vascular leakage and hemorrhage (Chatterjee, Baruah,
Lurie, & Wary, 2016; Panchatcharam et al., 2014) as observed in SZpri knockout, £Enpp2
knockout, and EnppZ2 overex-pressing mice. The vascular barrier defect caused by LPP3
deficiency seems to be associated with LPA receptor signaling, because the LPARs
antagonist administration into £nppZ2 knockout mice attenuated endothelial barrier defect
(Panchatcharam et al., 2014). /n vitro experiment assessing the monolayer cell barrier
function showed not S1P signaling but LPA signaling decreases the endothelial barrier
function (Ren et al., 2013; Singleton, Dudek, Chiang, & Garcia, 2005). Furthermore, it has
been reported that LPP3 localizes in specific cell—cell contact sites where LPARG signaling
is activated and suppresses its signaling (Yukiura, Kano, Kise, Inoue, & Aoki, 2015b). The
Lpp3 deficiency in endothelial cells does not affect blood LPA level but disrupts barrier
function (Panchatcharam et al., 2014). Taken together, LPP3 might localize closely with
LPA receptors and regulate the LPA amount in some specific space that would be recognized
by LPA receptors. Additionally, several tumors are highly expressing LPP3, and the
inhibitory antibody against LPP3 suppresses bFGF and VEGF induced capillary formation
and tumor growth (Chatterjee, Humtsoe, Kohler, Sorio, & Wary, 2011; Wary & Humtsoe,
2005), suggesting LPP3 as a potential therapeutic target.
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6. Prostaglanoid signaling and angiogenesis

Prostaglandin E, (PGE)) is known as another proangiogenic lipid mediator. Three distinct
PGE synthases generate PGE, from PGH,, which is also a precursor for other prostanoids
including PGl,, PGF5, PGD», and thromboxane A, (TXA,). The cyclooxygenase (COX)
enzymes contribute to PGH, production from arachidonic acid, which is derived from
membrane phospholipids. Intracellularly produced PGE; is secreted by its specific
transporter (PGT/OATP2A1/SLCO2A1) (Chan, Satriano, Pucci, & Schuster, 1998), which
allow autocrine and/or paracrine signaling via four GPCRs which are named EP (E-type
prostanoid) receptors (EP1-4).

COX-1 encoded by the Prgs1 gene is constitutively and ubiquitously expressed while COX-2
encoded by the Prgs2gene is an inducible iso-form by various stimulations such as
inflammation and pathological conditions (Hla & Neilson, 1992). Indeed, basal level of
PGE; is mostly diminished in PfgsZ knockout mice, while lipopolysaccharide (LPS)-induced
PGE, synthesis is not observed in Pfgs2knockout mice and elevated expression of COX-2
leads to an increase in PGE; level in the isolated peritoneal macrophages (Brock, McNish, &
Peters-Golden, 1999; Langenbach et al., 1995; Morham et al., 1995). Pfgs1 or Ptgs2single
knockout mice can be grown to adulthood with some phenotypes such as parturition
problems, peritonitis, kidney malfunction, and female infertility (Langenbach, Loftin, Lee,
& Tiano, 1999; Lim et al., 1997; Morham et al., 1995). Angiogenic defects during
development are not observed even in PtgsI and Prgs2 double knockout mice although they
die in the postnatal period because of premature closure of the ductus arteriosus (Loftin et
al., 2001; Reese et al., 2000), suggesting prostaglandins generated by COX-1/2 are not
essential for developmental angiogenesis. Meanwhile, a large number of studies suggest that
PGE, generated by COX-2 is a key factor promoting tumor-associated angiogenesis. COX-2
expression is upregulated in neovasculature cells of various tumor including the lung, colon,
prostate, and breast (Masferrer et al., 2000; Soslow et al., 2000). When the lung carcinoma
cells are engrafted into mice, the tumor growth and vascular density are decreased in Ptgs2
knockout mice and COX-2 inhibitor-treated mice, but not in PigsZ knockout mice (Amano et
al., 2009; Williams, Tsujii, Reese, Dey, & DuBois, 2000). In addition, overexpression of
human PTGSZ gene in the mammary glands of transgenic mice results in the formation of
mammary adenocarcinoma in multiparous mice which are completely inhibited by NSAIDs
and COXIBs. These data suggest that prostaglandins secreted from the COX-2 pathway
cooperate with other mechanisms to promote tumor development. In addition, the induction
of angiogenic switch by PGE; receptor EP2 appears to be important in this model (Chang,
Ai, Breyer, Lane, & Hla, 2005; Chang et al., 2004; Chang, Liu, Wu, & Hla, 2005; Liu et al.,
2001). The gene deletion for EP3 also suppresses tumor growth and angiogenesis (Amano et
al., 2003; Amano et al., 2009). The Ptgs2 gene deletion in the model mice of familial
adenomatous polyposis dramatically reduces the polyp growth and vascular density (Oshima
etal., 1996; Seno et al., 2002). The resemble phenotypes are observed in the mice deleting
the gene encoding EP2 but not EP1 and EP3 receptors in this model mice (Seno et al., 2002;
Sonoshita et al., 2001). Furthermore, there is a report that the selective agonist for EP4
receptor promotes angiogenesis /n vivo (Rao et al., 2007), presenting that the COX-2/PGE;
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signaling pathway via EP receptors plays a critical role in promoting tumor-associated
angiogenesis.

As mechanisms of COX-2/PGE,-mediated angiogenesis, VEGF production is increased in
response to COX-2 and/or PGE, in various cell types, and this induction is attenuated by the
treatment of inhibitors for COX-2 or PGE synthase (Eibl et al., 2003; Finetti et al., 2012;
Miura et al., 2004; Murono et al., 2001; Pai et al., 2001a, 2001b). In addition, the COX-2
expression is also stimulated by VEGF (Hernandez et al., 2001; Wu et al., 2006), indicating
the positive feedback loop between COX-2/PGE, and VEGF pathway to amplify these
angiogenic effects.On the other hand, the VEGF-independent pathway in COX-2/PGE,-
mediated angiogenesis has been proposed in colon tumors, which are resistant to VEGFR2
inhibitors (Fischer et al., 2007; Xu et al., 2014). Both the COX-2 inhibitor and COX-2
overexpression do not affect the VEGF production and VEGFR2 activation, as well as
VEGFR? inhibitory antibodies cannot block COX-2-induced angiogenesis. Taken together,
simultaneous blocking both pathways might be an effective therapy in tumors where
angiogenesis are promoted by VEGF and COX-2/PGE; independently (Xu & Croix, 2014).

7. Anti-angiogenic lipid mediators

In contrast to proangiogenic mediators mentioned above, several lipid mediators are reported
to have anti-angiogenic effects. Lipoxin A4 (LXA4), one of arachidonic acid metabolites,
can be a ligand for a GPCR called ALXR/FPRL-1 (Fiore, Maddox, Perez, & Serhan, 1994).
LXA4 treatment reduces the production of proangiogenic factors such as PGE,, IL-8, and
VEGF in vitroand in vivo (Jin et al., 2009; Marginean & Sharma-Walia, 2015; Xu, Zhao,
Lin, Chen, & Huang, 2012). In addition, LXA downregulates the VEGFR2 signaling by
dephosphorylating the tyrosine residues of VEGFR2 and translocating from lipid raft which
facilitates efficient signal transduction by recruiting multiple signaling complexes in close
proximity (Baker, O’Meara, Scannell, Maderna, & Godson, 2009; Marginean & Sharma-
Walia, 2015). Furthermore, ALXR stimulation with a LXA4 analog suppresses VEGF-
promoted corneal angiogenesis (Jin et al., 2009).

Resolvin D1 (RvD1) and E1 (RvEL) produced from docosahexaenoic acid (DHA) and
eicosapentaenoic acid (EPA), respectively, also have an anti-angiogenic activity /n vivo.
Treatment with these lipid mediators suppresses corneal and retinal angiogenesis in
pathological lesion (Connor et al., 2007; Rajasagi et al., 2011). Dietary intake of DHA and
EPA can suppress retinal angiogenesis probably due to their metabolites, RvD1 and RvVE1
without alteration in the VEGF level (Connor et al., 2007), while topical subconjunctival
injection causes VEGF transcriptional reduction (Jin et al., 2009). Thus, an involvement of
VEGF in these pathways is still unclear, and further analysis is awaited.

8. Concluding remarks

Receptors expressed on cell surface are the most readily targeted in current pharmacologic
strategies. In fact, FTY720, an S1P analogue, has been approved as oral therapy for multiple
sclerosis, and many compounds targeting lipid mediator receptors are under development as
potential new medicine. On the other hand, upstream molecules in signaling pathways such
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as metabolizing enzymes and transporters have been also reported as important factors in
several cancers (Bradley et al., 2014; Umezu-Goto et al., 2004; van der Weyden et al., 2017),
although targeting these upstream molecules would affect additional pathways that act
through multiple receptors. A lipid mediator can be a ligand for multiple receptors, enabling
diverse and complex cellular responses in different cell types. Furthermore, in the case of
GPCRs, because each receptor can associate with multiple heterotrimeric G protein a
subunits and has differential affinities, activation of same receptor may result in different
cellular responses. In addition, many of lipid mediator receptors described above are
expressed in various cell types including endothelial cells, stromal cells, immune cells, and
cancer cells. A receptor subtype-selective drug targeting the receptor that is expressed on
both cancer cells and stromal cells surrounding the tumor has a possibility causing different
or opposite pharmacological effects. Thus, characterization and comprehensive
understanding about each receptor subtype, receptor-associated proteins, and expression
profiles of those molecules in each cell type is needed for predicting undesired side effects
and maximizing therapeutic effects.
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VE vascular endothelial

VEGF vascular endothelial growth factor
VPF vascular permeability factor
VSMC vascular smooth muscle cell

References

Alfranca A, Lopez-Oliva JM, Genis L, Lépez-Maderuelo D, Mirones I, Salvado D, et al. (2008). PGE2
induces angiogenesis via MT1-MMP-mediated activation of the TGFB/AIK5 signaling pathway.
Blood 112(4), 1120 10.1182/blood-2007-09-112268. [PubMed: 18541723]

Amano H, Hayashi I, Endo H, Kitasato H, Yamashina S, Maruyama T, et al. (2003). Host
prostaglandin EbsubN2b/subN-EP3 signaling regulates tumor-associated angio-genesis and tumor
growth. The Journal of Experimental Medicine 197(2), 221-232. [PubMed: 12538661]

Amano H, Ito Y, Suzuki T, Kato S, Matsui Y, Ogawa F, et al. (2009). Roles of a pros-taglandin E-type
receptor, EP3, in upregulation of matrix metalloproteinase-9 and vascular endothelial growth factor
during enhancement of tumor metastasis. Cancer Science 100(12), 2318-2324. [PubMed:
19799610]

Anelli V, Gault CR, Cheng AB, & Obeid LM (2008). Sphingosine kinase 1 is up-regulated during
hypoxia in U87MG glioma cells. Role of hypoxia-inducible factors 1 and2. The Journal of
Biological Chemistry 283(6), 3365-3375. [PubMed: 18055454]

Arikawa K, Takuwa N, Yamaguchi H, Sugimoto N, Kitayama J, Nagawa H, et al. (2003). Ligand-
dependent inhibition of B16 melanoma cell migration and invasion via endogenous S1P2 G protein-
coupled receptor. Requirement of inhibition of cellular RAC activity. The Journal of Biological
Chemistry 278(35), 32841-32851. [PubMed: 12810709]

Baker N, O’Meara SJ, Scannell M, Maderna P, & Godson C (2009). Lipoxin A4: Anti-inflammatory
and anti-angiogenic impact on endothelial cells. Journal of Immunology 182(6), 3819-3826.

Ben Shoham A, Malkinson G, Krief S, Shwartz Y, Ely Y, Ferrara N, et al. (2012). S1P1 inhibits
sprouting angiogenesis during vascular development. Development 139(20), 3859-3869. [PubMed:
22951644]

Benaud C, Oberst M, Hobson JP, Spiegel S, Dickson RB, & Lin CY (2002). Sphingo-sine 1-phosphate,
present in serum-derived lipoproteins, activates matriptase. The Journal of Biological Chemistry
277(12), 10539-10546. [PubMed: 11792696]

Boucharaba A, Guillet B, Menaa F, Hneino M, van Wijnen AJ, Clezardin P, et al. (2009). Bioactive
lipids lysophosphatidic acid and sphingosine 1-phosphate mediate breast cancer cell biological
functions through distinct mechanisms. Oncology Research 18(4), 173-184. [PubMed: 20112503]

Bradley E, Dasgupta S, Jiang X, Zhao X, Zhu G, He Q, et al. (2014). Critical role of Spns2, a
sphingosine-1-phosphate transporter, in lung cancer cell survival and migration. PLoS One 9(10),
€110119. [PubMed: 25330231]

Brinkmann V (2007). Sphingosine 1-phosphate receptors in health and disease: Mechanistic insights
from gene deletion studies and reverse pharmacology. Pharmacology & Therapeutics 115(1), 84—
105. [PubMed: 17561264]

Brock TG, McNish RW, & Peters-Golden M (1999). Arachidonic acid is preferentially metabolized by
cyclooxygenase-2 to prostacyclin and prostaglandin E2. Journal of Biological Chemistry 274(17),
11660-11666. [PubMed: 10206978]

Brunnert D, Piccenini S, Ehrhardt J, Zygmunt M, & Goyal P (2015). Sphingosine 1-phosphate
regulates IL-8 expression and secretion via SIPR1 and S1PR2 receptors-mediated signaling in
extravillous trophoblast derived HTR-8/SVneo cells. Placenta 36(10), 1115-1121. [PubMed:
26321412]

Pharmacol Ther. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hisano and Hla

Page 13

Bryan L, Paugh BS, Kapitonov D, Wilczynska KM, Alvarez SM, Singh SK, et al. (2008).
Sphingosine-1-phosphate and interleukin-1 independently regulate plasminogen activator
inhibitor-1 and urokinase-type plasminogen activator receptor expression in glioblastoma cells:
Implications for invasiveness. Molecular Cancer Research 6(9), 1469-1477. [PubMed: 18819934]

Chae SS, Paik JH, Furneaux H, & Hla T (2004). Requirement for sphingosine 1-phosphate receptor-1
in tumor angiogenesis demonstrated by in vivo RNA interference. The Journal of Clinical
Investigation 114(8), 1082-1089. [PubMed: 15489955]

Chae SS, Proia RL, & Hla T (2004). Constitutive expression of the S1P1 receptor in adult tissues.
Prostaglandins & Other Lipid Mediators 73(1-2), 141-150. [PubMed: 15165038]

Chan BS, Satriano JA, Pucci M, & Schuster VL (1998). Mechanism of prostaglandin E2 transport
across the plasma membrane of HeLa cells and xenopus oocytes expressing the prostaglandin
transporter “PGT”. Journal of Biological Chemistry 273(12), 6689-6697. [PubMed: 9506966]

Chang S-H, Ai Y, Breyer RM, Lane TF, & Hla T (2005). The prostaglandin E; receptor EP2 is
required for cyclooxygenase 2-mediated mammary hyperplasia. Cancer Research 65(11), 4496
10.1158/0008-5472.CAN-05-0129. [PubMed: 15930264]

Chang SH, Liu CH, Conway R, Han DK, Nithipatikom K, Trifan OC, et al. (2004). Role of
prostaglandin E2-dependent angiogenic switch in cyclooxygenase 2-induced breast cancer
progression. Proceedings of the National Academy of Sciences of the United States of America
101(2), 591-596. [PubMed: 14688410]

Chang SH, Liu CH, Wu MT, & Hla T (2005). Regulation of vascular endothelial cell growth factor
expression in mouse mammary tumor cells by the EP2 subtype of the prostaglandin E2 receptor.
Prostaglandins & Other Lipid Mediators 76(1-4), 48-58. [PubMed: 15967161]

Chatterjee I, Baruah J, Lurie EE, & Wary KK (2016). Endothelial lipid phosphate phosphatase-3
deficiency that disrupts the endothelial barrier function is a modifier of cardiovascular
development. Cardiovascular Research 111(1), 105-118. [PubMed: 27125875]

Chatterjee I, Humtsoe JO, Kohler EE, Sorio C, & Wary KK (2011). Lipid phosphate phosphatase-3
regulates tumor growth via p-catenin and Cyclin-D1 signaling. Molecular Cancer 10(1), 51.
[PubMed: 21569306]

Chen JJW, Yao P-L, Yuan A, Hong T-M, Shun C-T, Kuo M-L, et al. (2003). Up-regulation of tumor
interleukin-8 expression by infiltrating macrophages. Clinical Cancer Research 9(2), 729.
[PubMed: 12576442]

Chen RJ, Chen SU, Chou CH, & Lin MC (2012). Lysophosphatidic acid receptor 2/3-mediated 1L-8-
dependent angiogenesis in cervical cancer cells. International Journal of Cancer 131(4), 789-802.
[PubMed: 21964883]

Chen SU, Chou CH, Chao KH, Lee H, Lin CW, Lu HF, et al. (2010). Lysophosphatidic acid up-
regulates expression of growth-regulated oncogene-alpha, interleukin-8, and monocyte
chemoattractant protein-1 in human first-trimester trophoblasts: Possible roles in angiogenesis and
immune regulation. Endocrinology 151(1), 369-379. [PubMed: 19906815]

Chen SU, Lee H, Chang DY, Chou CH, Chang CY, Chao KH, et al. (2008). Lysophosphatidic acid
mediates interleukin-8 expression in human endometrial stromal cells through its receptor and
nuclear factor-kappaB-dependent pathway: A possible role in angiogenesis of endometrium and
placenta. Endocrinology 149(11), 5888-5896. [PubMed: 18617617]

Chuang YW, Chang WM, Chen KH, Hong CZ, Chang PJ, & Hsu HC (2014). Lysophosphatidic acid
enhanced the angiogenic capability of human chondrocytes by regulating Gi/NF-kB-dependent
angiogenic factor expression. PLoS One 9(5), €95180. [PubMed: 24879414]

Connor KM, SanGiovanni JP, Lofqvist C, Aderman CM, Chen J, Higuchi A, et al. (2007). Increased
dietary intake of w—3-polyunsaturated fatty acids reduces pathological retinal angiogenesis. Nature
Medicine 13(7), 868-873.

Cyster JG, & Schwab SR (2012). Sphingosine-1-phosphate and lymphocyte egress from lymphoid
organs. Annual Review of Immunology 30(1), 69-94.

van der Weyden L, Arends MJ, Campbell AD, Bald T, Wardle-Jones H, Griggs N, et al. (2017).
Genome-wide in vivo screen identifies novel host regulators of metastatic colonization. Nature
541(7636), 233-236. [PubMed: 28052056]

Pharmacol Ther. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hisano and Hla

Page 14

Devine KM, Smicun Y, Hope JM, & Fishman DA (2008). S1P induced changes in epithelial ovarian
cancer proteolysis, invasion, and attachment are mediated by Gi and Rac. Gynecologic Oncology
110(2), 237-245. [PubMed: 18513786]

Eibl G, Bruemmer D, Okada Y, Duffy JP, Law RE, Reber HA, et al. (2003). PGE2 is generated by
specific COX-2 activity and increases VEGF production in COX-2-expressing human pancreatic
cancer cells. Biochemical and Biophysical Research Communications 306(4), 887-897. [PubMed:
12821125]

Fang X, Yu S, Bast RC, Liu S, Xu HJ, Hu SX, et al. (2004). Mechanisms for lysophosphatidic acid-
induced cytokine production in ovarian cancer cells. The Journal of Biological Chemistry 279(10),
9653-9661. [PubMed: 14670967]

Finetti F, Terzuoli E, Bocci E, Coletta I, Polenzani L, Mangano G, et al. (2012). Pharmacological
inhibition of microsomal prostaglandin e synthase-1 suppresses epidermal growth factor receptor-
mediated tumor growth and angiogenesis. PLoS One 7(7), e40576. [PubMed: 22815767]

Fiore S, Maddox JF, Perez HD, & Serhan CN (1994). Identification of a human cDNA encoding a
functional high affinity lipoxin A4 receptor. The Journal of Experimental Medicine 180(1), 253
10.1084/jem.180.1.253. [PubMed: 8006586]

Fischer C, Jonckx B, Mazzone M, Zacchigna S, Loges S, Pattarini L, et al. (2007). Anti-PIGF inhibits
growth of VEGF(R)-inhibitor-resistant tumors without affecting healthy vessels. Cell 131(3), 463—
475. [PubMed: 17981115]

Fu P, Ebenezer DL, Berdyshev EV, Bronova IA, Shaaya M, Harijith A, et al. (2016). Role of
Sphingosine kinase 1 and S1P transporter Spns2 in HGF mediated lamellipodia formation in lung
endothelium. The Journal of Biological Chemistry 291(53), 27187-27203. [PubMed: 27864331]

Gaengel K, Niaudet C, Hagikura K, Lavina B, Muhl L, Hofmann JJ, et al. (2012). The sphingosine-1-
phosphate receptor S1PR1 restricts sprouting angiogenesis by regulating the interplay between
VE-cadherin and VEGFR2. Developmental Cell 23(3), 587-599. [PubMed: 22975327]

Galvani S, Sanson M, Blaho VA, Swendeman SL, Obinata H, Conger H, et al. (2015). HDL-bound
sphingosine 1-phosphate acts as a biased agonist for the endothelial cell receptor S1Pq to limit
vascular inflammation. Science Signaling 8(389), ra79 10.1126/scisignal.aaa2581. [PubMed:
26268607]

Gavard J, & Gutkind JS (2006). VEGF controls endothelial-cell permeability by promoting the beta-
arrestin-dependent endocytosis of VE-cadherin. Nature Cell Biology 8(11), 1223-1234. [PubMed:
17060906]

Gonzalez-Cabrera PJ, Brown S, Studer SM, & Rosen H (2014). S1P signaling: New therapies and
opportunities. F1000Prime Report 6, 109.

Graler MH, Bernhardt G, & Lipp M (1998). EDGS6, a novel G-protein-coupled receptor related to
receptors for bioactive lysophospholipids, is specifically expressed in lymphoid tissue. Genomics
53(2), 164-169. [PubMed: 9790765]

Hernandez GL, Volpert OV, Ifiiguez MA, Lorenzo E, Martinez-Martinez S, Grau R, et al. (2001).
Selective inhibition of vascular endothelial growth factor-mediated angiogenesis by cyclosporin a.
The Journal of Experimental Medicine 193(5), 607 10.1084/jem.193.5.607. [PubMed: 11238591]

Hisano Y, Inoue A, Taimatsu K, Ota S, Ohga R, Kotani H, et al. (2015). Comprehensive analysis of
sphingosine-1-phosphate receptor mutants during zebrafish embryogenesis. Genes to Cells 20(8),
647-658. [PubMed: 26094551]

Hisano Y, Kobayashi N, Kawahara A, Yamaguchi A, & Nishi T (2011). The sphingosine 1-phosphate
transporter, SPNS2, functions as a transporter of the phosphorylated form of the
immunomodulating agent FTY720. Journal of Biological Chemistry 286(3), 1758-1766.
[PubMed: 21084291]

Hisano Y, Kobayashi N, Yamaguchi A, & Nishi T (2012). Mouse SPNS2 functions as a sphingosine-1-
phosphate transporter in vascular endothelial cells. PLoS One 7(6), e38941. [PubMed: 22723910]

Hisano Y, Nishi T, & Kawahara A (2012). The functional roles of S1P in immunity. Journal of
Biochemistry 152(4), 305-311. [PubMed: 22923732]

Hla T, & Dannenberg AJ (2012). Sphingolipid signaling in metabolic disorders. CellMetabolism 16(4),
420-434.

Pharmacol Ther. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hisano and Hla

Page 15

Hla T, & Maciag T (1990). An abundant transcript induced in differentiating human endothelial cells
encodes a polypeptide with structural similarities to G-protein-coupled receptors. Journal of
Biological Chemistry 265(16), 9308-9313. [PubMed: 2160972]

Hla T, & Neilson K (1992). Human cyclooxygenase-2 cDNA. Proceedings of the NationalAcademy of
Sciences of the United States of America 89(16), 7384—7388.

Ishii I, Friedman B, Ye X, Kawamura S, McGiffert C, Contos JJ, et al. (2001). Selective loss of
sphingosine 1-phosphate signaling with no obvious phenotypic abnormality in mice lacking its G
protein-coupled receptor, LP(B3)/EDG-3. The Journal of Biological Chemistry 276(36), 33697—
33704. [PubMed: 11443127]

Ishii I, Ye X, Friedman B, Kawamura S, Contos JJ, Kingsbury MA, et al. (2002). Marked perinatal
lethality and cellular signaling deficits in mice null for the two sphingosine 1-phosphate (S1P)
receptors, S1P(2)/LP(B2)/EDG-5 and S1P(3)/LP (B3)/EDG-3. The Journal of Biological
Chemistry 277(28), 25152-25159. [PubMed: 12006579]

Ishii M, Egen JG, Klauschen F, Meier-Schellersheim M, Saeki Y, Vacher J, et al. (2009).
Sphingosine-1-phosphate mobilizes osteoclast precursors and regulates bone homeostasis. Nature
458(7237), 524-528. [PubMed: 19204730]

Jin'Y, Arita M, Zhang Q, Saban DR, Chauhan SK, Chiang N, et al. (2009). Anti-angio-genesis effect of
the novel anti-inflammatory and pro-resolving lipid mediators. Investigative Ophthalmology &
Visual Science 50(10), 4743-4752. [PubMed: 19407006]

Jung B, Obinata H, Galvani S, Mendelson K, Ding BS, Skoura A, et al. (2012). Flow-regulated
endothelial S1P receptor-1 signaling sustains vascular development. Developmental Cell 23(3),
600-610. [PubMed: 22975328]

Kawahara A, Nishi T, Hisano Y, Fukui H, Yamaguchi A, & Mochizuki N (2009). The sphingolipid
transporter Spns2 functions in migration of zebrafish myocardial precursors. Science 323(5913),
524-527. [PubMed: 19074308]

Kihara A, Mitsutake S, Mizutani Y, & lgarashi Y (2007). Metabolism and biological functions of two
phosphorylated sphingolipids, sphingosine 1-phosphate and cer-amide 1-phosphate. Progress in
Lipid Research 46(2), 126—-144. [PubMed: 17449104]

Kimura T, Watanabe T, Sato K, Kon J, Tomura H, Tamama K, et al. (2000). Sphingo-sine 1-phosphate
stimulates proliferation and migration of human endothelial cells possibly through the lipid
receptors, Edg-1 and Edg-3. Biochemical Journal 348(Pt1), 71-76. [PubMed: 10794715]

Koike S, Yutoh Y, Keino-Masu K, Noji S, Masu M, & Ohuchi H (2011). Autotaxin is required for the
cranial neural tube closure and establishment of the midbrain-hind-brain boundary during mouse
development. Developmental Dynamics 240(2), 413-421. [PubMed: 21246658]

Kono M, Mi Y, Liu Y, Sasaki T, Allende ML, Wu YP, et al. (2004). The sphingosine-1-phosphate
receptors S1P1, S1P2, and S1P3 function coordinately during embryonic angiogenesis. The
Journal of Biological Chemistry 279(28), 29367-29373. [PubMed: 15138255]

Langenbach R, Loftin C, Lee C, & Tiano H (1999). Cyclooxygenase knockout mice: Models for
elucidating isoform-specific functions. Biochemical Pharmacology 58(8), 1237-1246. [PubMed:
10487525]

Langenbach R, Morham SG, Tiano HF, Loftin CD, Ghanayem BI, Chulada PC, et al. (1995).
Prostaglandin synthase 1 gene disruption in mice reduces arachidonic acid-induced inflammation
and indomethacin-induced gastric ulceration. Cell 83(3), 483-492. [PubMed: 8521478]

Lee M-J, Thangada S, Claffey KP, Ancellin N, Liu CH, Kluk M, et al. (1999). Vascular endothelial cell
adherens junction assembly and morphogenesis induced by sphingo-sine-1-phosphate. Cell 99(3),
301-312. [PubMed: 10555146]

Lepley D, Paik JH, Hla T, & Ferrer F (2005). The G protein-coupled receptor S1P2 regulates Rho/Rho
kinase pathway to inhibit tumor cell migration. Cancer Research 65(9), 3788-3795. [PubMed:
15867375]

Li A, Dubey S, Varney ML, Dave BJ, & Singh RK (2003). IL-8 directly enhanced endothelial cell
survival, proliferation, and matrix metalloproteinases production and regulated angiogenesis. The
Journal of Immunology 170(6), 3369 10.4049/jimmunol.170.6.3369. [PubMed: 12626597]

Pharmacol Ther. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hisano and Hla

Page 16

Li A, Varney ML, Valasek J, Godfrey M, Dave BJ, & Singh RK (2005). Autocrine role of interleukin-8
in induction of endothelial cell proliferation, survival, migration and MMP-2 production and
angiogenesis. Angiogenesis 8(1), 63—-71. [PubMed: 16132619]

Lim H, Paria BC, Das SK, Dinchuk JE, Langenbach R, Trzaskos JM, et al. (1997). Multiple female
reproductive failures in cyclooxygenase 2—deficient mice. Cell 91(2), 197-208. [PubMed:
9346237]

Liu CH, Chang SH, Narko K, Trifan OC, Wu MT, Smith E, et al. (2001). Overexpression of
cyclooxygenase-2 is sufficient to induce tumorigenesis in transgenic mice. The Journal of
Biological Chemistry 276(21), 18563-18569. [PubMed: 11278747]

Liu Y, Wada R, Yamashita T, Mi Y, Deng CX, Hobson JP, et al. (2000). Edg-1, the G protein-coupled
receptor for sphingosine-1-phosphate, is essential for vascular maturation. The Journal of Clinical
Investigation 106(8), 951-961. [PubMed: 11032855]

Loftin CD, Trivedi DB, Tiano HF, Clark JA, Lee CA, Epstein JA, et al. (2001). Failure of ductus
arteriosus closure and remodeling in neonatal mice deficient in cyclooxygenase-1 and
cyclooxygenase-2. Proceedings of the National Academy of Sciences 98(3), 1059-1064.

Malchinkhuu E, Sato K, Horiuchi Y, Mogi C, Ohwada S, Ishiuchi S, et al. (2005). Role of p38
mitogen-activated kinase and c-Jun terminal kinase in migration response to lysophosphatidic acid
and sphingosine-1-phosphate in glioma cells. Oncogene 24(44), 6676-6688. [PubMed: 16007180]

Malchinkhuu E, Sato K, Maehama T, Mogi C, Tomura H, Ishiuchi S, et al. (2008). S1P(2) receptors
mediate inhibition of glioma cell migration through Rho signaling pathways independent of
PTEN. Biochemical and Biophysical Research Communications 366(4), 963-968. [PubMed:
18088600]

Marginean A, & Sharma-Walia N (2015). Lipoxins exert antiangiogenic and anti-inflammatory effects
on Kaposi’s sarcoma cells. Translational Research 166(2), 111-133. [PubMed: 25814167]

Martin JD, Fukumura D, Duda DG, Boucher Y, & Jain RK (2016). Reengineering the tumor
microenvironment to alleviate hypoxia and overcome cancer heterogeneity. Cold Spring Harbor
Perspectives in Medicine 6(12).

Masferrer JL, Leahy KM, Koki AT, Zweifel BS, Settle SL, Woerner BM, et al. (2000). Antiangiogenic
and antitumor activities of cyclooxygenase-2 inhibitors. Cancer Research 60(5), 1306. [PubMed:
10728691]

Matloubian M, Lo CG, Cinamon G, Lesneski MJ, Xu Y, Brinkmann V, et al. (2004). Lymphocyte
egress from thymus and peripheral lymphoid organs is dependent on S1P receptor 1. Nature
427(6972), 355-360. [PubMed: 14737169]

van Meeteren LA, Ruurs P, Stortelers C, Bouwman P, van Rooijen MA, Pradere JP, et al. (2006).
Autotaxin, a secreted lysophospholipase D, is essential for blood vessel formation during
development. Molecular and Cellular Biology 26(13), 5015-5022. [PubMed: 16782887]

Mendelson K, Zygmunt T, Torres-Vazquez J, Evans T, & Hla T (2013). Sphingosine 1-phosphate
receptor signaling regulates proper embryonic vascular patterning. The Journal of Biological
Chemistry 288(4), 2143-2156. [PubMed: 23229546]

Michaud J, Im DS, & Hla T (2010). Inhibitory role of sphingosine 1-phosphate receptor 2 in
macrophage recruitment during inflammation. Journal of Immunology 184(3), 1475-1483.

Michaud MD, Robitaille GA, Gratton JP, & Richard DE (2009). Sphingosine-1-phosphate: A novel
nonhypoxic activator of hypoxia-inducible factor-1 in vascular cells. Arteriosclerosis, Thrombosis,
and Vascular Biology 29(6), 902-908.

Miller AV, Alvarez SE, Spiegel S, & Lebman DA (2008). Sphingosine kinases and sphingosine-1-
phosphate are critical for transforming growth factor beta-induced extracellular signal-regulated
kinase 1 and 2 activation and promotion of migration and invasion of esophageal cancer cells.
Molecular and Cellular Biology 28(12), 4142-4151. [PubMed: 18426913]

Miura S, Tatsuguchi A, Wada K, Takeyama H, Shinji Y, Hiratsuka T, et al. (2004). Cyclooxygenase-2-
regulated vascular endothelial growth factor release in gastric fibro-blasts. American Journal of
Physiology - Gastrointestinal and Liver Physiology 287(2), G444 10.1152/ajpgi.00537.2003.
[PubMed: 15246970]

Pharmacol Ther. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hisano and Hla

Page 17

Morham SG, Langenbach R, Loftin CD, Tiano HF, Vouloumanos N, Jennette JC, et al. (1995).
Prostaglandin synthase 2 gene disruption causes severe renal pathology in the mouse. Cell 83(3),
473-482. [PubMed: 8521477]

Murono S, Inoue H, Tanabe T, Joab I, Yoshizaki T, Furukawa M, et al. (2001). Induction of
cyclooxygenase-2 by Epstein—Barr virus latent membrane protein 1 is involved in vascular
endothelial growth factor production in nasopharyngeal carcinoma cells. Proceedings of the
National Academy of Sciences 98(12), 6905-6910.

Nakahara K, Ohkuni A, Kitamura T, Abe K, Naganuma T, Ohno Y, et al. (2012). The Sjogren-Larsson
syndrome gene encodes a hexadecenal dehydrogenase of the sphingosine 1-phosphate degradation
pathway. Molecular Cell 46(4), 461-471. [PubMed: 22633490]

Nakanaga K, Hama K, & Aoki J (2010). Autotaxin—an LPA producing enzyme with diverse
functions. Journal of Biochemistry 148(1), 13-24. [PubMed: 20495010]

Nishi T, Kobayashi N, Hisano Y, Kawahara A, & Yamaguchi A (2014). Molecular and physiological
functions of sphingosine 1-phosphate transporters. Biochimica et Biophysica Acta 1841(5), 759-
765. [PubMed: 23921254]

O’Sullivan MJ, Hirota N, & Martin JG (2014). Sphingosine 1-phosphate (S1P) induced interleukin-8
(IL-8) release is mediated by S1P receptor 2 and nuclear factor xB in BEAS-2B cells. PLoS One
9(4), e95566. [PubMed: 24743449]

Okamoto H, Takuwa N, Yokomizo T, Sugimoto N, Sakurada S, Shigematsu H, et al. (2000). Inhibitory
regulation of Rac activation, membrane ruffling, and cell migration by the G protein-coupled
sphingosine-1-phosphate receptor EDG5 but not EDG1 or EDG3. Molecular and Cellular Biology
20(24), 9247-9261. [PubMed: 11094076]

Oshima M, Dinchuk JE, Kargman SL, Oshima H, Hancock B, Kwong E, et al. (1996). Suppression of
intestinal polyposis in ApcA716 knockout mice by inhibition of cyclooxygenase 2 (COX-2). Cell
87(5), 803-809. [PubMed: 8945508]

Pai R, Szabo IL, Soreghan BA, Atay S, Kawanaka H, & Tarnawski AS (2001a). PGE2 stimulates
VEGF expression in endothelial cells via ERK2/INK1 signaling pathways. Biochemical and
Biophysical Research Communications 286(5), 923-928. [PubMed: 11527387]

Pai R, Szabo IL, Soreghan BA, Atay S, Kawanaka H, & Tarnawski AS (2001b). PGE(2) stimulates
VEGF expression in endothelial cells via ERK2/JNK1 signaling pathways. Biochemical and
Biophysical Research Communications 286(5), 923-928. [PubMed: 11527387]

Paik JH, Chae S, Lee MJ, Thangada S, & Hla T (2001). Sphingosine 1-phosphate-induced endothelial
cell migration requires the expression of EDG-1 and EDG-3 receptors and Rho-dependent
activation of alpha vbeta3- and betal-containing integrins. The Journal of Biological Chemistry
276(15), 11830-11837. [PubMed: 11150298]

Panchatcharam M, Salous AK, Brandon J, Miriyala S, Wheeler J, Patil P, et al. (2014). Mice with
targeted inactivation of ppap2b in endothelial and hematopoietic cells display enhanced vascular
inflammation and permeability. Arteriosclerosis, Thrombosis, and Vascular Biology 34(4), 837-
845.

Park KS, Kim MK, Lee HY, Kim SD, Lee SY, Kim JM, et al. (2007). S1P stimulates chemotactic
migration and invasion in OVCARS3 ovarian cancer cells. Biochemical and Biophysical Research
Communications 356(1), 239-244. [PubMed: 17349972]

Proia RL, & Hla T (2015). Emerging biology of sphingosine-1-phosphate: Its role in pathogenesis and
therapy. The Journal of Clinical Investigation 125(4), 1379-1387. [PubMed: 25831442]

Rajasagi NK, Reddy PB, Suryawanshi A, Mulik S, Gjorstrup P, & Rouse BT (2011). Controlling
herpes simplex virus-induced ocular inflammatory lesions with the lipid-derived mediator resolvin
E1. Journal of Immunology 186(3), 1735-1746.

Rao R, Redha R, Macias-Perez I, Su Y, Hao C, Zent R, et al. (2007). Prostaglandin E2-EP4 receptor
promotes endothelial cell migration via ERK activation and angiogenesis in vivo. The Journal of
Biological Chemistry 282(23), 16959-16968. [PubMed: 17401137]

Reese J, Paria BC, Brown N, Zhao X, Morrow JD, & Dey SK (2000). Coordinated regulation of fetal
and maternal prostaglandins directs successful birth and postnatal adaptation in the mouse.
Proceedings of the National Academy of Sciences 97(17), 9759-9764.

Pharmacol Ther. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hisano and Hla

Page 18

Ren Y, Guo L, Tang X, Apparsundaram S, Kitson C, Deguzman J, et al. (2013). Comparing the
differential effects of LPA on the barrier function of human pulmonary endothelial cells.
Microvascular Research 85, 59-67. [PubMed: 23084965]

Ridley AJ (2015). Rho GTPase signalling in cell migration. Current Opinion in Cell Biology 36, 103—
112. [PubMed: 26363959]

Rosen H, & Goetzl EJ (2005). Sphingosine 1-phosphate and its receptors: An autocrine and paracrine
network. Nature Reviews. Immunology 5(7), 560-570.

Ryu Y, Takuwa N, Sugimoto N, Sakurada S, Usui S, Okamoto H, et al. (2002). Sphingosine-1-
phosphate, a platelet-derived lysophospholipid mediator, negatively regulates cellular Rac
activity and cell migration in vascular smooth muscle cells. Circulation Research 90(3), 325-332.
[PubMed: 11861422]

Sadahira Y, Ruan F, Hakomori S, & Igarashi Y (1992). Sphingosine 1-phosphate, a specific
endogenous signaling molecule controlling cell motility and tumor cell invasiveness. Proceedings
of the National Academy of Sciences 89(20), 9686—9690.

Salama MF, Carroll B, Adada M, Pulkoski-Gross M, Hannun YA, & Obeid LM (2015). A novel role of
sphingosine kinase-1 in the invasion and angiogenesis of VHL mutant clear cell renal cell
carcinoma. The FASEB Journal 29(7), 2803-2813. [PubMed: 25805832]

Sanchez T, Thangada S, Wu MT, Kontos CD, Wu D, Wu H, et al. (2005). PTEN as an effector in the
signaling of antimigratory G protein-coupled receptor. Proceedings of the National Academy of
Sciences of the United States of America 102(12), 4312-4317. [PubMed: 15764699]

Sato K, & Okajima F (2010). Role of sphingosine 1-phosphate in anti-atherogenic actions of high-
density lipoprotein. World Journal of Biological Chemistry 1(11), 327-337. [PubMed:
21537467]

Schnitzer SE, Weigert A, Zhou J, & Brune B (2009). Hypoxia enhances sphingosine kinase 2 activity
and provokes sphingosine-1-phosphate-mediated chemoresistance in A549 lung cancer cells.
Molecular Cancer Research 7(3), 393-401. [PubMed: 19240180]

Schwartz BM, Hong G, Morrison BH, Wu W, Baudhuin LM, Xiao YJ, et al. (2001).
Lysophospholipids increase interleukin-8 expression in ovarian cancer cells. Gynecologic
Oncology 81(2), 291-300. [PubMed: 11330965]

Senger DR, Galli SJ, Dvorak AM, Perruzzi CA, Harvey VS, & Dvorak HF (1983). Tumor cells secrete
a vascular permeability factor that promotes accumulation of as-cites fluid. Science 219(4587),
983 10.1126/science.6823562. [PubMed: 6823562]

Seno H, Oshima M, Ishikawa T-O, Oshima H, Takaku K, Chiba T, et al. (2002). Cyclooxygenase 2-
and prostaglandin E2 receptor EP2-dependent angiogenesis in ApcA716 mouse intestinal polyps.
Cancer Research 62(2), 506. [PubMed: 11809702]

Shida D, Kitayama J, Yamaguchi H, Okaji Y, Tsuno NH, Watanabe T, et al. (2003). Lysophosphatidic
acid (LPA) enhances the metastatic potential of human colon carcinoma DLD1 cells through
LPA1. Cancer Research 63(7), 1706. [PubMed: 12670925]

Shimizu T (2009). Lipid mediators in health and disease: Enzymes and receptors as therapeutic targets
for the regulation of immunity and inflammation. Annual Review of Pharmacology and
Toxicology 49, 123-150.

Singleton PA, Dudek SM, Chiang ET, & Garcia JG (2005). Regulation of sphingosine 1-phosphate-
induced endothelial cytoskeletal rearrangement and barrier enhancement by S1P1 receptor, P13
kinase, Tiam1/Racl, and alpha-actinin. The FASEB Journal 19(12), 1646-1656. [PubMed:
16195373]

Sonoshita M, Takaku K, Sasaki N, Sugimoto Y, Ushikubi F, Narumiya S, et al. (2001). Acceleration of
intestinal polyposis through prostaglandin receptor EP2 in Apc[Delta] 716 knockout mice.
Nature Medicine 7(9), 1048-1051. 10.1038/nm0901-1048.

Soslow RA, Dannenberg AJ, Rush D, Woerner BM, Khan KN, Masferrer J, et al. (2000). COX-2 is
expressed in human pulmonary, colonic, and mammary tumors. Cancer 89(12), 2637-2645.
[PubMed: 11135226]

Spiegel S, Olivera A, Zhang H, Thompson EW, Su Y, & Berger A (1994). Sphingosine-1-phosphate, a
novel second messenger involved in cell growth regulation and signal transduction, affects

Pharmacol Ther. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hisano and Hla

Page 19

growth and invasiveness of human breast cancer cells. Breast Cancer Research and Treatment
31(2), 337-348. [PubMed: 7881110]

Sumida H, Noguchi K, Kihara Y, Abe M, Yanagida K, Hamano F, et al. (2010). LPA4 regulates blood
and lymphatic vessel formation during mouse embryogenesis. Blood 116(23), 5060-5070.
[PubMed: 20713964]

Swendeman SL, Xiong Y, Cantalupo A, Yuan H, Burg N, Hisano Y, et al. (2017). An engineered S1P
chaperone attenuates hypertension and ischemic injury. Science Signaling 10(492). 10.1126/
scisignal.aal2722.

Takashima S, Sugimoto N, Takuwa N, Okamoto Y, Yoshioka K, Takamura M, et al. (2008). G12/13
and Gg mediate S1P2-induced inhibition of Rac and migration in vascular smooth muscle in a
manner dependent on Rho but not Rho kinase. Cardiovascular Research 79(4), 689-697.
[PubMed: 18480127]

Takuwa Y, Okamoto H, Takuwa N, Gonda K, Sugimoto N, & Sakurada S (2001). Sub-type-specific,
differential activities of the EDG family receptors for sphingosine-1-phosphate, a novel
lysophospholipid mediator. Molecular and Cellular Endocrinology 177(1-2), 3-11. [PubMed:
11377814]

Tan JT, Ng MK, & Bursill CA (2015). The role of high-density lipoproteins in the regulation of
angiogenesis. Cardiovascular Research 106(2), 184-193. [PubMed: 25759067]

Tan JT, Prosser HC, Vanags LZ, Monger SA, Ng MK, & Bursill CA (2014). High-density lipoproteins
augment hypoxia-induced angiogenesis via regulation of post-translational modulation of
hypoxia-inducible factor lalpha. The FASEB Journal 28(1), 206-217. [PubMed: 24022405]

Tanaka M, Okudaira S, Kishi Y, Ohkawa R, Iseki S, Ota M, et al. (2006). Autotaxin stabilizes blood
vessels and is required for embryonic vasculature by producing lysophosphatidic acid. The
Journal of Biological Chemistry 281(35), 25822—-25830. [PubMed: 16829511]

Terai K, Soga T, Takahashi M, Kamohara M, Ohno K, Yatsugi S, et al. (2003). Edg-8 receptors are
preferentially expressed in oligodendrocyte lineage cells of the rat CNS. Neuroscience 116(4),
1053-1062. [PubMed: 12617946]

Umezu-Goto M, Tanyi J, Lahad J, Liu S, Yu S, Lapushin R, et al. (2004). Lysophosphatidic acid
production and action: Validated targets in cancer? Journal of Cellular Biochemistry 92(6), 1115—
1140. [PubMed: 15258897]

Visentin B, Vekich JA, Sibbald BJ, Cavalli AL, Moreno KM, Matteo RG, et al. (2006). Validation of
an anti-sphingosine-1-phosphate antibody as a potential therapeutic in reducing growth, invasion,
and angiogenesis in multiple tumor lineages. Cancer Cell 9(3), 225-238. [PubMed: 16530706]

Wary KK, & Humtsoe JO (2005). Anti-lipid phosphate phosphohydrolase-3 (LPP3) antibody inhibits
bFGF- and VEGF-induced capillary morphogenesis of endothelial cells. Cell Communication
and Signaling: CCS 3, 9. [PubMed: 16076388]

Watson C, Long JS, Orange C, Tannahill CL, Mallon E, McGlynn LM, et al. (2010). High expression
of sphingosine 1-phosphate receptors, S1P1 and S1P3, sphingosine kinase 1, and extracellular
signal-regulated kinase-1/2 is associated with development of tamoxifen resistance in estrogen
receptor-positive breast cancer patients. The American Journal of Pathology 177(5), 2205-2215.
[PubMed: 20889557]

Williams CS, Tsujii M, Reese J, Dey SK, & DuBois RN (2000). Host cyclooxygenase-2 modulates
carcinoma growth. The Journal of Clinical Investigation 105(11), 1589-1594. [PubMed:
10841517]

Wu G, Luo J, Rana JS, Laham R, Sellke FW, & Li J (2006). Involvement of COX-2 in VEGF-induced
angiogenesis via P38 and JNK pathways in vascular endothelial cells. Cardiovascular Research
69(2), 512-519. [PubMed: 16336951]

Xie 'Y, Gibbs TC, & Meier KE (2002). Lysophosphatidic acid as an autocrine and paracrine mediator.
Biochimica et Biophysica Acta (BBA) 1582(1-3), 270-281. [PubMed: 12069838]

Xu L, & Croix BS (2014). Improving VEGF-targeted therapies through inhibition of COX-2/PGE(2)
signaling. Molecular & Cellular Oncology 1(4), €969154. [PubMed: 27308371]

Xu L, Stevens J, Hilton MB, Seaman S, Conrads TP, Veenstra TD, et al. (2014). COX-2 inhibition
potentiates antiangiogenic cancer therapy and prevents metastasis in pre-clinical models. Science
Translational Medicine 6(242), 242ra284 10.1126/scitranslmed.3008455.

Pharmacol Ther. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hisano and Hla

Page 20

Xu Z, Zhao F, Lin F, Chen J, & Huang Y (2012). Lipoxin A4 inhibits the development of
endometriosis in mice: The role of anti-inflammation and anti-angiogenesis. American Journal of
Reproductive Immunology 67(6), 491-497. [PubMed: 22229383]

Yamaguchi H, Kitayama J, Takuwa N, Arikawa K, Inoki I, Takehara K, et al. (2003). Sphingosine-1-
phosphate receptor subtype-specific positive and negative regulation of Rac and haematogenous
metastasis of melanoma cells. The Biochemical Journal 374 (Pt 3), 715-722. [PubMed:
12803545]

Yamashita H, Kitayama J, Shida D, Yamaguchi H, Mori K, Osada M, et al. (2006). Sphingosine 1-
phosphate receptor expression profile in human gastric cancer cells: Differential regulation on the
migration and proliferation. The Journal of Surgical Research 130(1), 80-87. [PubMed:
16183075]

Yester JW, Tizazu E, Harikumar KB, & Kordula T (2011). Extracellular and intracellular
sphingosine-1-phosphate in cancer. Cancer Metastasis Reviews 30(3-4), 577-597. [PubMed:
22002715]

Yokoo E, Yatomi Y, Takafuta T, Osada M, Okamoto Y, & Ozaki Y (2004). Sphingosine 1-phosphate
inhibits migration of RBL-2H3 cells via S1P2: Cross-talk between platelets and mast cells.
Journal of Biochemistry 135(6), 673—-681. [PubMed: 15213242]

Young N, Pearl DK, & Van Brocklyn JR (2009). Sphingosine-1-phosphate regulates glioblastoma cell
invasiveness through the urokinase plasminogen activator system and CCN1/Cyr61. Molecular
Cancer Research 7(1), 23-32. [PubMed: 19147534]

Yu S, Murph MM, Lu Y, Liu S, Hall HS, Liu J, et al. (2008). Lysophosphatidic acid receptors
determine tumorigenicity and aggressiveness of ovarian cancer cells. Journal of the National
Cancer Institute 100(22), 1630-1642. [PubMed: 19001604]

Yukiura H, Hama K, Nakanaga K, Tanaka M, Asaoka Y, Okudaira S, et al. (2011). Autotaxin regulates
vascular development via multiple lysophosphatidic acid (LPA) receptors in zebrafish. The
Journal of Biological Chemistry 286(51), 43972-43983. [PubMed: 21971049]

Yukiura H, Kano K, Kise R, Inoue A, & Aoki J (2015a). Autotaxin overexpression causes embryonic
lethality and vascular defects. PLoS One 10(5), e0126734. [PubMed: 25992708]

Yukiura H, Kano K, Kise R, Inoue A, & Aoki J (2015b). LPP3 localizes LPAG6 signalling to non-
contact sites in endothelial cells. Journal of Cell Science 128(21), 3871-3877. [PubMed:
26345369]

Zhang Y, Wang Y, Wan Z, Liu S, Cao Y, & Zeng Z (2014). Sphingosine kinase 1 and cancer: A
systematic review and meta-analysis. PL0oS One 9(2), €90362. [PubMed: 24587339]

Pharmacol Ther. Author manuscript; available in PMC 2019 January 01.



	Abstract
	Introduction
	Sphingosine 1-phosphate signaling
	Cell migration, invasion, and metastasis
	Sphingosine 1-phosphate and angiogenesis
	Lysophosphatidic acid and angiogenesis
	Prostaglanoid signaling and angiogenesis
	Anti-angiogenic lipid mediators
	Concluding remarks
	References

