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ABSTRACT

The ease of isolation and ex vivo culture of marrow-derived
stromal cells (MSCs) from adult bone marrow renders them a
very promising source of adult stem cells for gene transfer and
cell therapy. However, little is known about the signaling path-
ways that control their in vivo mobilization and subsequent
biodistribution. Platelet-derived sphingosine-1-phosphate
(S1P), a bioactive lipid that acts via G-protein-coupled-recep-
tors, exerts strong chemoattraction upon MSCs through yet-
uncharacterized signaling pathways. We show that the S1P-
induced migration and morphological changes of MSCs in
vitro require the activities of extracellular signal-regulated ki-
nase (ERK), Rho kinase (ROCK), and matrix metalloprotein-
ase (MMP) signaling molecules. Specifically, S1P-induced re-
modeling of the MSC cytoskeleton led to the rapid (<1 minute)
formation of actin stress fibers via activation of the RhoA/

ROCK pathway and required the catalytic activity of MMPs.
S1P-induced activation of the mitogen-activated protein kinase
kinase-1 (MEK1)/ERK pathway also contributed to the induc-
tion of the actin stress fibers and to the redistribution of
paxillin at the focal adhesions through tyrosine phosphoryla-
tion of focal adhesion kinase in an MMP-dependent manner.
Moreover, MMP- and ROCK-dependent molecular events are
implicated in the regulation of the S1P-induced activation of
ERK. Our results demonstrate that MSC mobilization in re-
sponse to S1P requires cooperation between MMP-mediated
signaling events and the RhoA/ROCK and MEK1/ERK intra-
cellular pathways. Therefore, the characterization of the cellu-
lar factors and the intracellular signaling pathways underlying
MSC mobilization is crucial to achieve high efficacy in thera-
peutic use. STEM CELLS 2006;24:2557–2565

INTRODUCTION
Mammalian bone marrow stroma provides a unique microenviron-
ment to a particular pool of somatic stem cells known as marrow-
derived stromal cells (MSCs) [1]. The ease of isolation of MSCs
from adult bone marrow and the ex vivo culture of MSCs, coupled
to their high plasticity potential, renders them a very promising
source of adult stem cells for gene transfer and cell therapy [2, 3].
In the adult organism, MSCs traffic across extracellular matrix
(ECM)-rich basement membranes and interstitial tissues in re-
sponse to the appropriate cytokines or growth factors and undergo
transdifferentiation into various cell lineages like myoblasts, hepa-

tocytes, and even neuronal cells, thus providing a natural regener-
ative potential to adult, damaged tissues [2, 4, 5]. However, the
mechanisms underlying paracrine regulation of MSC transmigra-
tion and differentiation are still poorly understood. Because MSCs
are used as drug delivery vehicles such as for targeting invasive and
metastatic malignant tumors [3], the characterization of the cellular
factors and the intracellular signaling pathways underlying MSC
mobilization becomes crucial in order to achieve high efficacy in
therapeutic use.

Among the chemokines and inflammatory mediators known
to exert potent cellular chemotactic effects, sphingosine-1-phos-
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phate (S1P) is one of the most important bioactive lysophos-
pholipids secreted in blood plasma upon platelet activation [6]
and a very good candidate for the induction of MSC mobiliza-
tion [7]. S1P acts via G-protein-coupled receptors of the Edg
family to induce numerous biological effects on mammalian
cells, such as stimulation of cell proliferation, differentiation,
apoptosis, angiogenesis, and migration [6, 8]. In particular,
S1P1 (Edg1) and S1P2 (Edg5) are the S1P cell surface receptor
subtypes that are specifically involved in S1P-induced chemo-
taxis [9]. Cell migration and chemotaxis require reorganization
of the actin cytoskeleton and remodeling of the ECM, which are
principally regulated by members of the Rho family of small
GTPases (RhoA, Rac1, and Cdc42) and by the family of matrix
metalloproteinases (MMPs) [10].

There is growing evidence linking S1P signaling to Rho
GTPase activation; it has been shown that some S1P receptor
subtypes coupled to G�12/13 are involved in S1P-mediated
RhoA activation [11]. Activation of RhoA leads to the assembly
of actin stress fibers and focal adhesions [12, 13], and the
activity of RhoA has been correlated to acquisition of a migra-
tory and invasive phenotype [14, 15]. More recently, studies
have shown that activation of RhoA induced endothelial cell
invasion through the regulation of MMP-9 expression and that
RhoA colocalized with the cell surface receptor CD44 at ad-
vancing lamellipodia of invasive cells [16]. Accordingly, we
have further provided evidence that RhoA also regulated the
expression of the transmembrane metalloproteinase MT1-MMP
in glioma cells and that the RhoA/Rho kinase (ROCK) signaling
pathway regulated MT1-MMP-mediated CD44 functions [17].

To shed light on the paracrine regulation of MSC mobiliza-
tion, we investigated the early intracellular signaling events
involved in platelet-derived S1P-mediated MSC chemotaxis.
We show that, in vitro, S1P induces a rapid remodeling of the
MSC actin cytoskeleton through the activation of the RhoA/
ROCK pathway in an MMP-dependent manner. We also show
that S1P-induced MSC migration requires the activity of ROCK.
Finally, we demonstrate that the S1P-coordinated activation of
the mitogen-activated protein kinase kinase-1 (MEK1)-extracel-
lular signal-regulated kinase (ERK) signaling pathway cooper-
ates with RhoA/ROCK and MMP-mediated molecular events to
rapidly induce MSC actin cytoskeleton remodeling and migra-
tion. This is the first report that demonstrates cooperation be-
tween the RhoA/ROCK and MEK1/ERK intracellular signaling
pathways and the role of MMPs in the regulation of S1P-
induced chemotaxis of MSCs. Better understanding of the in-
tracellular signaling pathways underlying MSC biology in re-
sponse to bioactive mediators like S1P will help in optimizing
the use of bioengineered MSCs as potent systemic drug delivery
vehicles in therapeutic protocols.

MATERIALS AND METHODS

Cell Culture and Treatment
MSCs were isolated from mouse bone marrow and cultured as
previously described [7]. Whole bone marrow was harvested
from the femurs and tibias of 18- to 22-g female C57Bl/6 mice
(Charles River Laboratories, Laprairie, QC, Canada, http://www.
criver.com) sacrificed by CO2 inhalation as approved by the
Université du Québec à Montréal (Montreal, Quebec, Canada)
ethical committee (CIPA [Institutional Committee for Animal

Protection] protocol number 474). Cells were plated in high-
glucose Dulbecco’s modified Eagle’s medium (DMEM) (In-
vitrogen, Carlsbad, CA, http://www.invitrogen.com) supple-
mented with 10% inactivated fetal bovine serum (HyClone,
Logan, UT, http://www.hyclone.com) and 100 units per ml
penicillin/streptomycin. After 5–7 days of incubation in a hu-
midified incubator at 37°C with 5% CO2, the nonadherent
hematopoietic cells were discarded. Adherent MSCs were fur-
ther grown on noncoated culture dishes and maintained for no
more than 14 passages. Analysis by flow cytometry performed
at passage 14 revealed that MSCs expressed CD44 yet were
negative for CD45, CD31, KDR/flk1 (VEGF-R2), flt-4 (VEGF-
R3), and Tie2 (angiopoietin receptor) (data not shown). Short-
term (1-hour) pretreatement of MSCs was performed with the
following inhibitors: 30 �M Ilomastat (GM6001) (BIOMOL
International, L.P., Plymouth Meeting, PA, http://www.biomol.
com/1), 10 �M Y27632 (ROCK inhibitor), and 50 �M
PD98059 (MEK1 inhibitor) (Calbiochem, San Diego, http://
www.emdbiosciences.com). Flow cytometry analysis of an-
nexin-V/propidium iodine staining of the cells showed no effect
of the inhibitors used on cell viability (not shown). MSCs were
then stimulated for different periods of time with 1 �M S1P
(Sigma-Aldrich, St. Louis, http://www.sigmaaldrich.com).

Chemotactic Cell Migration Assay
Serum-starved MSCs were pretreated for 1 hour in the presence
or absence of the above inhibitors. Cells were then trypsinized
and seeded at 105 cells on 0.15% gelatin/phosphate-buffered
saline (PBS) precoated Transwells (8-�m pore size; Corning
Life Sciences, Acton, MA, http://www.corning.com/lifesciences)
assembled in 24-well Boyden chambers that were filled with
600 �l of serum-free media containing (or not) 30 �M Ilomas-
tat, 10 �M Y27632, or 50 �M PD98059 in the lower compart-
ment. Cells were allowed to adhere for 1 hour and were then
stimulated by adding either serum or 1 �M S1P to the lower
compartments. Cell migration was allowed to proceed for 6
hours at 37°C in 5% CO2. Nonmigrating cells that remained on
the upper side of the Transwell filter were carefully removed
with cotton swabs. Cells that had migrated to the lower side of
the filters were fixed with 3.7% formaldehyde, stained with
0.1% crystal violet/20% MeOH, and counted. The migration
was quantified by analyzing at least 10 random fields per filter
for each independent experiment using Northern Eclipse 6.0
(Empix Imaging, Inc., Mississauga, ON, Canada, http://www.
empix.com) computer-assisted imaging software.

Immunofluorescence Analysis
MSCs grown on glass cover slips at approximately 60% con-
fluence were pretreated as described above with or without
different inhibitors, then stimulated with 1 �M S1P. Cells were
fixed in 3.7% formaldehyde for 10 minutes, permeabilized for 5
minutes with 0.1% Triton X100/PBS, and incubated with 0.1%
bovine serum albumin (BSA)/PBS for 20 minutes at room
temperature. Cells were incubated with rhodamine-conjugated
Phalloidin (Sigma-Aldrich) for 30 minutes at 37°C to stain
F-actin. For Paxillin staining, cells were incubated for 1 hour at
37°C with mouse monoclonal anti-Paxillin antibodies (Upstate,
Charlottesville, VA, http://www.upstate.com) diluted in 0.1%
BSA/PBS. Cells were then gently rinsed with PBS and incu-
bated with fluorescein isothyocyanate-coupled secondary anti-
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mouse antibodies (Sigma-Aldrich) for 1 hour at 37°C. The cover
slips were mounted on Mowiol antifading mounting media
(Calbiochem) and were left to dry in the dark for 24 hours. The
fluorescent cells were analyzed with a microscope (Eclipse TE
2000U; Nikon Corporation, Tokyo, http://www.nikon.com) us-
ing an oil immersion �40 objective lens. Images were recorded
with a digital camera and analyzed with the Northern Eclipse 6.0
software.

Western Blot Procedures
Proteins from cell lysates were quantified, and equal protein
amounts were separated by SDS-polyacrylamide gel electro-
phoresis. Proteins were transferred onto polyvinylidene difluo-
ride (PVDF) membranes (Immobilon, Millipore, Bedford, MA,
http://www.millipore.com), which were then blocked for 1 hour
at 4°C with 5% nonfat dry milk in TBST (Tris-buffered saline
[150 mM NaCl, 20 mM Tris-HCl, pH 7.5], 0.3% Tween 20).
Membranes were washed several times with TBST and were
probed with the appropriate specific primary antibodies in
TBST containing 3% BSA followed by 1 hour of incubation
with horseradish peroxidase-conjugated anti-mouse or anti-rab-
bit secondary antibodies (GE Healthcare, Little Chalfont, Buck-
inghamshire, U.K., http://www.gehealthcare.com) (1:10,000) in
TBST containing 5% nonfat dry milk. Immunoreactive bands
were revealed with an enhanced chemiluminescence kit (GE
Healthcare) followed by exposure to X-OMAT AR Kodak im-
age films (Eastman Kodak, Rochester, NY, http://www.
kodak.com). Band intensities were quantified by densitometry
using TotalLab TL100 software (Nonlinear USA Inc., Durham,
NC, http://www.nonlinear.com).

RhoA Activation Assay
MSCs were grown to approximately 80% confluence on
100-mm dishes and serum-starved in DMEM for 24 hours, then
treated with or without the above-described inhibitors before
they were stimulated with 1 �M S1P. GTP-RhoA activation was
assessed using the RhoA Activation Assay Kit (Upstate) accord-
ing to the manufacturer’s procedure. Immediately after stimu-
lation, cells were rinsed with cold PBS, lysed in 300 �l of MLB
buffer (25 mM HEPES, pH 7.5, 150 mM NaCl, 1% NP-40
(Igepal CA-630), 10 mM MgCl2, 1 mM EDTA, 2% glycerol, 25
mM NaF, 1 mM sodium orthovanadate, 1 mM phenylmethyl-
sulfonyl fluoride [PMSF] and 10 �g/ml aprotinin/leupeptin),
and then briefly centrifuged to remove cell debris. Cell lysates
were pulled down by incubation at 4°C with 20 �g of recom-
binant Rhotekin-�-binding domain bound to glutathione-agarose
beads for 45 minutes. The beads were then washed three times
with MLB and resuspended with MLB containing 5� sample
buffer to elute GTP-loaded RhoA from the beads. The samples,
as well as 30 �l of whole cell lysates kept for each condition,
were separated on a 12% polyacrylamide-SDS gel and then
transferred to PVDF membranes. The active GTP-loaded RhoA
protein, as well as the total amount of RhoA present in the
samples, was detected by probing the membranes with mouse
monoclonal anti-RhoA antibodies provided in the same kit.

Focal Adhesion Kinase Immunoprecipitation
MSCs grown on 60-mm dishes and serum-starved overnight
were pretreated for 1 hour with or without 30 �M Ilomastat
before being stimulated with 1 �M S1P. Cells were harvested

with 300 �l of lysis buffer containing 20 mM Tris (pH 7.5),
10% glycerol, 1% Triton X-100, 20 mM NaF, 100 mM NaCl, 1
mM sodium orthovanadate, 1 mM PMSF, 10 �g/ml aprotinin,
and 10 �g/ml pepstatin. Cell lysates were then centrifuged at
14,000 rpm for 5 minutes at 4°C to remove cell debris, and the
supernatants were precleared for 1 hour with 40 �l of protein
A-sepharose beads (GE Healthcare). Focal adhesion kinase
(FAK) was immunoprecipitated from the precleared lysates by
incubation for 2 hours at 4°C with 2 �g of polyclonal anti-FAK
antibodies (Santa Cruz Biotechnology, Inc., Santa Cruz, CA,
http://www.scbt.com) and 25 �l of protein A-sepharose beads.
The beads were then washed three times with the lysis buffer
before being resuspended and boiled in 5� sample buffer. The
immunoprecipitated samples were resolved by 10% polyacryl-
amide-SDS gel electrophoresis followed by electrotransfer onto
PVDF membranes. The phosphorylation level of FAK was
assessed by Western blot using mouse monoclonal anti-phos-
photyrosine (anti-PY20) antibodies (BD Biosciences, San Jose,
CA, http://www.bdbiosciences.com). The amount of FAK
present in the whole cell lysates was determined by probing with
rabbit polyclonal anti-FAK antibodies (Santa Cruz Biotechnol-
ogy, Inc.).

ERK Phosphorylation Status
Serum-starved MSCs seeded at approximately 80% confluence
in six-well dishes were pretreated for 1 hour with or without
inhibitors before being stimulated with 1 �M S1P for different
periods of time. Cells were then lysed on ice in a buffer
containing 20 mM Tris pH 7.4, 150 mM NaCl, 1% Triton
X-100, 0.5% Nonidet-40, 0.1% SDS, 1% deoxycholate, 5 mM
EDTA, 1 mM sodium orthovanadate, 1 mM PMSF, 20 mM
NaF, and 10 �g/ml aprotinin and pepstatin. Cell lysates were
cleared by centrifugation at 4°C for 20 minutes at 14,000 rpm,
and equal amounts of proteins (50 �g/lane) were resuspended
with 5� sample buffer before being resolved by SDS-polyacryl-
amide gel electrophoresis and transferred onto PVDF mem-
branes. The phosphorylation level of ERK in the cell lysates was
determined by Western blot using mouse monoclonal anti-
phosphospecific anti-ERK (Thr202/Tyr204) antibodies (Cell
Signaling Technology, Beverly, MA, http://www.cellsignal.
com). Membranes were reprobed with mouse monoclonal anti-
ERK antibodies (New England Biolabs Ltd., Pickering, ON,
Canada, http://www.neb.com) to show equal protein loading.

Statistical Data Analysis
Data are representative of three or more independent experi-
ments. Statistical significance was assessed using nonparametric
one-way analysis of variance with GraphPad Prism Version 4.0
(GraphPad Software, Inc., San Diego, http://www.graphpad.
com). Probability values of less than .05 were considered sig-
nificant, and an asterisk identifies such significance in each
figure.

RESULTS

MMPs, ROCK, and ERK Are Required for S1P-
Stimulated Migration of MSCs
To characterize the intracellular signaling pathways underlying
S1P-mediated MSC chemotaxis, we first examined the effect of
S1P on MSC migration under different conditions. For this
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purpose, serum-starved MSCs were pretreated with the follow-
ing pharmacological inhibitors: Ilomastat, a broad spectrum
inhibitor of MMPs; Y27632, a specific inhibitor of ROCK; or
PD98059, an inhibitor of the MEK1-ERK1/2 pathway. MSC
migration was then analyzed in the presence or absence of S1P
using modified Boyden chambers as described in Materials and
Methods. (Fig. 1A). As previously documented by us [7], we
found that S1P induced a 12-fold increase in MSC migration
over the basal level, an effect that was even stronger than
serum-derived growth factors, which induced only an eightfold
increase in cell migration (Fig. 1B). Pretreatment of MSCs with
Ilomastat, as well as with the ROCK inhibitor Y27632, strongly
antagonized S1P-induced MSC migration. Inhibition of the
MEK1-ERK1/2 signaling pathway with PD98059 also had a
powerful antagonizing effect on S1P-induced MSC migration
(Fig. 1B). These results implicate molecular events involving

MMPs, ROCK, and ERK1/2 as essential for S1P intracellular
signaling to induce MSC chemotaxis.

S1P Induces a Rapid Remodeling of the MSC
Actin Cytoskeleton
Because cell chemotaxis is regulated by the reorganization of
the actin cytoskeleton in response to chemotactic cues [18], we
analyzed the effects of S1P treatment on actin organization in
MSCs. Serum-starved MSCs were stimulated with 1 �M S1P
for different periods of time, and the actin cytoskeleton was
visualized by staining with rhodamine-coupled phalloidin. After
1 minute of treatment, S1P induced strong and rapid stress fiber
formation compared with the basal level of actin filaments
observed in nonstimulated control cells (Fig. 2Aa, 2Ab, 2B).
After 2 and 5 minutes, in addition to actin stress fibers, S1P
induced lamellipodia and some filopodia structures (Fig. 2Ac,
2Ad, 2B). After 1–6 hours of S1P treatment, the actin stress
fibers were maintained while the percentage of cells with la-

Figure 1. Sphingosine-1-phosphate (S1P)-mediated cell migration of
marrow-derived stromal cells (MSCs) requires matrix metalloprotein-
ase, Rho kinase, and extracellular signal-regulated kinase activities. (A):
Serum-starved MSCs were pretreated for 1 hour with or without 30 �M
Ilomastat, 10 �M Y27632, or 50 �M PD98059. Cells were then
trypsinized and seeded (105 cells) on gelatin-coated filters in modified
Boyden chambers. Migration was allowed to proceed for 16 hours at
37°C in the presence of either serum-free media (control) or serum-
containing media (serum). Under the same conditions, pretreated MSCs
were allowed to migrate in the presence of 30 �M Ilomastat, 10 �M
Y27632, or 50 �M PD98059 in serum-free media containing 1 �M S1P.
Cells on filters were then fixed and stained; 1 of 10 representative
stainings for each condition is shown. (B): Values shown represent the
means � SD of three independent experiments in which 10 random
fields per filter were counted in each experiment for each condition.
Probability values of less than .05 were considered significant compared
with control (vehicle); an asterisk identifies such significance.

Figure 2. S1P induces a rapid and sustained assembly of actin stress
fibers. (A): Serum-starved marrow-derived stromal cells were not stim-
ulated (a) or were stimulated with 1 �M S1P for 1 minute (b), 2 minutes
(c), 5 minutes (d), 1 hour (e), and 6 hours (f) and then were fixed and
stained with rhodamine-coupled phalloidin to visualize actin filaments.
Scale bar � 20 �m. (B): Quantification of the percentage of cells
exhibiting structures of actin stress fibers lamellipodia (L) and filopodia
(F) after S1P treatment. Values shown represent averages for more than
100 cells counted per condition in three independent experiments.
Abbreviation: S1P, sphingosine-1-phosphate.
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mellipodia and filopodia continued to increase (Fig. 2Ae, 2Af,
2B). Although the S1P receptors involved remain to be deter-
mined, these results demonstrate that one of the early and
immediate events triggered by S1P in MSCs is the strong and
sustained induction of actin stress fibers, followed by the slow
formation of lamellipodia and filopodia.

ROCK, ERK, and MMPs Are Required for S1P-
Induced Actin Stress Fibers in MSCs
We then examined the regulatory mechanisms involved in S1P-
mediated actin remodeling in MSCs (Fig. 3A). First, the RhoA/
ROCK pathway was investigated by inhibiting ROCK with
Y27632 for 1 hour before stimulating the cells with 1 �M S1P
for 2 minutes. ROCK inhibition completely antagonized S1P-
induced actin stress fibers but increased lamellipodia formation
(Fig. 3B). These results suggest that ROCK is the major signal-
ing effector required for S1P-induced actin stress fibers in
MSCs. MSCs were then pretreated with Ilomastat for 1 hour to
inhibit general MMP activity before cells were stimulated with
S1P. Ilomastat also antagonized S1P-induced actin stress fibers
but did not affect lamellipodia or filopodia formation, suggest-
ing that MMP-mediated signaling is required only for actin
stress fiber formation (Fig. 3B). On the other hand, inhibition of
the MEK1-ERK1/2 pathway by PD98059 pretreatment prior to
S1P stimulation only partially blocked the induction of the actin
stress fibers by S1P, whereas lamellipodia or filopodia forma-
tion was unaffected (Fig. 3B). MSCs pretreated with Y27632,
Ilomastat, or PD98059 had a basal level of actin filaments
similar to those levels seen in untreated control cells (data not
shown).

MMP-Mediated Events Regulate RhoA Activation
by S1P in MSCs
Because S1P triggered a strong induction of MSC actin stress
fibers, a general hallmark of small GTPase RhoA activity, we
next investigated whether S1P induced RhoA activation and
assessed the level of activated GTPase. Serum-starved MSCs
were stimulated with 1 �M S1P, and the levels of GTP-loaded
RhoA in the cell lysates were pulled down using recombinant
glutathione S-transferase-Rhotekin-binding domain as described
in Materials and Methods. S1P induced a rapid activation of
RhoA after 1 minute of stimulation (Fig. 4A). Interestingly,
inhibition of MMP activity by Ilomastat, prior to S1P stimula-
tion, was reflected by an increase in basal activated RhoA which
consequently resulted in a lower capacity of S1P to induce
further RhoA activation (Fig. 4B), suggesting that potential
membrane-bound MMP-mediated events are required for a syn-
ergistic RhoA activation by S1P. These data suggest the exis-
tence of crosstalk between MMPs, possibly membrane-bound
MT1-MMP as we previously suggested [17], and Rho GTPase-
mediated signaling pathways.

S1P Induces Remodeling of MSC Focal Adhesions
via Paxillin Redistribution and MMPs
We next examined whether S1P affects the organization of the
RhoA-mediated focal adhesions by visualizing the subcellular
localization of Paxillin, an important protein component of focal
adhesions [12, 13]. MSCs were stimulated with or without 1 �M
S1P and were fixed and costained for Paxillin and actin fila-
ments using respectively anti-Paxillin antibodies and rhodam-
ine-coupled phalloidin (Fig. 5A). In nonstimulated control cells,
a very weak and diffuse Paxillin staining is obtained with a basal
level of actin filaments (Fig. 5B). When MSCs were stimulated
with S1P, the increase in stress fibers was accompanied by a
significant redistribution of Paxillin to the cell periphery and,
more specifically, to the tip of the actin filaments (Fig. 5A).
Paxillin redistribution all along the stress fibers was visualized
by merging the actin and Paxillin stainings showing the colo-

Figure 3. Rho kinase, extracellular signal-regulated kinase, and matrix
metalloproteinase activities mediate actin stress fiber assembly after
sphingosine-1-phosphate (S1P) stimulation of marrow-derived stromal
cells (MSCs). (A): Serum-starved MSCs were preincubated for 1 hour
with or without 10 �M Y27632, 30 �M Ilomastat, or 50 �M PD98059
prior to 2 minutes of stimulation with 1 �M S1P. Cells were fixed and
stained with rhodamine-coupled phalloidin to visualize actin filaments.
Scale bar � 20 �m. (B): Quantification of the percentage of cells
exhibiting actin stress fibers lamellipodia (L) and filopodia (F). Values
shown represent averages for more than 100 cells counted per condition
in three independent experiments.

Figure 4. Matrix metalloproteinase catalytic activity is required for the
S1P-induced activation of RhoA in marrow-derived stromal cells
(MSCs). (A): Serum-starved MSCs, preincubated with 30 �M Ilomastat
for 1 hour, and control cells were stimulated with 1 �M S1P for 1, 2, and
5 minutes. The cell lysates were subjected to a pull-down assay as
described in Materials and Methods using glutathione S-transferase-
Rhotekin-binding domain fusion protein to measure the level of GTP-
loaded RhoA. The proteins from the pull-down as well as from the total
cell lysates were analyzed by Western blot using mouse monoclonal
anti-RhoA antibodies. (B): Quantification of the activation of RhoA by
S1P treatment in control (white circles) and Ilomastat-treated cells
(black circles). The data are means � SD of three independent experi-
ments. Probability values of less than .05 were considered significant
compared with the respective time 0; an asterisk identifies such signif-
icance. Abbreviation: S1P, sphingosine-1-phosphate.
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calization between actin filaments and Paxillin (Fig. 5A). Pax-
illin was also redistributed to the tip of short actin filaments
located in the center of the cells (Fig. 5A). Finally, we found that
S1P-mediated Paxillin redistribution also required MMP activ-
ity given that Ilomastat pretreatment strongly antagonized the
redistribution of Paxillin by S1P (Fig. 5A, 5B).

MMPs Are Involved in S1P-Induced Tyrosine
Phosphorylation of FAK
Phosphorylation of FAK on specific tyrosine residues is known
to mediate important signaling pathways linking the ECM to
Rho GTPases and to the actin cytoskeleton [19, 20]. To analyze
the effects of S1P on phosphorylation levels of FAK, serum-
starved MSCs were stimulated with 1 �M S1P for different
periods of time, following which FAK was immunoprecipitated
from the cell lysates using anti-FAK antibodies (Fig. 6A). Our
results show that S1P induced a rapid and strong tyrosine
phosphorylation of FAK after 1 minute of stimulation which

was sustained for up to 10 minutes of S1P stimulation (Fig. 6B).
However, when cells were pretreated with Ilomastat prior to S1P
stimulation, FAK tyrosine phosphorylation was transient and
significantly diminished as compared with the S1P-treated con-
trol cells (Fig. 6B). These results show that MMPs are required
for S1P signaling to induce a strong and sustained FAK tyrosine
phosphorylation leading to the focal adhesion remodeling
needed for cell migration to occur.

MMP- and ROCK-Mediated Signaling Events Are
Required for Regulation of ERK Activation by S1P
We have shown that inhibition of the MEK1-ERK1/2 pathway
strongly decreased S1P-induced stress fibers in MSCs (Fig. 3).
We thus analyzed ERK activation in MSCs that were stimulated
(or not) with 1 �M S1P (Fig. 7A). We found that S1P induced
a rapid and transient activation of ERK1/2 that decreased after
5 minutes of treatment (Fig. 7B). Inhibition of MMPs by pre-
treating MSCs with Ilomastat delayed S1P-induced ERK acti-
vation until 5 minutes of stimulation (Fig. 7B). This suggests
that MMPs are required for the early molecular events that are
induced by S1P signaling and that lead to ERK activation. In

Figure 5. Matrix metalloproteinases are involved in sphingosine-1-
phosphate (S1P)-mediated redistribution of Paxillin. (A): Marrow-de-
rived stromal cells were serum-starved for 24 hours, preincubated for 1
hour with or without 30 �M Ilomastat, and then treated with 1 �M S1P
for 2 minutes. Cells were fixed, and actin filaments were visualized by
staining with rhodamine-coupled phalloidin. Paxillin subcellular local-
ization was visualized using anti-paxillin antibodies. Merges between
F-actin and Paxillin stainings were performed using Northern Eclipse
software. The insets contain a �3 magnification showing the localiza-
tion of Paxillin at the tip of the actin stress fibers. Scale bar � 20 �m.
(B): Quantitative analysis of the percentages of cells exhibiting actin
stress fibers and focal adhesions. Values are means � SD of three
independent experiments.

Figure 6. Inhibition of matrix metalloproteinase catalytic activity
decreases S1P-induced tyrosine phosphorylation of FAK in marrow-
derived stromal cells (MSCs). (A): Serum-starved MSCs were preincu-
bated with or without 30 �M Ilomastat for 1 hour and then stimulated
with 1 �M S1P for the indicated time. Cells were lysed, and FAK was
immunoprecipitated from the lysates using polyclonal anti-FAK anti-
bodies. The immunoprecipitates were analyzed for FAK phosphoryla-
tion by Western blot using anti-PY20 anti-phosphotyrosine antibodies.
The total amount of FAK in the cell lysates was determined with
anti-FAK antibodies. (B): Quantitative analysis of FAK phosphoryla-
tion. The data are means � SD of three independent experiments.
Probability values of less than .05 were considered significant when
comparison was performed between control and Ilomastat conditions at
each time point; an asterisk identifies such significance. Abbreviations:
FAK, focal adhesion kinase; ID, immunodetection; IP, immunoprecipi-
tation; S1P, sphingosine-1-phosphate.
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contrast, inhibition of ROCK by pretreating MSCs with Y27632
before S1P treatment induced a sustained phosphorylation of
ERK, suggesting that ROCK is also involved in the regulation of
ERK activation by S1P in MSCs (Fig. 7B). Taken together, our
data show that ROCK-mediated signaling pathway and MMPs
are required for a fine-tuned regulation of S1P-induced ERK
activation in MSCs.

DISCUSSION
The ease of obtaining and expanding MSCs from the adult bone
marrow make MSCs a very promising source of adult stem cells,
provoking a great deal of interest in many clinical settings,
including that of regenerative medicine, immune modulation,
and tissue engineering in neurodegenerative pathologies, car-
domyopathies, and vasculogenesis [1, 21]. Although recent

studies have already demonstrated the feasibility of transplanted
MSCs [1], the cellular factors and intracellular signaling path-
ways underlying the paracrine regulation of their in vivo mobi-
lization remain poorly characterized. Thus, it is now an impor-
tant challenge to elucidate the intracellular molecular
mechanisms governing MSC biology in order to achieve high
efficacy in therapeutic use. In this study, we analyzed the early
intracellular signaling events triggered by S1P, a bioactive ly-
sophospholipid that is released into serum after platelet activa-
tion and that we have found to be the most potent MSC che-
motactic factor [7]. Interestingly, S1P is also found in high
levels in brain tissue [22] and in brain tumor-derived glioma
cells [23], which makes it tempting to suggest that such locally
produced S1P by cancer cells could also link S1P-mediated
MSC mobilization and recruitment to clinically relevant condi-
tions. In fact, this was recently demonstrated by us as MSCs
were significantly recruited in vitro by U-87 glioma-, MCF-7
breast tumor-, and HT-1080 fibrosarcoma-derived cancer cell
lines [24].

In particular, we observed that S1P induced a rapid assem-
bly of actin stress fibers that was then followed by focal adhe-
sions, all prerequisite processes required for ECM degradation
and cell migration to occur [12, 13, 18]. However, because the
roles and regulation of members of the Rho family of small
GTPases (in particular, RhoA, Rac1, and Cdc42) are often
dictated by the cell type [25], we also investigated their impli-
cation in MSC mobilization by S1P. Recent studies have shown
that activation of RhoA induced endothelial cell invasion
through the regulation of MMP-9 expression [16] and that
activated RhoA is required for Rac1-induced lamellipodia and
ruffles [26]. Active RhoA recruits and activates its downstream
effector ROCK, which then phosphorylates several cytoskeletal
proteins like myosin light chain kinase (MLCK) involved in the
formation of membrane protrusions at the front of migrating
cells [27, 28] and thereby promoting the contraction of actin
stress fibers to generate contractile forces [29, 30]. We provide
evidence that inhibition of ROCK completely antagonized S1P-
induced MSC chemotaxis, likely by the inhibition of actin stress
fiber formation which is necessary for the generation of the
contractile forces that promote cell locomotion. In light of our
data, the RhoA/ROCK pathway thus appears to be an important
regulator of S1P-mediated MSC chemotaxis.

RhoA activation is also thought to induce the formation of
focal adhesions, which are multiprotein complexes containing
structural and signaling proteins [31]. We show that S1P induces
a rapid tyrosine phosphorylation of FAK as well as remodeling
of the MSC focal adhesions by inducing a rapid redistribution of
Paxillin at the cell periphery and, more specifically, at the tips of
the actin filaments. These two molecular events are crucial steps
required for cell migration. The phosphorylation of FAK is
involved in the disassembly of the FAK-Paxillin complex that
leads to the remodeling of the focal adhesions observed in
motile cells [19]. Although the S1P-induced paxillin redistribu-
tion and FAK phosphorylation were reported in endothelial cells
[32, 33], our study further establishes that this paxillin redistri-
bution requires the activity of MMPs because Ilomastat, a wide-
spectrum inhibitor of the catalytic activity of MMPs [34], ab-
rogated the redistribution of paxillin in S1P-stimulated cells.
Moreover, we demonstrate that inhibition of this MMP-depen-
dent process is correlated to a rapid decrease in the tyrosine

Figure 7. S1P-induced activation of ERK requires matrix metallopro-
teinase- and Rho kinase-mediated signaling. (�): Marrow-derived stro-
mal cells were serum-starved for 24 hours, preincubated with or without
30 �M Ilomastat or 10 �M Y27632 for 1 hour, and then stimulated with
1 �M S1P for the indicated time. Cells were lysed, and the phosphor-
ylation status of ERK was analyzed by Western blot using phospho-
specific anti-ERK1/2 antibodies. The total amount of ERK was deter-
mined by reprobing with anti-ERK1/2 antibodies. (B): Quantitative
analysis of ERK activation. The data represent means � SD of three
individual experiments. Abbreviations: ERK, extracellular signal-regu-
lated kinase; P-ERK, phosphorylated extracellular signal-related kinase;
S1P, sphingosine-1-phosphate.
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phosphorylation of FAK by S1P. Thus, we highlight for the first
time the importance of MMPs as potential mediators in S1P-
induced MSC mobilization.

It is noteworthy that, whereas the soluble MMPs are in-
volved mostly in the remodeling of the ECM during physiolog-
ical and pathological processes [10, 35, 36], the membrane-
bound MMPs, such as the MT1-MMP, can also function as
signaling molecules in MSCs [7]. Recent studies have indeed
shown that MT1-MMP cooperates with S1P to induce cell
migration of endothelial cells [37]. More importantly, MT1-
MMP also triggered ERK activation and cell migration in fi-
broblasts and glioma cells [38, 39]. In the present study, we
show that, in MSCs, S1P induces a rapid and transient activation
of ERK that is delayed when MMP catalytic activity was inhib-
ited, proving that MMP activity is required for the early S1P-
mediated intracellular signaling that leads to ERK activation. In
addition, we show that inhibition of ROCK induces a sustained
activation of ERK upon S1P stimulation. Although ERK acti-
vation is generally correlated with cell migration induction, our
results suggest that the sustained activation of ERK observed
upon the ROCK inhibitor Y27632 treatment may not be solely
responsible for cell migration induction in MSCs. Altogether,
these results show that a time-coordinated activation of ERK
involving MMP and ROCK activities is necessary to induce
MSC migration in response to S1P stimulation. Accordingly, it
has also been shown that the inhibition of the ERK pathway
impairs MLCK activation and migration [40, 41] and that the
regulation of cell migration occurs by modulating FAK-Paxillin
interaction at the focal adhesions. That FAK-Paxillin complex is
involved in ERK activation in MSCs suggests the existence of a
complex regulatory loop involved in cell migration [40, 42, 43].

Collectively, our data suggest that a finely regulated coor-
dination and cooperation between several intracellular pathways
is required for promoting MSC mobilization. Upon S1P stimu-
lation, the coordinated activation of MMPs is required for
RhoA/ROCK activation to induce a rapid reorganization of the
actin cystokeleton and the remodeling of the focal adhesions.
Most importantly, we show that the MEK1/ERK pathway co-
operates with these molecular events to further contribute to the
chemotactic response of MSCs to S1P. Our results highlight the
complex interplay that might exist in vivo between MMP,
RhoA/ROCK, and MEK1/ERK intracellular pathways and that
leads to the mobilization of MSCs in response to bioactive
mediators such as S1P. Whether the immediate morphological
changes and early signaling/mobilization effects of S1P that we
report may affect MSC differentiation in the long term remains
to be determined. The better understanding of the intracellular
events underlying MSC biology will, nevertheless, help opti-
mize the use of MSCs as potent therapeutic cytoreagents for
gene therapy and other clinical purposes.
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