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Diverse classes of molecules regulate
cell migration, one of the most funda-
mental processes in development and
disease. In the vascular system, smooth
muscle cell migration mediated by the
PDGF-B pathway (1) is required for
both normal blood vessel formation
during development and pathogenesis
of vascular diseases. In this paracrine
signaling pathway, endothelial cells
secrete PDGF-B, which acts on the
PDGF-f receptor expressed on the sur-
face of smooth muscle cell precursors
and initiates the migration of the latter
cells toward endothelial cells during
angiogenesis.

In this issue of the JCI, Liu et al. impli-
cate another receptor and another class
of mediator — bioactive glycolipids — in
smooth muscle cell migration in the
mouse (2). Remarkably, this same class
of molecule was recently shown to
mediate the migration of cardiac mus-
cle progenitor cells during the initial
formation of the heart tube in zebrafish
development (3). Together, these two
studies establish the presence of a com-
mon pathway, mediated by receptors
for sphingosine-1-phosphate (S1P),
underlying both smooth muscle and
cardiac muscle migration during vascu-
lar and cardiac development (Figure 1).

In the present study, Liu et al. (2)
address the putative biological func-
tions of one of the S1P receptors, Edg-
1, by generating knockout mice for its
gene. Edg-1 belongs to a family of G
protein-coupled receptors for S1P or
lysophosphatidic acid (4, 5). Edg-1isa
specific receptor for S1P and interacts
directly with the G; pathway. Targeted

Figure 1

New roles of lipid receptors in cardiac and vascular development. Receptors
for S1P are critical for the migration of cardiac muscle precursors and smooth
muscle cells during heart tube formation and blood vessel formation, respec-
tively. See the text for details. White boxes, Edg-1 (vessel), mil (heart); purple

mutation of Edg-1 resulted in embry-
onic lethality (2), but the most intrigu-
ing feature of the Edg-1 knockout phe-
notype is the apparent lack of normal
layers of smooth muscles surrounding
endothelial cells of vessels (2). Interest-
ingly, smooth muscle cells are clustered
to the ventral side of the vessels and fail
to surround the endothelial lumen of
the vessels in a uniform fashion.
Smooth muscle cell precursor cells have
been thought to be recruited from any
direction in the vessel’s vicinity (1).
However, this polarized clustering of
smooth muscle cells in Edgl mutant
embryos suggests an alternative model
in which smooth muscle cells are
recruited in a unidirectional manner (6,
7) and only later spread to surround the
endothelium. This unidirectional
recruitment is not understood, but it
might be explained by an asymmetri-
cally distributed chemoattractant gra-
dient or by the presence of a critical
adhesive factor on the ventral side of
the developing vessel.

In PDGF-B-deficient mice, in con-
trast, pericytes (contractile cells for
capillaries equivalent to smooth mus-
cle cells for larger vessels) are not
unevenly distributed but are actually
absent from vessels (8). This difference
suggests the following model for the
smooth muscle formation in develop-
ing vessels (Figure 2): PDGF-B, secret-
ed by endothelial cells undergoing
angiogenesis, mediates the recruit-
ment of smooth muscle
precursors toward the
immediate vicinity of the
endothelial cells, where

arrows, S1P; blue cells, endothelial cells (vessel), midline cells (heart); orange
cells, smooth muscle cells (vessel), cardiac muscle precursors; green arrows,

chemoattractant(s) or permissive microenvironment.

they accumulate in an asymmetric
fashion. Once the smooth muscle pre-
cursors are immediately adjacent to
endothelial cells, they are induced to
differentiate to mature smooth muscle
cells via signaling pathways including
TGF-B, endoglin, and SMADs (I,
9-11). Following the formation of a
complete vascular lumen by endothe-
lial cells, S1P mediates the migration
of smooth muscle cells either directly
or indirectly to surround the endothe-
lial layer. Because smooth muscle cell
migration goes awry in many types of
vascular disease (12, 13), this model
could have profound clinical as well as
biological implications. It is conceiv-
able that the same or a related lipid
receptor signaling pathway is critically
involved in or could be exploited to
treat human diseases.

Instructive parallels

Recently published zebrafish work on
another S1P receptor, mil (mile apart),
clearly shows the existence of a parallel
pathway between cardiac and smooth
muscle cell migration (Figure 1). Mil
belongs to the same class of receptors
as Edg-1 and is most closely related to
Edg-5 (3). As shown for Edg-5, S1P
induces both intracellular calcium
mobilization and mitogen-activated
protein kinase activation in mil-trans-
fected cells (3). In the mil mutant
zebrafish, cardiac muscle precursors
fail to migrate toward the midline, an
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Figure 2
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Sequential roles of PDGF-B/TGF-3/S1P in smooth muscle infiltration into vessels. During angio-
genesis, endothelial cells that are yet to form a mature vascular lumen secrete PDGF-B to recruit
smooth muscle precursor cells to their immediate vicinity. Once the smooth muscle precursors
are recruited, they are induced to differentiate to smooth muscle cells via activation of TGF-3
pathways. As endothelial cells form a new lumen during angiogenesis, differentiated smooth
muscle cells migrate along the endothelial cells to surround the vessels and establish a mature

vasculature. This later process seems to be regulated via STP. Two possible mechanisms are pro-
posed for the action of STP. S1P may control smooth muscle cell migration directly. Alterna-
tively, STP may act on other cells such as endothelial cells and indirectly regulates the migration
of smooth muscle cells, either by inducing the expression of a putative chemoattractant(s) or
by generating a permissive microenvironment for the migration. Work in a parallel develop-
mental pathway in zebrafish argues for the latter model. Yellow cells, smooth muscle precur-
sors; dark orange arrows, PDGF-B; blue cells, endothelial cells; orange cells, smooth muscle
cells; gray arrows, TGF-[3; white boxes, Edg-1; purple arrows, S1P; green arrows, chemoattrac-

tant(s) or permissive microenvironment.

initial process of cardiac tube forma-
tion during development (3). Interest-
ingly, mil function is not required in
migrating cardiac muscle precursors,
since mil mutant cells migrate normal-
ly when transplanted in the wild-type
embryo. However, when wild-type cells
are transplanted into the mil mutant
embryos, they fail to migrate normally.
Furthermore, mil expression is detect-
ed lateral to the midline during initial
heart tube formation, suggesting that
S1P activates mil in cells located at the
midline. This S1P-mediated mil activa-
tion, in turn, induces the expression of
secondary  chemoattractants  or
induces a permissive microenviron-
ment for the migration of cardiac mus-
cle precursors toward the midline in
order to form the cardiac tube.

These analyses of Edgl in mice and
mil in zebrafish establish an important
role of lipid receptor-mediated signal-
ing pathways in vascular and cardiac
development. Clearly, however, they
leave a number of outstanding biolog-
ical and medical questions to be
addressed in the near future. First, the
metabolic pathways that regulate S1P
function must be clarified. S1P activi-
ty is modulated by kinases and phos-
phatases, but the regulation and loca-
tion of SI1P biosynthesis and

degradation are not well understood.
Second, the downstream targets of
S1P that directly regulate muscle cell
migration remain to be defined. In
particular, the cell types are not known
that depend on Edg-1 function to acti-
vate smooth muscle cell migration. In
zebrafish, mil function is not required
in the migrating cardiac muscle pre-
cursors, suggesting that S1P generates
a permissive microenvironment for the
migration of muscle precursors or
cells, perhaps by inducing the secre-
tion of paracrine chemoattractants
(Figure 1). By analogy, it is possible
that S1P acts on endothelial cells dur-
ing angiogenesis and that these
endothelial cells secrete chemoattrac-
tants for smooth muscle cell migra-
tion. Future studies using cell
type-specific knockouts and cell
type-specific expression of Edg-1 to
rescue the knockout phenotype will be
useful in addressing this question.
Finally, the physiological role of S1P
and other related compounds needs to
be established. The present findings
(2) show that S1P interacts with Edg-1
in cell culture, but they do not exclude
the possibility that other lipids or gly-
colipids serve as natural ligands for
Edg-1 and mil and activate cell migra-
tion in vivo.

The parallels between the Edg-1 and
mil pathways hint at a previously unsus-
pected principle unifying angiogenesis
and cardiac morphogenesis as they occur
in disparate vertebrate species. Fortu-
nately, the conservation of this funda-
mental pathway — which may extend
still further across the phylogenic tree —
should allow for progress on these ques-
tions to occur on many fronts at once,
taking advantage of mouse and zebrafish
genetics, as well as other appropriate sys-
tems for developmental studies.
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