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ABSTRACT

Sphingosine 1-phosphate (S1P) is a lipid mediator formed by the
metabolism of sphingomyelin. In vertebrates, S1P is secreted into the
extracellular environment and signals via G protein-coupled S1P
receptors to regulate cell-cell and cell-matrix adhesion, and thereby
influence cell migration, differentiation and survival. The expression
and localization of S1P receptors is dynamically regulated and
controls vascular development, vessel stability and immune cell
trafficking. In addition, crucial events during embryogenesis, such as
angiogenesis, cardiogenesis, limb development and neurogenesis,
are regulated by S1P signalling. Here, and in the accompanying
poster, we provide an overview of S1P signalling in development and
in disease.
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Biosynthesis and metabolism of sphingosine 1-phosphate (S1P) of cell-cell and cell-matrix adhesion
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Introduction

Sphingolipids are crucial for membrane structure and function in
eukaryotes. Their metabolism leads to the formation of polar lipid
mediators such as sphingosine 1-phosphate (S1P) (Saba and Hla,
2004). In vertebrates, SIP is found in the extracellular milieu and
interacts with cell-surface receptors to regulate an array of cellular
responses, including cell migration, differentiation and survival
(Blaho and Hla, 2011; Chun et al., 2002). As such, S1P plays
fundamental roles in morphogenetic mechanisms, such as
collective cell migration, tissue inductive events and
biomechanical signalling. In line with this, recent studies have
shown that S1P signalling plays crucial roles in development, for
example during angiogenesis (Gaengel et al., 2012), cardiogenesis
(Kupperman et al., 2000), limb development (Chae et al., 2004a)
and neurogenesis (Mizugishi et al., 2005). In this article, we
summarize what is known about S1P synthesis, export, gradients,
receptors and signalling. We also discuss the known roles of S1P
(Ben Shoham et al., 2012) in development and explore the
potential mechanisms by which this lipid mediator acts.

THE COMPANY OF

Biologists

¢

avants
required for cell migration.

VEGFA induces the formation of blaod wessel sprouts.
Tip colls express S1P, but ara poorly exposed o 1P

However, once lp cels anastamose 1o fomm umen and
L

‘calls (lef, Based on Rosen and Goetzl (2005)".

Once praduced inside the cel. SIP
s exported by specilic ransporters.
such as Spas2, and binds to s
chaparones, Apo HDL and
albumn, S1P then signals via

(51P.5) 1o requiate col-csll and
coll-matrix and

fon formation, nhbis
VEGE scnaing, aipprisess sproutng and siabizes new
vasculir connections. Basee on Bon Shoham ef al

S1P in pancreas development

Blood vessal-derived S1P acts

el
IR




DEVELOPMENT AT A GLANCE

Development (2014) doi:10.1242/dev.094805

Synthesis and export of S1P

Sphingolipid turnover, which is initiated by the action of
sphingomyelinase, leads to the formation of ceramide, which is
further processed to sphingosine by the enzyme ceramidase.
Sphingosine is then phosphorylated by the sphingosine kinase
(Sphk) isoenzymes (Spiegel and Milstien, 2007), giving rise to S1P.
The levels of S1P in the cell are regulated not only by SI1P
biosynthetic enzymes but also by degradative enzymes such as S1P
phosphatases and S1P lyase (Blaho and Hla, 2011; Le Stunff et al.,
2004; Saba and Hla, 2004). Once produced inside the cell, SIP is
exported by specific transporters, such as spinster 2 (Spns2)
(Kawahara et al., 2009; Osborne et al., 2008), which was recently
shown to be involved in establishing a vascular S1P gradient in mice
(Fukuhara et al., 2012). Other transporters, which remain
uncharacterized, as well as secretion of the Sphk1 enzyme followed
by extracellular biosynthesis (Hla et al., 2008), also contribute to the
enrichment of S1P in the plasma of vertebrates (Venkataraman et al.,
2006). Blood plasma thus contains high levels of SIP (~1 uM),
whereas interstitial fluid levels of SI1P are low, giving rise to a
gradient of this lipid mediator (Cyster and Schwab, 2012), which
plays an important role in driving S1P function.

In the plasma, S1P is bound to its chaperones, apolipoprotein M-
containing high-density lipoprotein (ApoM" HDL) and albumin
(Christoffersen et al., 2011). Extracellular S1P can also be degraded
by lysophospholipid phosphatase 3 (LPP3) into sphingosine, which
can then be taken up by cells for further metabolism (Escalante-
Alcalde et al., 2003; Renault et al., 2010).

S$1P signalling via G protein-coupled receptors

S1P receptors are G protein-coupled receptors (GPCRs) that are
closely related to lysophosphatidic acid and cannabinoid receptors.
Five S1P receptors, termed S1P,_s have been described, and most
cells express one or more subtypes of S1P receptor (Chun et al.,
2010). All bind to S1P with high affinity and induce cellular
responses.

S1P receptors exhibit unique as well as common G-protein-
coupling properties. For example, S1P; couples exclusively to the
Gy, family, whereas S1P, is capable of coupling to G, to G213 as
well as to the G4 family (Windh et al., 1999). This coupling results
in the activation of small GTPases such as Rho, Rac and Ras (Lee
et al., 2001; Ryu et al., 2002; Sugimoto et al., 2003). Further
downstream effectors of S1P receptors include adenylate cylase, PI-
3-kinase, phospholipase C, protein kinase C and intracellular
calcium. The transcriptional responses regulated by S1P are not well
understood; however, recent work shows that Rho GTPase-coupled
S1P receptors can activate the Hippo signalling pathway and its
associated transcriptional effectors (Yu et al., 2012). S1P has also
been suggested to function through alternative GPCR-independent
pathways, such as histone deacetylases (Hait et al., 2009), TRAF2
(Alvarez et al., 2010) and prohibitin 2 (Strub et al., 2011).

The regulation of cell-cell and cell-matrix adhesion by S1P

Signalling via S1P receptors has been shown to regulate cell-cell and
cell-matrix adhesive events. For example, S1P; receptor activation
in vascular endothelial cells results in the formation of VE-cadherin-
containing adherens junctions (Lee et al., 1999). In addition,
heterotypic cell-cell adhesion between endothelial cells and
pericytes is induced by endothelial S1P; signalling, owing to the
activation of N-cadherin-dependent junctions (Paik et al., 2004). In
addition, S1P; and S1P; receptor-dependent signalling in vascular
endothelial cells results in integrin activation and focal contact
assembly, events that are required for cell migration (Paik et al.,

6

2001). By contrast, S1P, receptor activation results in Rho, Rho
kinase and PTEN signalling, which disrupts adherens junctions
(Sanchez et al., 2005). This receptor also inhibits cell migration
induced by growth factors, such as platelet-derived growth factor
(PDGF) and insulin-like growth factor (IGF), and chemokines, such
as stromal-derived factor 1 (SDF1, CXCL12), C5a and CCL2
(Michaud et al., 2010; Sugimoto et al., 2003).

The effects of S1P on cell-cell and cell-matrix adhesion require
dynamic changes in the actin- and microtubule-based cytoskeleton.
S1P; induces cortical actin assembly via Rac GTPase, whereas S1P,
regulates stress fibre assembly via Rho GTPase (Lee et al., 2001,
Ryu et al., 2002; Sugimoto et al., 2003). In addition, microtubule
dynamics, as revealed by imaging of the microtubule-binding
protein EB1, indicates that SIP receptor activation in endothelial
cells induces Rac-dependent polymerization of microtubules at the
cell cortex (Paik et al., 2004). Thus, ligand-dependent activation of
S1P receptors transmits a variety of intracellular signals depending
on the receptor expression in a particular cell.

S1P-mediated control of cell trafficking in and out of the
vascular system

The S1P gradient at the tissue-vascular interface regulates the
trafficking of immune cells from lymphoid organs into the
circulation (Cyster and Schwab, 2012; Pappu et al., 2007). Further
analysis suggests that the cell-surface lipid phosphate phosphatase
3 (LPP3), which can degrade S1P into sphingosine, is also a major
regulator of lymphocyte egress (Bréart et al., 2011). Furthermore,
the SIP transporter Spns2, which is expressed primarily on
lymphatic endothelial cells, is also required for efficient egress
(Fukuhara et al., 2012). Sphingosine kinases in lymphatic
endothelial cells are also important (Pham et al., 2010). These
findings support a model whereby the uptake and metabolism of
SIP from the circulation by endothelial cells, followed by
polarized secretion of S1P by Spns2 across the gradient may be
involved in lymphocyte trafficking. The S1P; receptor on the cell
surface of lymphocytes is crucial for this egress (Cyster and
Schwab, 2012). Antagonistic functions of retention receptors (such
as the chemokine receptor CCR7) and egress-promoting receptors
(S1P;) have been shown to determine the overall migration
patterns of hematopoietic cells (Pham et al., 2008). Thus,
antagonism of chemokine gradients (with chemokines tending to
be deposited in the tissues) with the S1P gradient (with S1P
enriched in the vascular compartment) may be a general
phenomenon to regulate the trafficking of hematopoietic cells
(Massberg et al., 2007; Cyster and Schwab, 2012) in and out of the
closed vascular system of vertebrates.

$1P signalling in endoderm and heart development

Studies in zebrafish have uncovered a key role for s/pr2 and the S1P
transporter protein spns2 in regulating cell migration during heart
development. A single missense mutation in the zebrafish orthologue
of s1pr2 causes the mutant phenotype known as miles apart (mil).
These mil mutants display cardia bifida due to the failure of cardiac
precursor cells to properly migrate from the anterior lateral plate
mesoderm to the midline (Kupperman et al., 2000). Furthermore, two
separate recessive mutations in spns2, known as two of hearts (foh)
and ko157, phenocopy the mil cardiac defects (Kawahara et al., 2009;
Osborne et al., 2008). mil functions cell autonomously in the
endoderm, whereas spns2 functions non-cell autonomously in the
extraembryonic yolk syncytial layer (YSL), suggesting that S1P
export from the YSL activates s/pr2 in the endoderm to regulate
migration of cardiac progenitors in the associated mesoderm.
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Both mil and toh mutants also exhibit defects in the
morphogenesis of the anterior endoderm. The anterior endoderm of
wild-type embryos at 18 hpf forms a contiguous sheet, whereas mil
and foh mutants have discontinuities in their endodermal sheet
(Osborne et al., 2008). The requirement of endoderm to facilitate
precardiac mesoderm migration suggests that the cardia bifida
observed in mil and foh mutants results from these endodermal
defects (Osborne et al., 2008). More recently, the downstream
mechanism by which s/pr2/mil controls myocardial migration has
been elucidated; s/pr2 coupling to G;3 and subsequent activation of
RhoGEF was shown to regulate endodermal convergence to
coordinate myocardial migration (Ye and Lin, 2013). The ability of
the S1P,/G3/Rho pathway to activate cell-surface integrins and
fibronectin matrix assembly may be important in the endoderm to
provide the correct matricellular cues for myocardial precursor cell
migration towards the midline (Zhang et al., 1999).

S1P signalling has also been implicated in migration of the
prechordal plate, a thickened mesodermal structure that is derived
from mesendodermal cells that migrate along the midline between
the ectoderm and endoderm. These cells also form the notochord.
During gastrulation, cells forming the prechordal plate undergo
directed migration as a coordinated cluster. Using a morpholino-
based screen, mil suppressed defective anterior migration of the
prechordal plate in wnt// mutant embryos, which otherwise show a
reduction in E-cadherin mediated coherence of cell movement (Kai
et al., 2008). In line with this role, embryos overexpressing mil
display defects in convergence and extension movements during
gastrulation, a process that simultaneously narrows the germ layers
mediolaterally and elongates the embryo from head to tail (Kai et
al., 2008). These studies highlight the role for S1P in mediating cell-
cell cohesion during development.

S1P receptors regulate collective behaviour of endothelial
cells during vascular sprouting

In mouse and zebrafish models, multiple S1P receptors (S1P;.3)
coordinately regulate vascular development (Kono et al., 2004;
Obinata and Hla, 2012). Recent evidence, however, points towards
an important role for S/pr/ in maintaining flow-dependent vascular
network stability. Global deletion of Siprl causes intrauterine
lethality at E12.5-14.5 due to severe haemorrhaging resulting from
defective vascular maturation (Liu et al., 2000). The genetic deletion
of Siprl in endothelial cells in mice (SIprl ECKO) results in
abnormal patterning of the primary vascular plexus (Jung et al.,
2012). An increased number of filopodia-bearing tip cells, branch
points and dilated vessels were observed in the retinae of these mice.
Endothelial hypersprouting following S/pri deletion has also been
described in other vascular beds, including those of the embryonic
hindbrain, neural tube, aorta and developing limbs of mice (Gaengel
et al., 2012; Ben Shoham et al., 2012), and the caudal vein plexus
and hindbrain vessels of zebrafish (Gaengel et al., 2012; Mendelson
et al., 2013; Ben Shoham et al., 2012).

One hallmark of collective cell migration is the requirement for
cell-cell cohesion, which is mediated by adherens junction proteins
such as VE-cadherin in the endothelium. Sipr! ECKO retinal
vessels display poor blood flow and vascular leakage, which induces
hypoxia and vascular endothelial growth factor A (VEGFA)
expression leading to increased endothelial cell sprouting (Jung et
al., 2012). This vascular leakage is likely due to junction instability.
Mice lacking VE-cadherin in their endothelial cells display a retinal
angiogenic hypersprouting phenotype similar to that of the Sipri
ECKO mice (Gaengel et al., 2012). Morpholino-based studies in
zebrafish have substantiated the link between s/pr! and VE-

cadherin signalling in regulating vascular sprouting, showing that
knockdown of either s/pri or cdh5 results in similar phenotypes.
Furthermore, siprl regulates VEGF signalling in human umbilical
vein endothelial cells (HUVECsS) in vitro, and in mice and zebrafish
in vivo (Gaengel et al., 2012; Ben Shoham et al., 2012). In the
developing mouse forelimb, knockout of Vegfa leads to a decrease
in blood vessel density, whereas knockout of SIpr/ causes increased
blood vessel density (Ben Shoham et al., 2012). In developing
zebrafish, vegfa is known to regulate intersegmental vessel sprouting
and treatment of s/pr! morphant embryos with a chemical inhibitor
against vegfa was shown to inhibit intersegmental vessel sprouting
(Ben Shoham et al., 2012). Finally, it was shown that Sipr/
regulates sprouting angiogenesis to prevent excessive vascular
sprouting through stabilization of VE-cadherin at the cell junctions
and through inhibition of VEGFR2 phosphorylation and signalling
(Ben Shoham et al., 2012). SIprl was also shown to be required for
endothelial shear stress signalling. To preserve vascular stability,
Siprl can be activated in both a ligand-dependent manner and by
biomechanical forces in a ligand-independent manner (Jung et al.,
2012).

Vascular-dependent tissue inductive effects of S1P
S1P-derived from blood is known to regulate inductive interactions
during embryonic dorsal pancreas development (Edsbagge et al.,
2005). In this system, vascular-derived S1P acts on mesenchyme
and/or endothelium to modulate committed endodermal cells to
differentiate into pancreatic tissue. This inductive effect of S1P is
independent of tissue oxygenation provided by functional
vasculature. In addition, pancreatic endocrine precursor cell
migration and clustering is regulated by S1P receptor signalling
during both mouse and zebrafish development (Serafimidis et al.,
2011). This suggests that SIP/SI1P receptor signalling regulates
complex tissue inductive events in development.

In addition, S1P plays a crucial role in normal limb development.
Siprl knockout mice exhibit several limb developmental effects
such as dysmorphic limb skeletal patterning, hypervascularization
and defective sculpting of digits (Chae et al., 2004a). Both global
knockout and endothelial-specific knockout mice exhibit a similar
phenotype. HIF 1o and VEGFA expression were upregulated in these
mutants, suggesting that lack of proper oxygenation results in this
phenotype. Indeed, deletion of the FVegfir2 receptor reversed
hypervascularization (Ben Shoham et al., 2012), suggesting that
S1P; signalling in endothelial cells can influence limb development
via HIF1a- and VEGF-dependent mechanisms.

S$1P signalling in neurogenesis

S1P receptors, particularly S/prl, are enriched in neuronal tissue
(Chae et al., 2004b). Mice lacking Sphk isoenzymes exhibit severely
disturbed neurogenesis. Mutant embryos at E12.5 display cell loss
in the forebrain, increased numbers of apoptotic cells in the
neuroepithelium of the telencephalon and diencephalon, and
decreased numbers of mitotic cells in the telencephalon (Mizugishi
et al., 2005). S1P treatment of neonatal brains resulted in cellular
movements leading to the formation of neural folds such as sulci and
gyri (Kingsbury et al., 2003; Yung et al., 2011). Furthermore, S1P
signalling has been implicated in neural progenitor cell recruitment
(Callihan and Hooks, 2012). In addition, widespread expression of
multiple S1P receptor subtypes in neural cells, as well as the efficacy
of the recently launched S1P receptor-targeted drug — Fingolimod —
in not only reducing neuroinflammation but also preventing brain
volume loss in humans (Kappos et al., 2010), suggests an important
role for the S1P pathway in neurogenesis.
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$1P and disease

Widespread expression of S1P receptors and the abundance of the
ligand S1P in the circulatory systems of mammals imply its broad
role in the regulation of many organ systems. However, S1P
signalling was only recently therapeutically targeted in the treatment
of remitting, relapsing multiple sclerosis. Indeed, the sphingosine
analogue Fingolimod, also known as FTY720, has been approved
by the US Food and Drug Administration for treatment of multiple
sclerosis (Cohen et al., 2010; Kappos et al., 2010). FTY720 is
phosphorylated by sphingosine kinase 2 to FTY720-P, which acts
initially as an agonist of Siprl, Sipr3, SIpr4 and Sipr5 (Brinkmann
et al., 2002; Mandala et al., 2002). However, ultimately FTY720-P
acts as a functional antagonist, as binding of FTY720-P to SiprI!
causes downregulation and degradation of the receptor and inhibits
lymphocyte egress from lymphoid organs (LaMontagne et al., 2006;
Oo et al., 2007). Thus, inhibition of lymphocyte trafficking into the
CNS was thought to be one of the major mechanisms by which this
compound achieves therapeutic efficacy. However, some adverse
events associated with this compound could be due to interference
with S1P signalling in other organ systems (Oo et al., 2011). Given
the success of Fingolimod, numerous trials are ongoing to test
additional S1P receptor modulators in various human diseases in
which S1P signalling is dysregulated.

Perspectives

S1P signalling affects the collective behaviour of cells by regulating
cell-matrix and cell-cell adhesion, as well as alterations to the
cytoskeleton. In addition, biomechanical forces may play a crucial
role in regulating S1P-dependent developmental events. For
example, in the vascular system, shear stress-mediated signalling
appears to cooperate with S1P ligand-dependent signalling events.
It is also likely that biomechanical forces exerted by the endoderm
during the collective behaviour of cells, for example, during
convergence and extension movements, are involved in subsequent
tissue morphogenetic events, such as heart development. It is
anticipated that further developmental studies will reveal novel
components of SIP signalling, as well as the fundamental
importance of this lipid mediator signalling system in
embryogenesis. As this signalling system is involved in human
diseases, and given that therapeutic modulation of S1P receptors has
just begun in the treatment of neuroinflammatory diseases,
developmental insights may be useful in further application to
human therapeutics.
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