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We have previously shown that sphingosine
1-phosphate (S1P) stimulates motility of human umbili-
cal vein endothelial cells (HUVECs) (O.-H. Lee et al,,
Biochem. Biophys. Res. Commun. 264, 743-750, 1999). To
investigate the molecular mechanisms by which S1P
stimulates HUVEC motility, we examined tyrosine phos-
phorylation of p125 focal adhesion kinase (p125™%)
which is important for cell migration. S1P induces a
rapid increase in tyrosine phosphorylation of p125™,
Compared with other structurally related lipid metabo-
lites such as sphingosine, C2-ceramide, and lysophos-
phatidic acid, S1P uniquely stimulated p125™" tyrosine
phosphorylation and migration of HUVECSs. The effect of
S1P on p125™*" tyrosine phosphorylation was markedly
reduced by treatment with pertussis toxin or U73122, a
phospholipase C (PLC) inhibitor. As a downstream sig-
nal of PLC, p125™" tyrosine phosphorylation in re-
sponse to S1P was totally blocked by depletion of the
intracellular calcium pool. However, protein kinase C
(PKC) inhibitor had no effect on the response to S1P.
Finally, chemotaxis assays revealed that inhibition of
PLC but not PKC significantly abrogated S1P-
stimulated HUVEC migration. These results suggest that
the G;-coupled receptor-mediated PLC-Ca** signaling
pathway may be importantly involved in S1P-stimulated
focal adhesion formation and migration of endothelial
cells.  ©2000 Academic Press

Abbreviations used: ERK, extracellular signal-regulated kinase;
FBS, fetal bovine serum; HUVEC, human umbilical vein endothelial
cell; LPA, lysophosphatidic acid; MAPK, mitogen-activated protein Ki-
nase; MEK, MAPK kinase; PDGF, platelet-derived growth factor; PKC,
protein kinase C; PLC, phospholipase C; PMA, phorbol 12-myristate
13-acetate; PTX, pertussis toxin; S1P, sphingosine 1-phosphate; bFGF,
basic fibroblast growth factor; p125™*, p125 focal adhesion kinase.
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S1P, a bioactive sphingolipid metabolite, is recog-
nized as an extracellular mediator and an intracellular
second messenger that regulate a wide range of biolog-
ical responses such as cell growth, death, and differen-
tiation (1, 2). Many of the functions of S1P are previ-
ously thought to be due to the second messenger action
of S1P produced intracellularly by activation of sphin-
gosine kinase, the enzyme which catalyzes the phos-
phorylation of sphingosine, in response to various stim-
uli (3, 4). Recently, EDG receptors such as EDG-1,
EDG-3 and EDG-5/H218/AGR16 were identified as
plasma membrane receptors for S1P, and the extracel-
lular action mechanism of S1P has been delineated (1,
2). These receptors are shown to be associated with
various G proteins, and modulate multiple signaling
pathways including PLC activation, Ca®" mobilization,
Ras/mitogen activated protein kinase (MAPK) activa-
tion, and adenylate cyclase inhibition in various cell
types (2).

S1P has been implicated in the regulation of cell
motility (5). It has been shown to inhibit melanoma
B16/F10 motility through a receptor-coupled extracel-
lular action and in a pertussis toxin (PTX)-insensitive
manner (6). Recently, it has been also reported that
S1P inhibits chemoinvasiveness and chemotactic mo-
tility of MDA-MD-231 and MCF-7 cells (7). In human
arterial smooth muscle cells, S1P interfered with the
dynamics of platelet-derived growth factor (PDGF)-
stimulated actin filament disassembly and assembly
by acting intracellularly, resulting in a marked inhibi-
tion of chemotaxis toward PDGF (8). However, in con-
trast to the inhibitory effect of S1P on cell migration
of these cell types, we have recently demonstrated
that S1P potently stimulates chemotactic motility of
HUVECSs via PTX-sensitive G proteins (9). Thus, the
mechanisms by which S1P either inhibits or stimulates
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cell motility in different cell types have become an
intriguing issue.

Among a number of proteins engaged in regulating
cell migration, p125™" has been thought to modulate
the dynamic changes in actin cytoskeleton organiza-
tion that are a prerequisite for the promotion of cell
migration (10, 11). Indeed, the role of p125™* in cell
migration has been demonstrated by studies in knock-
out mice and p125™* overexpressed cell lines (12). In
addition, it has been also reported that growth factors
such as PDGF-BB and vascular endothelial growth
factor stimulate tyrosine phosphorylation of p125™* in
vascular smooth muscle cells and HUVECSs, respec-
tively, and the resulting tyrosine phosphorylation is
suggested to have a role in the migratory cell response
to these growth factors (13, 14). Also, p125™* tyrosine
phosphorylation is shown to be stimulated by a variety
of bioactive peptides and lipids that act through G
protein-coupled receptors (15, 16).

In the present study, we investigated tyrosine phos-
phorylation of p125™“ in HUVECs. Our results re-
vealed that S1P induced a rapid tyrosine phosphoryla-
tion of p125™" via G; protein-linked PLC-Ca*" system
in HUVECs. Also, we found that activation of PLC
which may lie downstream of G; protein is closely
involved in stimulating chemotactic migration of
HUVECSs in response to S1P.

MATERIALS AND METHODS

Materials. S1P, sphingosine, C2-ceramide, lysophosphatidic acid
(LPA), U73122, GF109203X, ionomycin, and BAPTA-AM were pur-
chased from BIOMOL. Phorbol 12-myristate 13-acetate (PMA) was
from Sigma. SB203580 was from Alexis. PTX was from Research
Biochemicals International. U0126, which is a specific inhibitor of
MAPK kinase (MEK), was a kind gift of Dr. J. M. Trzaskos (DuPont
Merck Research Laboratories). M199, basic fibroblast growth factor
(bFGF), and heparin were obtained from Life Technologies. Trans-
well plate was from Corning Costar. Antibody for p125™“ was from
Upstate Biotechnology. Anti-phosphotyrosine antibody was from
Transduction Laboratories.

Cell culture. HUVECSs were isolated as described previously (17).
The cells were grown onto a gelatin-coated 75-cm? flask in M199 with
20% fetal bovine serum (FBS), 100 units/ml penicillin, 100 pg/ml
streptomycin, 3 ng/ml bFGF, and 5 units/ml heparin at 37°C under
5% CO, and 95% air. The cells used in this study were from passages
2to7.

Immunoprecipitation. Confluent HUVECSs were incubated for 6 h
in M199 containing 1% FBS. The cells were treated with S1P, lysed
at 4°C in 1 ml of a lysis buffer containing 10 mM Tris/HCI, pH 7.6, 5
mM EDTA, 50 mM NacCl, 50 mM B-glycerophosphate, 50 mM NaF,
0.1 mM Na;VO,, 1 mM phenylmethylsulfonyl fluoride, 0.5% Nonidet
P-40, and 1% Triton X-100. Lysates were clarified by centrifugation
at 15,0009 for 10 min, and the resulting supernatants were immu-
noprecipitated with 1 ug/ml of anti-p125™" antibody for 3 h at 4°C,
followed by the addition of protein A—agarose beads for 1 h at 4°C.
Immunoprecipitates were washed three times with lysis buffer, sol-
ubilized in SDS-PAGE sample buffer, and further analyzed by West-
ern blotting.

Western blotting. Immunoprecipitates from HUVECs were
loaded into a 10% SDS—-PAGE gel, and transferred to polyvinyldi-
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fluoride membrane. The blocked membranes were then incubated
with the indicated antibody, and the immunoreactive bands were
visualized using chemiluminescent reagent as recommended by Am-
ersham Pharmacia Biotechnology. The signals of the bands were
quantitated using a densitometer.

Chemotaxis assay. The chemotactic motility of HUVECs was as-
sayed using a Transwell chamber with 6.5-mm-diameter polycarbon-
ate filters (8 um pore size). Briefly, the lower surface of the filter was
coated with 10 pg of gelatin. S1IP and PMA prepared in 600 ul of
M199 with 1% FBS was placed in the lower wells. HUVECs were
trypsinized and suspended at a final concentration of 1 X 10° cells/ml
in M199 containing 1% FBS. Inhibitors were given to the cells for 30
min at room temperature before seeding. One hundred microliters of
the cell suspension was loaded into each of the upper wells. The
chamber was incubated at 37°C for 4 h. Cells were fixed and stained
with hematoxylin and eosin. Nonmigrating cells on the upper surface
of the filter were removed by wiping with a cotton swab, and chemo-
taxis was quantified by counting the cells migrated to the lower side
of the filter with optical microscopy at X200 magnification. Ten fields
were counted for each assay. The data are presented as percentage =
SE of control. Each sample was assayed in duplicate, and the assays
were repeated three times. Statistical comparisons between groups
were performed using the paired Student’s t test.

RESULTS

5 FAK

S1P Stimulates Tyrosine Phosphorylation of p12
in HUVECs

We examined the effect of S1P on tyrosine phosphor-
ylation of p125™ in HUVECs. Confluent cultures of
HUVECs were treated with various concentration of
S1P for 2 min, and anti-p125™" immunoprecipitates
were prepared and blotted with an anti-phospho-
tyrosine antibody. The stimulation of tyrosine phos-
phorylation of p125™“ by S1P was prominently ob-
served at a concentration as low as 0.1 uM, gradually
increasing in a dose-dependent manner, and reaching
a near maximum at 1 uM (Fig. 1A). The stimulation of
tyrosine phosphorylation of p125™* was further exam-
ined by treating HUVECs with 5 uM S1P for various
lengths of time. As shown in Fig. 1B, S1P induced a
rapid and biphasic activation of p125™ tyrosine phos-
phorylation which reached a peak of 3—4 fold over
basal level after 2 min and rapidly declined thereafter.

The Effects of Sphingolipid Metabolites and LPA
on p125™" Tyrosine Phosphorylation and
Migration of HUVECs

Since S1P is converted into other sphingolipid me-
tabolites in cells, it is of interest to examine whether
the specific structural attributes of S1P are required
for the stimulation of HUVEC migration. Thus, we
investigated the effects of sphingolipid metabolites,
C2-ceramide and sphingosine, and LPA, which are
structurally related to S1P, on HUVEC migration. As
shown in Fig. 2A, all these lipids either did not affect or
slightly inhibited chemotactic migration of HUVECs at
1 and 5 uM, while S1P strongly induced cell motility at
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FIG. 1. S1P induces tyrosine phosphorylation of p125™" in HUVECs. (A) Dose response of S1P-induced p125™X tyrosine phosphoryla-
tion. Confluent HUVECs were treated with various concentration of S1P for 2 min. (B) Time course of S1P-induced p125™* tyrosine
phosphorylation. HUVECs were stimulated for the indicated times with 5 uM S1P. Cell lysates were prepared and immunoprecipitated with
anti-p125™ antibody. The immune complexes were analyzed by immunoblotting with anti-phosphotyrosine antibody to assay for p125™«
tyrosine phosphorylation (P-p125™X) or anti-p125™* antibody for p125™ protein levels (p125™X). The graphs represent quantitative results
from densitometric analysis. Values are the means of three separate experiments and expressed as fold-stimulation above unstimulated
control.

the same concentration. And then, we compared the a G;-coupled S1P receptor, and show clear difference
effect of these compounds on p125™" tyrosine phos- with the p125™" pathways mediated by intracellular
phorylation. Confluent HUVECs were treated with 1 action of S1P in Swiss 3T3 fibroblasts and MDA-MB-
M of each of these lipids for 2 min. In accordance with 231 cells (7, 18).
the results of cell migration, tyrosine phosphorylation Previously, we demonstrated that S1P induced ex-
of p125™* was uniquely stimulated by S1P, but not tracellular signal-regulated kinases (ERKs) and p38
altered by C2-ceramide, sphingosine, and LPA (Fig. MAPK activation in a PTX-sensitive manner. How-
2B). Thus despite structural similarity between these eyer, treatment of HUVECs with either the inhibitor
lipids, the roles of S1P in chemotaxis of HUVECs ap- 0126 of MEK, the upstream activator of ERKSs, or the
pears to be different from those of other lipids. p38 MAPK inhibitor SB203580, did not influence S1P-
o . ) induced p125™* tyrosine phosphorylation (Figs. 3A
Characterization of the p1257* Signaling Pathway and 3C), although the roles of ERKs and p38 MAPK
in HUVECs have been implicated in actin reorganization and cell

To elucidate the p125¥* signaling pathways induced movement in endqthelial cells (19-21). _These results
by S1P in HUVECs, we investigated the effects of Suggest that S1P-induced phosphorylation of p125™*
agents that interfere with activation of G, protein or IS independent of ERKs and p38 MAPK activation.
intracellular signaling routes on S1P-stimulated ty-  Giprotein dissociates into G, and By subunits upon
rosine phosphorylation of p125™. As similar to the receptor activation and the released By subunit is
potent inhibitory effect of PTX on HUVEC chemotaxis known to stimulate PLC (22). To determine whether
(9), PTX (100 ng/ml for 6 h) dramatically abrogated the stimulation of p125™* tyrosine phosphorylation by
S1P-induced p125™ tyrosine phosphorylation (Figs. S1P was dependenton PLC, we used U73122, a specific
3A and 3C). These results suggest that the signaling inhibitor of PLC. At 5 uM, U73122 markedly blocked
pathway regulated by S1P in HUVECS is dependenton  S1P-induced p125™* tyrosine phosphorylation, indi-
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FIG. 2. Effects of S1P, sphingosine, C2-ceramide, and LPA on
chemotactic motility and tyrosine phosphorylation of p125™X in
HUVECs. (A) Chemotaxis assays were performed as described under
Materials and Methods. S1P, sphingosine (Sph), C2-ceramide (C2-
Cer), and LPA were added to lower wells at the concentration of 1 or
5 uM. The basal migration (Con) in the absence of chemoattractant
was 127.3 = 7.0 cells/field. Results are expressed as percentage = SE
of control. Each sample was assayed in duplicate, and the as-
says were repeated three times. *p < 0.01 from control (Con). (B)
HUVECs were treated for 2 min with S1P, sphingosine (Sph), C2-
ceramide (C2-Cer), and LPA at the concentration of 1 uM. Cell
lysates were immunoprecipitated with anti-p125™ antibody. The
immune complexes were analyzed by immunoblotting with anti-
phosphotyrosine antibody to assay for p125™" tyrosine phosphory-
lation (P-p125™X) or anti-p125™“ antibody for p125™* protein levels
(p1257%). The graphs represent quantitative results from densito-
metric analysis. Values are the means of three separate experiments
and expressed as fold-stimulation above unstimulated control.

cating that activation of PLC by S1P is closely involved

in the p125™X signaling pathway (Figs. 3B and 3C).
Since PLC is known to generate inositol triphos-

phate and diacylglycerol, which activate intracellular
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Ca*" mobilization and PKC, respectively, we evaluated
the potential roles of PKC and an increase of intracel-
lular Ca*" in p125™* tyrosine phosphorylation. The
PKC inhibitor GF109203X had no significant effect on
S1P-induced p125™* tyrosine phosphorylation (Figs.
3B and 3C). In contrast, S1P-induced p125™* tyrosine
phosphorylation was completely abolished by the in-
tracellular Ca®* chelator BAPTA-AM (30 uM for 30
min), suggesting that an increase in intracellular Ca**
may play an important role in S1P-induced p125™“
activation (Figs. 3B and 3C). Indeed, treatment with
the Ca®" ionophore ionomycin (1 uM) for 2 min was
sufficient to stimulate tyrosine phosphorylation of
p1257" (Fig. 4A). Further, downregulation of S1P-
induced p125™* phosphorylation by PTX was signifi-
cantly restored by ionomycin, and cotreatment of S1P
with ionomycin further increased p1257™" tyrosine
phosphorylation compared with S1P alone (Fig. 4B).
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FIG. 3. S1P-induced tyrosine phosphorylation of pl2 in
HUVEG:s is sensitive to the inhibitors of G; protein and PLC. (A, B)
HUVECs were pretreated with PTX (100 ng/ml for 6 h), U0126 (5 uM
for 30 min), SB203580 (10 uM for 30 min), U73122 (5 uM for 30 min),
BAPTA-AM (30 uM for 30 min), or GF109203X (2 uM for 30 min).
Then, HUVECs were incubated for 2 min with 5 uM of S1P. Cell
lysates were prepared and immunoprecipitated with anti-p125™%
antibody. The immune complexes were analyzed by immunoblotting
with anti-phosphotyrosine antibody to assay for p125™" tyrosine
phosphorylation (P-p125™%) or anti-p125™ antibody for p125™*
protein levels (p125 ™). (C) The densities of the bands correspond-
ing to phosphorylated and non-phosphorylated p125™ were quan-
titated using a densitometer. The results are expressed as fold-
stimulation above control.
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FIG. 4. The role of Ca*" in the tyrosine phosphorylation of
p125™" in HUVECs. (A) HUVECs were exposed to ionomycin (1 uM)
for 2 min. (B) HUVECs were incubated with or without 100 ng/ml of
PTX for 6 h, and stimulated by 5 uM S1P alone or cotreatment with
5 uM S1P plus 1 uM ionomycin (lono) for 2 min. Cell lysates were
then prepared and immunoprecipitated with anti-p125™ antibody.
The immune complexes were analyzed by immunoblotting with anti-
phosphotyrosine antibody to assay for p125™* tyrosine phosphory-
lation (P-p125™%) or anti-p125™" antibody for p125™" protein levels
(p125™%). The graphs represent quantitative results from densito-
metric analysis. Results are expressed as fold-stimulation above
unstimulated control.

Taken together, these results suggest that S1P-
induced p125™" tyrosine phosphorylation in HUVECs
is mediated extracellularly via G;-coupled receptor(s)
and subsequent downstream signals involve the PLC-
Ca*" pathway but not PKC.

Activation of PLC Is Involved in S1P-Stimulated
Chemotaxis of HUVECs

5FAK

Based on the signaling pathways of pl12 phos-
phorylation induced by S1P, we investigated the role of
PLC in S1P-stimulated HUVEC migration. Treatment
of HUVECs with U73122 inhibited S1P-stimulated
chemotaxis in a dose-dependent manner, with 97%
inhibition at 5 uM (Fig. 5A). However, the PKC inhib-
itor GF109203X did not affect S1P-induced HUVEC
chemotaxis. Consistently, there is no significant effect
of the PKC activator PMA on chemotaxis under this
condition (Fig. 5B). Taken together, these results sug-
gest that activation of PLC but not PKC is responsible
for HUVEC chemotaxis by S1P.

DISCUSSION

We have recently demonstrated that S1P strongly
stimulates motility of endothelial cells, which is one of
critical step in angiogenesis (9). Cell migration is ac-
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companied by some sort of organized linkage connect-
ing the cell membrane and cytoskeleton which is rep-
resented as the focal adhesion (23). It has been
reported that the tyrosine phosphorylation of Y397 in
p125™ and the p125™" activity are required for endo-
thelial cell migration (24, 25), and the phosphotyrosine
concentrations were elevated in the focal adhesions of
HUVEC migrating into wound (25). Recently, Owen et
al. have also reported that both the Y397 autophos-
phorylation and tyrosine phosphorylation of activation
loop sites in p125™* are critical for cell spreading and
migration responses (26). To further examine the sig-
naling mechanism by which S1P stimulates endothe-
lial cell migration, we investigated the effect of S1P on
p1257* tyrosine phosphorylation in HUVECs. Consis-
tently with the suggested role of p125™* for endothe-
lial cell migration, our data showed that S1P induces a
rapid increase in the tyrosine phosphorylation of the
focal adhesion-associated protein p125™* in HUVECs.
Apparently, compared with other structurally related
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FIG. 5. Activation of PLC but not PKC is involved in S1P-
induced chemotactic motility of HUVECs. S1P-induced chemotactic
motility of HUVECs was determined in the absence and presence of
the PLC inhibitor U73122 (A) and the PKC inhibitor GF109203X (B).
Cells were preincubated for 30 min with or without U73122 (1, 5 uM)
or GF109203X (2 uM) prior to treatment with 5 uM S1P or 100 nM
PMA. Results are expressed as percentage = SE of control. Each
sample was assayed in duplicate, and the assays were repeated three
times. *p < 0.01 from control; #p < 0.01 from S1P.
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lipids at 1 uM concentration, S1P uniquely activated
migration and p1257™" tyrosine phosphorylation of
HUVECs. Also, p125™* phosphorylation was occurred
in a PTX-sensitive manner. Therefore, these results
strongly suggest that the characteristic structural moi-
ety of S1P is required for binding to G; protein-coupled
receptors to stimulate p125™" tyrosine phosphoryla-
tion and motility of HUVECs.

In our previous study, we suggested the role of the G;
protein-coupled receptor EDG-1 in S1P stimulation of
endothelial cell migration, with supporting evidence
that S1P-induced HUVEC chemotaxis was highly sen-
sitive to PTX and HUVECs expressed the high level of
EDG-1 transcript (9). Similarly, others have recently
shown that S1P potently stimulates the migration of
EDG-1 or EDG-3-transfected CHO cells in a PTX-
sensitive manner while it is ineffective in stimulating
the migration of the vector- or AGR16-transfected cells
(27). These observations further infer that the G; pro-
tein signaling pathway triggered by the S1P receptor
EDG-1 may play an essential role in mediating chemo-
taxis of endothelial cells.

Our present data further showed that PLC activa-
tion was one of essential signals that mediate both
p1257 phosphorylation and endothelial cell migra-
tion. Also, intracellular Ca®" mobilization but not PKC
is an important downstream signal of PLC in the S1P-
induced p125™* signaling pathway in HUVECs. Most
recently, Lee et al. have reported that S1P induces a
robust calcium response in HUVECSs, which was inhib-
ited approximately 90% by PTX, and suggested that
EDG-1, a G;-coupled S1P receptor, is mainly responsi-
ble for S1P-induced calcium increase in HUVECs (28).
Taken together, these observations indicate that Ca®*
signal linked to the G; protein-PLC system importantly
participates in inducing endothelial cell motility in re-
sponse to S1P.

However, it is notable that the reciprocal roles of
S1P, inhibition or stimulation of cell migration, were
shown in various cell types, nevertheless one of the
universal actions of S1P is shown to be the activation of
PLC-Ca*" signal. Actually, in CHO cells expressing an
equal number of S1P receptors, EDG-1, EDG-3, and
EDG-5, it has been shown that all these receptors have
the intrinsic activity to activate PLC-Ca*" system (27).
Ancellin et al. noted that a number of cell types ex-
pressed one or more of S1P receptors (29) in a varied
level. Accordingly, it seems difficult to generalize the
motogenic action of S1P in other cell types simply
based on the activation of PLC and the subsequent
increase in intracellular Ca®". However, several lines
of previous evidence revealed the significant role of
Ca*" in endothelial cell migration (30). Indeed, a recent
study clearly showed that vascular endothelial growth
factor-induced endothelial cell migration required in-
crease in intracellular Ca*" and the subsequent gener-
ation of nitric oxide by endothelial nitric oxide syn-
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thase which is a Ca®"/calmodulin-dependent enzyme
(31). Such signaling cascade may be responsible for the
specific action of S1P in endothelial cell migration.
Another possibility is the synergistic contribution of a
signal mediated by the Ga; subunit released upon re-
ceptor activation. In various EDG-1 transfected cells, it
has been shown that EDG-1 induced the inhibition of
cAMP accumulation (27, 29, 32). Since endothelial cells
predominantly express the EDG-1 transcript, S1P is
likely to downregulate the activity of adenylate cyclase
in endothelial cells. Thus, such S1P-mediated inhibi-
tion of cAMP accumulation may positively contribute
to cell migration because cAMP is implicated as an
inhibitory factor of chemotactic response in various
cells (33-35). This possibility is in part supported by
our observation that an activator of adenylate cyclase,
folskolin, significantly inhibited S1P-induced HUVEC
migration in a dose-dependent manner (36), although
the alternation of endothelial cAMP levels upon S1P
treatment has yet been determined. Possible resolu-
tions of these chemotactic signalings are awaiting for a
future study.

In conclusion, our present findings in HUVECs pro-
vide in part the molecular basis of chemotactic signal-
ing in response to S1P in intact cells. Our data revealed
that the S1P-induced chemotactic signal in endothelial
cells is mediated mainly via a G; protein-coupled S1P
receptor, presumably EDG-1, and the PLC-Ca*" signal-
ing pathway is crucially involved in S1P-induced
p125™* tyrosine phosphorylation and migration of en-
dothelial cells. Further, we suggest that such signaling
events may be correlated with the mechanism by which
S1P stimulates angiogenesis.
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