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Sphingosine-1-phosphate (S1P), a bioactive sphingolipid metabolite, is the ligand for five specific G protein-
coupled receptors, named S1P, to S1P.. In this study, we found that cross-communication between platelet-
derived growth factor receptor and S1P, serves as a negative damper of PDGF functions. Deletion of the S1P,
receptor dramatically increased migration of mouse embryonic fibroblasts toward S1P, serum, and PDGF but
not fibronectin. This enhanced migration was dependent on expression of S1P, and sphingosine kinase 1 (SphK1),
the enzyme that produces S1P, as revealed by downregulation of their expression with antisense RNA and small
interfering RNA, respectively. Although S1P, deletion had no significant effect on tyrosine phosphorylation of
the PDGF receptors or activation of extracellular signal-regulated kinase 1/2 or Akt induced by PDGF, it
reduced sustained PDGF-dependent p38 phosphorylation and markedly enhanced Rac activation. Surpris-
ingly, S1P,-null cells not only exhibited enhanced proliferation but also markedly increased SphK1 expression
and activity. Conversely, reintroduction of S1P, reduced DNA synthesis and expression of SphK1. Thus, S1P,
serves as a negative regulator of PDGF-induced migration and proliferation as well as SphK1 expression. Our

results suggest that a complex interplay between PDGFR and S1P receptors determines their functions.

Sphingosine-1-phosphate (S1P) is a bioactive sphingolipid
metabolite formed by activation of SphK by many stimuli,
including platelet-derived growth factor (PDGF) (43, 48). As a
specific ligand for a family of five G protein-coupled receptors
(GPCRs), S1P; to S1Ps (2, 48), S1P regulates a wide variety of
important cellular processes, including cytoskeletal rearrange-
ments and cell movement (17, 25, 45, 49, 57), angiogenesis and
vascular maturation (14, 16, 26, 32, 57), and immunity and
lymphocyte trafficking (33, 34). Interestingly, all of the S1P
receptors (S1PRs) have been shown to play critical roles in
cytoskeletal reorganization and cell migration (13, 26, 57).
Activation of S1P; or S1P; increases directional or chemotactic
migration (14, 27, 57), and both mediate activation of Rac via
G; (26, 38). In contrast, ligation of S1P, decreases chemotaxis
and membrane ruffling (49), due to suppression of Rac activa-
tion, probably by stimulation of a GTPase-activating protein
for Rac (38). Interestingly, the repellant receptor S1P, and the
attractant receptor S1P; similarly stimulate RhoA activity, like-
ly via Gy,,3 (21). Recent studies suggest that the balance of
counteracting signals from the G;- and the G,,,;5-Rho path-
ways directs either positive or negative regulation of Rac and
cell migration (49). Similar to its functions in lower organisms,
including yeasts and plants, which do not have SIPRs, S1P may
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also have intracellular actions important for calcium homeo-
stasis (36), cell growth (40, 56), and stress responses (9, 11, 37,
42).

S1P, like various other GPCR agonists, can activate growth
factor tyrosine kinase receptors in the absence of added growth
factors (also known as transactivation). For example, ligation
of S1P, leads to transactivation of VEGFR2/FIk-1 (52) and
PDGEF receptor (PDGFR) (53) and also produces PDGF (55),
which in turn can stimulate signaling cascades important for
vascular remodeling and maturation. Because PDGF, which
stimulates SphK1 (18, 39) and increases intracellular S1P (43),
also activated the S1P, receptor, as measured by its phosphor-
ylation and by translocation of B-arrestin (18), a reciprocal
mechanism of receptor cross-communication has been pro-
posed (18). According to this paradigm, stimulation of the
tyrosine kinase PDGFR activates and translocates SphK1 to
the plasma membrane, leading to spatially restricted formation
of S1P, which then activates S1P,, a critical event for PDGF-
directed cell movement (18, 45). Two other mechanisms for
S1P, and receptor tyrosine kinase cross-communication have
been suggested (25, 58). In the integrative signaling model, the
PDGEF receptor and S1P, form a complex that is cointernalized
together by PDGF as a functional signaling unit to regulate
extracellular signal-regulated kinase 1/2 (ERK1/2) (58). More-
over, the insulin-like growth factor 1 receptor can transactivate
S1P, through its Akt-dependent phosphorylation, in a manner
that does not require the SphK pathway (25). Both of these
models suggest that activation of SphK1 and intracellular gen-
eration of S1P do not play any role and introduce the concept
of ligand-independent activation of S1P receptors.



4238 GOPARAJU ET AL.

Although it has long been known that S1P can inhibit
PDGF-induced migration of human arterial smooth muscle
cells (6), little is yet known of cross talk between PDGFR and
the chemorepellant S1P, receptor. Utilizing embryonic fibro-
blasts from S1P,-null mice, we uncovered an important role for
S1P, as a negative regulator of both migratory and prolifera-
tive responses to PDGF. Moreover, our results suggest that
complex interplay between PDGFR and S1PRs determines
their functions.

MATERIALS AND METHODS

Reagents. S1P, sphingosine, and N,N-dimethylsphingosine (DMS) were from
Biomol (Plymouth Meeting, PA). [y->*P]ATP (3,000 Ci/mmol) was purchased
from Amersham Pharmacia Biotech (Piscataway, NJ). Serum and medium were
obtained from Biofluids (Rockville, MD). PDGF-BB, rabbit polyclonal anti-
PDGFR, and anti-PDGFRa immunoglobulin G (IgG) were obtained from
Upstate Biotechnology (Lake Placid, NY). Anti-phosphorylated (pThr202/
pTyr204) ERK1 and -2, anti-phosphorylated (pSer473) Akt, anti-ERK2, anti-
phospho-p38, anti-p38, and anti-phospho-PAK1 (Thr423) antibodies were ob-
tained from Cell Signaling Technology (Beverly, MA). Anti-PAK1 (C-19), anti-
Myc, and antitubulin antibodies were from Santa Cruz Biotechnology Lab (Santa
Cruz, CA). Polyclonal anti-S1P; and anti-S1P, antibodies were from Exalpha
(Watertown, MA). Antiphosphotyrosine (PY20) was obtained from Sigma.

Cell culture. Mouse embryonic fibroblasts (MEFs) were derived from day 14
embryos generated from wild-type or knockout double intercrosses on a mixed
background of 129SvJ and C57BL mice as described previously (21). MEFs were
immortalized by transfection with SV40 genomic DNA (59) and cultured in Dul-
becco’s modified Eagle’s medium supplemented with 10% fetal bovine serum
(FBS).

Sphingosine kinase assay. Cells were harvested and lysed by freeze-thawing in
SphK buffer (20 mM Tris, pH 7.4; 20% glycerol; 1 mM B-mercaptoethanol;
1 mM EDTA; 5 mM sodium orthovanadate; 40 mM B-glycerophosphate; 15 mM
sodium fluoride; 10 wg/ml leupeptin, aprotinin, and soybean trypsin inhibitor;
1 mM phenylmethylsulfonyl fluoride, and 0.5 mM 4-deoxypyridoxine). Lysates
were centrifuged at 700 X g for 10 min to remove unbroken cells. SphK1 activity
was determined in the presence of 50 pM sphingosine in 0.25% Triton X-100 and
[y-**P]ATP (10 pCi, 1 mM) containing MgCl, (10 mM) as described previously
(41). [**P]S1P was separated by thin-layer chromatography on silica gel G60 with
1-butanol/ethanol/acetic acid/water (80:20:10:20 [vol/vol]) as solvent, and the
radioactive spots corresponding to S1P were quantified with an FX Molecular
Imager (Bio-Rad, Hercules, CA). SphK specific activity is expressed as pmol S1P
formed per min per mg protein.

RT-PCR. Reverse transcription-PCR (RT-PCR) was performed as follows.
Total RNA was isolated from MEFs with TRIzol reagent (Life Technologies,
Gaithersburg, MD). RNA was reverse transcribed with Superscript II (Life
Technologies). Specific primers listed in Table 1 were used to amplify cDNA. For
real-time PCR, a premixed mouse SphK1 primer-probe set was purchased from
Applied Biosystems (Foster City, CA).

Transfection. MEFs were electroporated with a Gene Pulser (Bio-Rad) at 250
mV and 500 wF using 25 pg DNA and 200,000 cells/ul in Dulbecco’s modified
Eagle’s medium supplemented with 10% FBS and 50 mM HEPES (pH 7.4). For
transient expression, cells were allowed to recover 24 h.

Small interfering RNA (siRNA) for mouse SphK1 (CUGGCCUACCUUCC
UGUAGATT and CUACAGGAAGGUAGGCCAGATT) targeting a region lo-
cated 644 bp from the start codon (siSphK1la) and control siRNA were synthe-
sized by Xeragon-QIAGEN (Valencia, CA). Cells (1 X 10°) were transfected in
six-well dishes for 3 h with the 21-nucleotide duplexes, using Oligofectamine
(Invitrogen) as recommended by the manufacturer. To rule out off-target effects,
where indicated, experiments were repeated with another siRNA targeted at a
different SphK1 sequence (GGCAGAGAUAACCUUUAAAJTT and UUUA
AAGGUUAUCUCUGCCATT) 150 bp from the start codon (siSphK1b) ob-
tained from Ambion (Austin, TX). A total of 65% = 5% of the cells were
transfected as determined with siGLO RISC-Free siRNA (Dharmacon).

Expression of SIP; was downregulated by transfection with 18-mer phospho-
thioate oligonucleotides as previously described (18, 26). Briefly, cells (7 X 10°)
in six-well plates were transfected with antisense S1P; (5'-GACGCTGGTGGG
CCCCAT-3") or scrambled S1P; (5'-TGATCCTTGGCGGGGCCG-3') (Inte-
grated DNA Technologies, Coralville, IA) at a final concentration of 1 pM, using
Oligofectamine.
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TABLE 1. Sequences of primers used for RT-PCR

Primer Sequence P'redicted
size (bp)
S1P,
Forward GCTGCTTGATCATCCTAGAG 318
Reverse GAAAGGAGCGCGAGCTGTTG
S1P,
Forward CCAAGGAGACGCTGGACATG 511
Reverse TGCCGTAGAGCTTGACCTTG
S1P;
Forward GCAACTTGGCTCTCTGCGAC 342
Reverse GACGATGGTCACCAGAATGG
SphK1
Forward CAAGGCTCTGCAGCTCTTCCAGAG 375
Reverse CAGGTTCATGGGTGACAGGCGCCG
SphK2
Forward CTCTACATCGATCTGTGTCTGACCTGC 340
Reverse CCAGTCTTGGGGCAGTGGAGAGCC
GAPDH
Forward ACCACAGTCCATGCCATCAC 452
Reverse TCCACCACCCTGTTGCTGTA

Western blotting. MEFs were scraped into lysis buffer (50 mM HEPES, pH
7.4, 150 mM NaCl, 0.1% Triton X-100, 1.5 mM MgCl,, 1 mM EDTA, 2 mM
sodium orthovanadate, 4 mM sodium pyrophosphate, 100 mM NaF, 1 mM phe-
nylmethlysulfonyl flouride, 5 pwg/ml leupeptin, 5 wg/ml aprotinin). Equal amounts
of proteins were separated by 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and then transblotted to nitrocellulose, blocked
with 5% nonfat dry milk for 2 h at room temperature, and then incubated with
primary antibodies overnight. Immunoreactive signals were visualized by en-
hanced chemiluminescence.

Immunoprecipitation. Cells were lysed in radioimmunoprecipitation assay
buffer (50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% NP-40, 0.25%
deoxycholate, 1 mM NaF, 1 mM orthovanadate, and 1:200 diluted protease
inhibitor cocktail). Cell lysates were clarified by centrifugation at 10,000 X g for
10 min at 4°C and then incubated with protein A/G beads and 0.5 ug of rabbit
IgG for 1 h at 4°C. Precleared lysates were incubated with 10 pg of either
PDGFRa or PDGFR antibodies overnight at 4°C and then with protein A/G
beads for 2 h. Immune complexes were analyzed by Western blotting.

Rac activation. Rac activation was assessed as previously described (18).
Briefly, wild-type and S1P,”/~ MEFs were serum starved overnight, treated as
indicated in the figure legends, and then lysed at 4°C in buffer containing 25 mM
HEPES (pH 7.5), 1% Triton X-100, 150 mM NaCl, 10 mM MgCl,, 1 mM
Na;VO,, 10 pg/ml aprotinin, 10 wg/ml leupeptin, and 1 mM phenylmethylsul-
fonyl fluoride. Lysates were cleared by centrifugation, and soluble fractions were
incubated with 10 pg of glutathione S-transferase (GST)-fused CRIB-containing
the N-terminus binding domain of p21-activated kinase (PAK) precoupled to
glutathione-Sepharose beads, followed by three washes with lysis buffer. Proteins
were extracted from the beads by boiling in SDS sample buffer, separated by 15%
SDS-PAGE, transferred to nitrocellulose, and blotted with anti-Rac antibody
(1:1,000; Upstate Biotechnology, Lake Placid, NY). An aliquot of total cell lysate
was immunoblotted to determine total Rac levels.

PAK activation. Cells cultured on poly-p-lysine-coated plates were serum
starved for 18 h. After stimulation, cells were scraped in lysis buffer (25 mM
Tris-HCI, pH 7.4, 150 mM NaCl, 1 mM EDTA, 5 mM MgCl,, 1 mM dithiothre-
itol, 10 mM NaF, 1 mM Na;VO,, 10% glycerol, 1% Nonidet P-40, and Complete
protease inhibitor cocktail). Lysate proteins were analyzed by immunoblotting
with anti-phospho-PAK1 (Thr423) antibody followed by anti-PAK1 (C-19) anti-
body.

Incorporation of BrdU. Transfected MEFs were starved for 8 h before stim-
ulation with serum or growth factors. Bromodeoxyuridine (BrdU) incorporation
was determined as described previously (31). In brief, cells were incubated for 3 h
with BrdU (10 pM) and fixed in 4% paraformaldehyde containing 5% sucrose
(pH 7.0) for 20 min at room temperature, and nuclei incorporating BrdU were
counted using a Zeiss fluorescence microscope. At least 500 cells were scored per
point, which included at least five different randomly chosen fields.

Cell growth assays. MEFs were seeded in 24-well plates at a density of 10,000
cells/well and grown in 1% FBS. At the indicated times, cell numbers were
determined by the MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium
bromide) dye reduction assay (40). In some experiments, MEFs were cultured in
the presence of 5% FBS and after treatment with mitogens for the indicated



VoL. 25, 2005 S1P, REGULATION OF PDGF-INDUCED GROWTH AND MOTILITY 4239
A B
35
1600{ OJwrt Owr

5 H s1pP,* _ Hsie,”
S 1 B s1P* I 2 30
o 0 s1P,,DKO 8
5 1200- o L
[= % Qo
") £
2 o 25
= z
L o 7
o 800 =
. 2]
- g0
£ 2
Q400 - o
£= 44
o 5

0 | ol ] r‘m 0.

Vehicle S1P PDGF  Serum FN Vehicle 1 10 100 1000 %%%:}[,
o
S1P (nM)

FIG. 1. Deletion of S1P, increases chemotaxis toward S1P and growth factors. (A) Primary cultures of wild-type (WT), S1P,, S1P5, and single-
and S1P,,; double-knockout (DKO) MEFs were serum starved overnight and then allowed to migrate toward vehicle, SIP (10 nM), PDGF (20
ng/ml), serum (20%), or fibronectin (FN; 20 pg/ml) for 4 h. (B) Cultures of immortalized wild-type and S1P, knockout MEFs were serum starved
overnight and then allowed to migrate for 4 h toward vehicle, SIP, PDGF (20 ng/ml), serum (20%), or fibronectin (20 pg/ml). The data are
expressed as fold increase and are means = SD of triplicate determinations. Migrations of control wild-type and S1P, knockout MEFs were 26
+ 4 and 29 = 10 cells per field, respectively. Similar results were obtained in three independent experiments.

times, WST-1 reagent (Roche, Rockford, Ill.) was added and cells were incu-
bated at 37°C for 3 h. Absorbance was measured at 450 nm with background
subtraction at 650 nm. Values are means * standard error of five to six deter-
minations.

Chemotaxis. Chemotaxis was measured in a modified Boyden chamber, using
polycarbonate filters (25 by 80 mm, 12 pM pore size) (45). Chemoattractants
were added to the lower chamber, and cells were added to the upper chamber at
5 X 10* cells/well. After 4 h, unless indicated otherwise, nonmigratory cells on
the upper membrane surface were mechanically removed and the cells that
traversed and spread on the lower surface of the filter were fixed and stained with
Diff-Quik (Fisher Scientific, Pittsburgh, PA). The migrated cells were counted
with a microscope and a 10X objective (57). Each data point is the average
number of cells in four random fields, each counted twice, and is the average *
standard deviation (SD) of three individual wells.

Immunofluorescence microscopy. MEFs grown on glass coverslips were fixed
in 4% paraformaldehyde-5% sucrose and then permeabilized in 0.5% Triton
X-100 in phosphate-buffered saline for 5 min. Cells were then incubated for 20
min with Cy2-phalloidin (1:150 dilution; Molecular Probes, Eugene, OR) to
visualize the actin cytoskeleton and/or with antipaxillin antibody (1:100) to stain
for focal complexes, followed by secondary antimouse antibody conjugated with
Texas red or fluorescein isothiocyanate, respectively. Coverslips were mounted
on glass slides using an Anti-Fade kit (Molecular Probes) and examined by
confocal microscopy (LSM 510 Carl Zeiss Micro Imaging). Image analysis was
performed using LSM image processing software. At least 50 cells were exam-
ined in each experiment.

Statistical analysis. Experiments were repeated at least three times with con-
sistent results. For each experiment, the data from triplicate samples were cal-
culated and expressed as means = SD. Differences between groups were deter-
mined with Student’s ¢ test or a one-way analysis of variance with a Tukey post
hoc test, and P < 0.05 was considered significant.

RESULTS

Cell migration toward PDGF is markedly enhanced in S1P,
receptor-null fibroblasts. Previous studies demonstrated that
the S1P, receptor inhibits membrane ruffling and cell migra-
tion toward S1P (38). In agreement, migration of MEFs, which
express transcripts for S1P, to S1P5, but not S1P, and S1Pg
(21), toward S1P was increased when the S1P, receptor was
deleted (Fig. 1A). Surprisingly, we found that deletion of S1P,
also dramatically increased migration of MEFs toward PDGF

and serum (Fig. 1A). In contrast, motility of S1P;-null MEFs
(20) toward S1P or PDGF was not significantly different from
that of wild-type cells. Additionally, migration of MEFs lacking
both S1P, and S1P; toward S1P and PDGF was enhanced
almost to the same extent as the S1P,-null MEFs, suggesting
that loss of the S1P, receptor was responsible for the increase
in migration. To further examine the role of S1P, in cell mi-
gration, we established immortalized fibroblast lines from wild-
type and S1P, '~ MEFs. The immortalized S1P,-null cell line
retained the enhanced migratory effects, not only toward S1P,
but also toward PDGF and serum, which contains S1P and
stimulates SphK (48), whereas haptotactic migration toward
fibronectin was unaltered (Fig. 1B).

S1P, receptor deletion increases PDGF-induced membrane
ruffling. When cells move, they use actin polymerization to
push the plasma membrane outward, forming localized pro-
trusions known as lamellipodia (44). To better understand the
enhanced migration of S1P,-null fibroblasts toward PDGF, we
next examined the architecture of the actin cytoskeleton. No
obvious differences between quiescent wild-type and S1P,-null
MEFs were revealed by phalloidin staining of actin filaments.
PDGF, as expected, caused extension of lamellipodia at the
cell periphery of wild-type fibroblasts, which was markedly
enhanced in the S1P,-null MEFs (Fig. 2A), correlating with
their significantly increased migration (Fig. 1B).

Cell movement is orchestrated by the complex interplay of
leading edge formation and continuous formation and disas-
sembly of focal adhesions. Focal adhesions and complexes
were visualized by staining for the scaffolding protein paxillin.
Paxillin is a multidomain adaptor protein found at the inter-
face between the plasma membrane and the actin cytoskeleton,
and it has been implicated in focal adhesion turnover (54). In
unstimulated cells, very prominent focal adhesions were seen
in both wild-type and S1P,-null MEFs (Fig. 2B). Upon treat-
ment with PDGF, there was rapid turnover of these focal
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FIG. 2. Changes in cytoskeletal architecture and focal complexes of S1P,-deleted MEFs induced by PDGF. Wild-type (WT) and S1P,/~ MEFs
were grown on coverslips for 24 h in serum-free medium and then stimulated without (None) or with 20 ng/ml PDGF-BB for 30 min. Cells were
then fixed, permeabilized, and stained with (A and B) Cy2-labeled phalloidin to detect actin fibers (green), and (B) adhesion complexes were
visualized by confocal microscopy with antipaxillin antibody and Texas red-conjugated secondary antibody. Representative fields of more than 50

cells examined are shown.

adhesions, especially in the S1P,-null MEFs, and these cells
showed polarity and smaller focal complexes, which are char-
acteristics of more motile cells (Fig. 2B).

S1P, is important for PDGF-induced activation of Rac. Al-
though deletion of S1P, markedly enhanced PDGF-directed
motility, there were no significant increases in expression of
S1P, or S1P;, the S1P receptors that positively regulate motil-
ity (Fig. 3A). Nor were there any differences in PDGFRa or
PDGFRB expression or enhancement of PDGF-stimulated ty-
rosine phosphorylation of its receptors in S1P,-null fibroblasts
compared to wild-type cells (Fig. 3B).

Because binding of S1P to S1P, in vascular smooth muscle
cells was previously shown to inhibit PDGF-induced activation
of Rac (46), a member of the Rho family of small GTPases that
plays a critical role in cell motility by regulating formation of
new lamellipodial protrusions at the leading edge (7), it was of
interest to examine PDGF-induced Rac activation in the S1P,-
null cells. While PDGF only slightly stimulated Rac activation
in wild-type MEFs (Fig. 3C), it caused a considerable increase
in activated Rac in the S1P,-null MEFs (Fig. 3C). The Rac

effector PAKI serves as an important regulator of cytoskeletal
dynamics and cell motility (5). PAKI activation can be deter-
mined using an antibody that recognizes phosphorylated thre-
onine 423 in the activation loop of its catalytic domain, which
is important for its activation (5). In agreement with the Rac
activation, in wild type MEFs, PDGF barely activated PAK1 at
5 min while PDGF markedly stimulated PAK1 in S1P,-null
cells at this time point (Fig. 3D). S1P also rapidly activated
PAKI in the S1P,-null cells but not in wild-type cells (Fig. 3D).

Proteins of the mitogen-activated protein kinase family
(ERK, SAPK/JNK, p38) and Akt also play important roles in
PDGF-mediated signaling (8). In agreement with previous
studies (35), in wild-type fibroblasts, PDGF induced robust
activation of ERK1/2 (Fig. 3E) and Akt and less vigorous
activation of p38 (Fig. 3E), while SAPK1/JNK was not stimu-
lated at all (data not shown). Although S1P, deletion had no
significant effect on activation of ERK1/2 or Akt induced by
PDGF (Fig. 3E), it reduced p38 activation, particularly at later
time points (Fig. 3E). Previous studies in HEY ovarian cancer
cells found that S1P and PDGF stimulate phosphorylation of
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FIG. 3. Effect of deletion of S1P, on PDGF-induced signaling pathways. (A) Expression of S1P,, S1P,, and S1P; was determined by RT-PCR
in wild-type (WT) and S1P,-null MEFs. No PCR products were observed in the absence of RT. (B) Wild-type and S1P,-null MEFs were serum
starved overnight, treated with PDGF (20 ng/ml) for 5 min, and lysed, and equal amounts of proteins were immunoprecipitated with anti-PDGRB
(upper panel) or anti-PDGFRa (lower panel) and analyzed by Western blotting with antiphosphotyrosine antibody. Blots were stripped and re-
probed with anti-PDGR@ or anti-PDGFRa« to demonstrate equal loading. Arrows indicate a PDGFRB 190-kDa band (upper panel) or a PDGFR«
doublet of 150/170 kDa (lower panel). (C) Serum-starved wild-type and S1P,-null MEFs were treated with PDGF for the indicated times, and active Rac
was specifically pulled down from cell lysates containing equal amounts of proteins with immobilized recombinant PAK-CRIB and analyzed by
Western blotting using anti-Rac antibody. Relative activated levels were normalized to total Rac, and the fold stimulation = SD from three
independent experiments is indicated. Representative results are shown. (D) Serum-starved wild-type and S1P,-null MEFs were treated with
vehicle, PDGF, or S1P for 5 min, and activation of PAK1 was determined by Western blot analysis with phospho-PAK1 (Thr423) antibodies (top
panel). Equal loading was confirmed by reprobing with antibodies against PAK1, which also cross-react with PAK2 (bottom panel). (E) Wild-type
and S1P,-null MEFs were treated with PDGF for the indicated times, and activation of ERK1/2, Akt, and p38 was determined by Western blotting
analysis with phospho-specific antibodies. Equal loading was confirmed by reprobing with antibodies against ERK2, Akt, and p38, respectively.
Similar results were obtained in three additional experiments. (F) Serum-starved wild-type and S1P,-null MEFs were treated without (lanes 1 and 4)
or with SB202190 (10 wM, lanes 2 and 5) or SB202190 (25 uM, lanes 3 and 6) for 15 min and then stimulated with vehicle (lanes 1 to 3) or 20 ng/ml
PDGEF (lanes 4 to 6) for 10 min. Equal amounts of cell lysate proteins were separated by SDS-PAGE and probed with phospho-specific Akt S473
antibody. Blots were stripped and reprobed with anti-Akt antibody to show equal loading. (G) Serum-starved wild-type and S1P,-null MEFs were
treated without or with 10 wM SB202190 (SB) and then allowed to migrate toward vehicle (open bars) or 20 ng/ml PDGF (filled bars) for 4 h.

S473 on Akt, which is essential for its full activation, in a podia formation and cellular protrusions in response to PDGF-
p38-dependent manner (3). However, SB202190, which inhib- BB (23), SB202190 did not affect PDGF-induced migration of
its p38, had no effect on Akt S473 phosphorylation induced by ~ wild-type or S1P,-null fibroblasts (Fig. 3G).

PDGEF (Fig. 3F). Moreover, in agreement with a recent report Chemotaxis of S1P,-null fibroblasts is dependent on S1P,.
that p38 inhibition has no major effect on the degree of lamelli- Previously, we suggested that S1P,, which couples exclusively
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12 h in the absence or presence of PTX (200 ng/ml). Cells were allowed to migrate for 4 h toward vehicle, SIP (10 nM), PDGF (20 ng/ml), or FBS
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Equal amounts of cell lysate proteins were analyzed by Western blotting with anti-phospho p42/44 antibodies. Blots were stripped and reprobed

with anti-ERK2 as a loading control.

to G;, was crucial for PDGF-induced migration (18, 45). In
agreement, migration of wild-type MEFs toward PDGF and
serum was pertussis toxin (PTX) sensitive (Fig. 4A). PTX
treatment also markedly reduced migration of S1P,-null MEFs
toward PDGF and serum as well as toward S1P (Fig. 4A). Of
note, deletion of S1P, does not significantly alter expression of
the S1P, receptor (Fig. 4B). In addition, transfection with
antisense, but not scrambled, S1P, oligonucleotides downregu-
lated S1P; expression (Fig. 4C) and also significantly inhibited
migration toward PDGF, S1P, and serum without affecting
migration toward fibronectin (Fig. 4D).

Recently, it was suggested that S1P, is required for PDGF-
induced ERK activation in airway smooth muscle cells (58).
However, PTX at a concentration that markedly inhibited mi-
gration of MEFs toward PDGF (Fig. 4A) did not significantly
affect its ability to stimulate ERK1/2 (Fig. 4E). This is consis-
tent with previous studies showing that S1P, deletion does not
significantly affect activation of ERK induced by PDGF (45).

Enforced expression of S1P, inhibits chemotaxis toward
PDGF. To confirm that the migratory differences observed
between wild-type and S1P,-null fibroblasts were due to the
loss of the S1P, receptor rather than a general defect in mi-

gratory responses, we examined the effect of restoring S1P,
expression in these cells. Transient transfection of S1P, re-
stored mRNA expression to a similar level as in wild-type
MEFs (Fig. 5A). Moreover, myc-tagged S1P, protein was
readily detectable 48 h after transfection (Fig. 5B). Western
blotting with anti-S1P, antibody also revealed a single band
with the predicted molecular size of approximately 42 kDa in
wild-type MEFs that was absent in the S1P,”/~ MEFs (Fig.
5C). Moreover, transfection with S1P, increased its levels in
the null cells to comparable levels in wild-type MEFs (Fig. 5C).

Reconstitution of S1P, expression markedly attenuated both
S1P- and PDGF-induced migration of S1P, knockout MEFs
(Fig. 5D). However, haptotaxis toward fibronectin was not
significantly affected by overexpression of S1P, (Fig. 5D).
These results further substantiate the negative regulatory role
of S1P, receptor on PDGF-induced migration.

Sphingosine kinase type 1 is required for migration toward
PDGEF. Previously, we suggested that spatially and temporally
localized generation of S1P via PDGF-induced SphK activa-
tion results in transactivation of S1P,, which in turn stimulates
downstream signaling important for cell locomotion (18, 45).
Thus, we next examined the role of SphK in migration toward
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PDGF. MEFs express both SphK1 and SphK2 (Fig. 6C), which
can be distinguished on the basis of differential activity mea-
sured when the substrate sphingosine is added either as a
bovine serum albumin complex in the presence of high salt or
in a micellar form with Triton X-100 (24, 30). Whereas, Triton
X-100 stimulates SphK1 and strongly inhibits SphK2, high salt
is optimal for SphK2 and drastically inhibits SphK1 (30). Con-
sistent with previous results (18, 39), PDGF rapidly stimulated
SphK activity in wild-type and S1P,-null MEFs measured in
the presence of Triton X-100 (Fig. 6A, B), which was not
evident when the activity was measured in the presence of high
salt without Triton X-100 (data not shown), suggesting that
only SphK1 is activated by PDGF. It is important to note that
basal SphK activity in S1P,-null MEFs (Fig. 6B) was much
greater than in the wild-type MEFs (Fig. 6A) and its activation
by PDGF was more robust and prolonged. Although PDGF
stimulates SphK1, similar to previous results with NIH 3T3
fibroblasts (40, 42), MEFs from S1P, knockouts (45), and HEK
293 cells (18), there was no detectable secretion of S1P from
wild-type or S1P,’~ MEFs. However, recent studies suggest
that, even in the absence of detectable S1P secretion, localized
formation of S1P at membrane ruffles due to translocation and
activation of SphK1 by PDGF was sufficient to activate S1P
receptors leading to downstream signaling important for cyto-
skeletal changes and migratory responses (18, 42, 45).

To investigate the role of SphK activity in PDGF-induced
migration, we utilized specific siRNAs targeted to SphK1 and
SphK2 to downregulate their expression. Transfection of S1P,-

null fibroblasts with siSphK1 reduced mRNA expression of
SphK1 but not SphK2 as determined by RT-PCR analysis (Fig.
6C). Conversely, siSphK2 did not affect SphK1 expression
(data not shown). No differences in migratory responses were
seen in MEFs transfected with control siRNA or siSphK2
compared to untransfected cells (data not shown), whereas
migration toward PDGF and serum was significantly reduced
in siSphK1-treated S1P,-null MEFs (Fig. 6D). To ensure that
the observed effects were specific to reduction of SphK1 ex-
pression, the effects of another siRNA targeted to a different
SphK1 sequence (siSphK1b) were examined. Transfection with
this siRNA reduced expression of SphK1 by 45%, as deter-
mined by real-time PCR, without significantly affecting expres-
sion of SphK2. siSphK1b also reduced migratory responses
toward serum but not fibronectin (Fig. 6E). To confirm the
siRNA results, we used a complementary pharmacological ap-
proach. The specific SphK inhibitor N,N-dimethylsphingosine,
at a concentration of 5 uM, which has no effects on other signal-
ing molecules (12), markedly inhibited chemotaxis toward serum
and PDGF but not fibronectin-induced haptotaxis (Fig. 6F).
S1P, is a negative regulator of SphK1. Surprisingly, SphK1
activity was significantly higher in S1P, /" than in wild-type
MEFs (Fig. 6A, B and 7A). This correlated with the higher
SphK1 expression in the S1P,-null cells measured by real-time
RT-PCR (Fig. 7B). Similarly, SphK1 protein levels were higher
in S1P, knockout cells compared to wild-type cells (Fig. 7C).
Interestingly, expression of SphK2 was the same as in wild-type
cells (Fig. 7B). To examine whether S1P, negatively regulates
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determinations relative to vehicle controls. *, P < 0.05.

SphK1 or whether this increase was due to nonspecific differ-
ences between these cell lines, the S1P, receptor was reintro-
duced into the S1P,-null cells. Transient transfection of S1P,
markedly reduced SphK1 expression and activity to compara-
ble levels determined in the wild-type cells without altering

. (F) S1P, ™/~ cells were treated with vehicle (open bars) or 5 uM DMS

S, or FN for 4 h. Data are expressed as fold increase = SD of triplicate

SphK2 expression (Fig. 7). These results suggest that S1P,
receptor expression specifically regulates the activity and ex-
pression of SphKI.

S1P, receptor deficiency causes increased proliferation of
MEFs. Because numerous studies link SphK1 to cell growth
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empty vector (filled bar), or S1P,”/~ MEFs transfected with S1P, (hatched bar) were serum starved for 16 h and lysed, and SphK1 activity was
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of triplicate determinations. In duplicate cultures, expression of SphK1
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and stained with anti-BrdU antibody. Double immunofluorescence was used to visualize transfected cells and BrdU incorporation, and the
proportion of cells incorporating BrdU among total transfected cells (expressing GFP) was determined. Data are means * SD of duplicate cultures
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obtained in three independent experiments. *, P < 0.05. (D) Representative images of cells transfected with S1P,-GFP (green) and incorporating
BrdU (red). Yellow in the merged images indicates a cell that is positive for both.

(40, 42, 60), it was of interest to examine the effect of S1P,
deletion on the proliferative potential of MEFs. Loss of this
receptor led to a significant increase in cell growth compared
to wild-type MEFs that was evident within 2 days of culture in
the presence of a suboptimal serum concentration (Fig. 8A).
Moreover, growth of the S1P,-null MEFs was stimulated to a
significantly greater extent by both PDGF and S1P than wild-
type cells, although PDGF was a more potent mitogen than
S1P (Fig. 8B). To confirm that the increased proliferation of
the knockout cells was the result of deletion of the S1P, re-
ceptor, S1P, expression was reconstituted in the S1P,-null

MEFs by transient transfection with S1P,-GFP. Double immu-
nofluorescence was used to visualize transfected cells and
DNA synthesis, determined by measuring BrdU incorporation
into nascent DNA. Expression of S1P, markedly inhibited
DNA synthesis of cells cultured in the absence or presence of
serum, as the fraction of transfected cells positive for BrdU
incorporation was significantly lower than in adjacent, non-
transfected cells in the same field (Fig. 8C, D). In contrast,
transfection with vector-GFP had no significant effect on DNA
synthesis. These results imply that S1P, expression negatively
regulates the transition from G, to S phase of the cell cycle.



4246 GOPARAJU ET AL.

T
e k= L o

MoL. CELL. BIOL.

Nucleus
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Activation of the S1P, receptor stimulates downstream signals important for cell locomotion. Activation of the S1P, receptor transduces signaling
pathways that inhibit motility and also decreases cell proliferation and expression of SphK1. It is also shown that S1P; can stimulate PDGF
expression (55). Transactivation of PDGFR by S1P, (53) is not depicted, nor are the numerous signaling pathways downstream of PDGF and S1P
receptors which do not involve receptor cross-communication described in this study.

DISCUSSION

Cross-communication between growth factor tyrosine kinase
receptors and GPCRs provides fine-tuning mechanisms for
cells to respond to external clues. The present study revealed
that cross-talk between PDGFR and S1P, plays an important
role in regulating migratory responses to PDGF. Loss of the
S1P, receptor led to enhanced migration of cells not only
toward S1P and serum but also toward PDGF, which stimu-
lates production of S1P, while fibronectin haptotactic mi-
gration was unaffected. There were no obvious differences in
PDGFR expression, its tyrosine phosphorylation by PDGF, or
activation of ERK1/2 or Akt in S1P,-null fibroblasts compared
to wild-type cells. Although deletion of S1P, reduced activa-
tion of p38 by PDGF, particularly at later time points, several
lines of evidence suggest that these changes in p38 activation
do not contribute to the enhanced migratory responses of
S1P,-null fibroblasts toward PDGF. First, SB202190, a p38
inhibitor, had no effect on Akt S473 phosphorylation induced
by PDGF or on chemotaxis toward PDGF of wild-type or
S1P,-null fibroblasts. This is consistent with a recent report
showing that p38 inhibition had no effect on the degree of
lamellipodia formation and cellular protrusions in MEFs in

response to PDGF-BB (23). Moreover, endothelial cell migra-
tion in response to S1P was blocked by pretreatment with PTX
but was not affected by inhibition of ERK or p38 (27). Finally,
a recent study suggests that although PDGFR plays a crucial
role in PDGF-BB-induced fibroblast proliferation, survival,
and migration, p38 is not involved in the biological effects of
PDGF-BB (15).

On the other hand, PDGF-induced activation of the small
G protein Rac, known to play an important role in forma-
tion of membrane ruffles, was strongly enhanced in S1P,-
null cells. Similarly, activation of the Rac effector PAKI,
which is recruited to the leading edge of motile cells, was
also enhanced. Indeed, PDGF treatment led to increased
membrane ruffling in these cells with cortical actin at the
leading edge and rapid turnover of focal complexes. Impor-
tantly, the increased migration of the S1P,-null cells was
eliminated by reintroduction of S1P,, further supporting a
role for this receptor as a negative regulator of migration
toward PDGF. This is consistent with the previous observa-
tion that binding of S1P to S1P, stimulates Rho and inhibits
Rac activation, leading to decreased membrane ruffling and
chemotaxis (49).
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In addition, we found that the enhanced PDGF-induced
migratory responses in cells lacking the S1P, receptor ap-
peared to be intimately linked to SphK1. It has long been
known that PDGF stimulates SphK1 and S1P formation (43).
In agreement, PDGF rapidly and transiently increased SphK1
activity and silencing of SphK1 expression with siRNA directed
against SphK1, but not the SphK2 isoform, diminished PDGF-
induced migration of S1P,-null fibroblasts. However, migration
toward fibronectin was not affected by siSphK1, suggesting that
downregulation of SphK1 does not affect the cellular motility
machinery. These results implicate SphK1 as a mediator of the
cross talk between the PDGFR and the S1PRs.

In agreement with our previous proposal that transactivation
of S1P, was required for cell movement toward PDGF (18, 45),
treatment of S1P,-null cells with PTX to inactivate G;, the only
G protein that S1P, signals through, or downregulation of S1P,
expression markedly reduced migration. These results sug-
gested that, in wild-type cells expressing S1P, and S1P,, both
receptors are transactivated by PDGF. Activation of S1P, is
necessary for motility, and S1P, acts to dampen or regulate
motility responses, and thus the net responses are dependent
on the relative expression levels of these two receptors and
their activation by PDGF. Hence a delicate balance between
transactivation of S1P, and S1P, by PDGF is a critical factor
that determines net movement toward PDGF (Fig. 9).

We found that S1P, not only regulates migration induced by
PDGEF but also is a negative regulator of cell proliferation.
Numerous studies have shown that S1P is a potent mitogen for
diverse cell types (reviewed in reference 48). However, a few
reports suggest that SIP can also be a growth inhibitor (10, 19,
22). Binding of S1P to S1P, inhibits proliferation of rat hepa-
tocytes by activating Rho, suggesting that S1P might be a
negative regulator of liver regeneration (19). Loss of S1P,
receptor resulted in increased proliferation of cells in response
to serum, S1P, and PDGF. Conversely, reintroduction of S1P,
into MEFs lacking this receptor decreased proliferation. In
agreement, S1P, but not SIP, mRNA expression was en-
hanced in hepatocytes 24 to 72 h after partial hepatectomy,
which coincides with decreasing hepatocyte proliferation, sug-
gesting that activation of S1P, by S1P negatively regulates liver
regeneration (19).

An important observation that might explain how S1P, acts
as a negative regulator of proliferation induced by PDGF
emerged from our unexpected finding that S1P, inhibits ex-
pression and activity of SphK1 (Fig. 9). Many previous studies
have shown that expression of SphK1 enhances cell growth and
survival and inhibitors of SphK1 decrease proliferation and
induce apoptosis (40, 42, 50, 51, 60). Consistent with this,
S1P,-null cells have higher SphK1 activity than wild-type cells
and their rate of proliferation is significantly greater. More-
over, reconstitution of S1P, not only decreases proliferation, it
also decreases expression and activity of SphK1 back to wild-
type levels.

Our study adds another level of complexity to the intricate
interplay between PDGF and S1P signaling. Similar to other
GPCR ligands, S1P acting through S1P, or S1P; can transac-
tivate PDGFR (4, 53). S1P also stimulates the synthesis of
PDGF A and B polypeptides through S1P,-dependent signal-
ing process (55). Then, according to our paradigm, binding of
PDGEF to its receptor causes activation and translocation of
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SphK1, increasing S1P production and subsequent transactiva-
tion of S1PRs. The balance between S1P, and S1P, receptor
signaling is a critical regulator of PDGF-induced motility and
proliferation (Fig. 9).

The complex interplay between PDGFR and S1PRs may
have important implications for vascular maturation. Disrup-
tion of either PDGF-B (28, 29), PDGFR (47), or the S1P,
receptor (32) genes in mice results in lethal hemorrhage and
edema in the perinatal stage due to incomplete coverage of
blood vessels by vascular smooth muscle cells and pericytes.
Interestingly, disruption of the S1P, gene specifically in endo-
thelial cells also produced the same phenotype (1). Stimulation
of S1P, on endothelial cells may regulate the recruitment of
vascular smooth muscle cells by stimulating the secretion of
recruitment factors, such as PDGF (55). Furthermore, our
work suggests that in the absence of S1P,, the S1P, receptor
would dominate and inhibit migration of vascular smooth mus-
cle cells toward PDGF, causing deficient coverage of vessels, a
process that occurs during the last stages of angiogenesis and is
important for stability of the nascent vascular network.
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