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PATHOPHYSIOLOGICAL FUNCTIONS OF 
SPHINGOSINE-1-PHOSPAHTE
Sphingosine-1-phosphate (S1P), a serum-borne bioactive 
sphingolipid, regulates a variety of  biological activities 
by acting either as an extracellular ligand or intracellular 
stimulus. As an extracellular ligand, S1P functions are me-
diated by the S1P family of  G-protein-coupled receptors 
(GPCRs), identified as S1P1, S1P2, S1P3, S1P4, and S1P5 
receptors [old nomenclature: endothelial differentiation 
gene (EDG)-1, EDG-5, EDG-3, EDG-6, EDG-8, respec-
tively]. Previously, it was shown that S1P1, a Gi-coupled 
plasma membrane GPCR abundantly expressed in en-
dothelial cells (ECs), transduces S1P signaling to regulate 
endothelial survival, adherens junction formation, cyto-
skeleton architecture, and chemotactic response[1-3]. Also, 
compelling evidence shows that S1P can also function 
as an intracellular stimulus. Three intracellular targets of  
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Abstract
Most hematopoietic stem progenitor cells (HSPCs) reside 
in bone marrow (BM), but a small amount of HSPCs 
have been found to circulate between BM and tissues 
through blood and lymph. Several lines of evidence 
suggest that sphingosine-1-phosphate (S1P) gradi-
ent triggers HSPC egression to blood circulation after 
mobilization from BM stem cell niches. Stem cells also 
visit certain tissues. After a temporary 36 h short stay 
in local tissues, HSPCs go to lymph in response to S1P 
gradient between lymph and tissue and eventually 
enter the blood circulation. S1P also has a role in the 
guidance of the primitive HSPCs homing to BM in vivo , 
as S1P analogue FTY720 treatment can improve HSPC 
BM homing and engraftment. In stress conditions, vari-
ous stem cells or progenitor cells can be attracted to 
local injured tissues and participate in local tissue cell 
differentiation and tissue rebuilding through modulation 
the expression level of S1P1, S1P2 or S1P3 receptors. 
Hence, S1P is important for stem cells circulation in 
blood system to accomplish its role in body surveillance 
and injury recovery.
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S1P have recently been identified as HDAC[4], TRAF2[5], 
and prohibitin 2[6]. The identification of  intracellular tar-
gets of  S1P suggests that S1P may directly regulate gene 
expression, protein turn-over, and cellular respiratory 
response[4-6]. Moreover, S1P has been elegantly demon-
strated to play critical roles in a wide array of  pathophysi-
ological functions, including angiogenesis, vasculogenesis, 
immune modulation, tumorigenesis, rheumatoid arthritis, 
asthma, inflammation, retinopathy, cardiovascular protec-
tion etc[1-6]. Several of  these S1P-regulated pathophysiologi-
cal functions are extensively discussed in this review series, 
entitled “Sphingosine-1-phosphate in health and disease”. 
Therefore, this review will focus on one emerging area of  
the S1P-regulated biological activities, i.e. the trafficking 
of  hematopoietic stem progenitor cells (HSPCs).

HSPC TRAFFICKING
Stem cells, the hope of  the future tissue regeneration, 
reside in specific bone marrow (BM) niches for the long-
term hematopoietic reconstitution. BM contains two ma-
jor populations of  stem cells: HSPCs and mesenchymal 
stem cells (MSCs). HSPCs can remain in the stem cell 
niches within the BM for a long time to constantly replen-
ish the various short-lived differentiated blood cells, such 
as red blood cell and white blood cells. MSCs, the BM 
stroma, provide a supporting role in HSPCs maintenance, 
survival and differentiation. MSCs also play a key role in 
the regenerative medicine because its mighty capacities to 
differentiate into a variety of  cell types such as myoblast, 
fibroblast, etc. BM is not the only residential place for the 
stem cells. Recently, tissue specific stem cells have also 
been identified in various tissues to support local tissue 
renewal. Moreover, circulatory stem cells have been found 
to travel in blood circulation. The continuous trafficking 
of  stem cells between BM and blood is not only to fill the 
empty distal BM niches, but it may also keep the tissues in 
surveillance and provide effector cells to foster local tissue 
regeneration during injury[7-10]. Thus, the understanding of  
the mechanism behind stem cell trafficking is fundamental 
to both stem cell biology and stem cell transplantation.

The BM microenvironment provides hematopoietic 
stem cells with an unique capacity for self-renewal, multi-
lineage differentiation and long-term survival[11].

Stem cells homing to the BM niches is mediated by 
a complex array of  molecular interactions that include 
adhesion molecules, proteolytic enzymes, and cytokines, 
especially chemokines such as stromal cell-derived factor 
1 (SDF-1, CXCL12)[12,13]. SDF-1 is a key HSPCs che-
motactic factor particularly expressed by ECs along the 
endosteum region in the BM niches. Binding of  SDF-1 
to its receptor CXCR4 induces migration and activation 
of  human HSPCs, CD34-expressing cells[14-17]. Further-
more, in SDF-1-null mice (embryonic lethal), hematopoi-
etic progenitor cells fail to migrate from the fetal liver to 
the BM[18]. Although there is a very significant correla-
tion between migration capacity and the expression of  
CXCR4, the homing capacity of  CXCR4null stem cells are 

not completely lost[19,20]. Recently, Ratajczak et al[21] found 
that HSPC egression from the BM may occur in an SDF-
independent process. These findings suggest that stem 
cell homing and egression does not appear to depend ex-
clusively on the interaction of  CXCR4 and SDF-1; other 
chemotactic receptors and their ligands also play a role in 
stem cell migration.

Among the chemokines and inflammatory mediators 
known to exert potent cellular chemotactic effects, S1P is 
a good candidate for the induction of  stem cell trafficking. 
S1P is an important bioactive lysophospholipid secreted 
in the blood plasma upon platelet activation. S1P has been 
demonstrated to induce the chemotaxis of  human natural 
killer (NK) cells, immature dendritic cells, and ECs[22,23]. 
Several S1P receptors (S1PRs) appear to be expressed on 
murine hematopoietic progenitor cells, suggesting a role 
of  the lipid mediator S1P in the hematopoietic microen-
vironment[24,25]. The continuous presence of  S1P in the 
hematopoietic microenvironment and the expression of  
S1PRs on the hematopoietic progenitors raised the pos-
sibility that S1P might modulate the SDF-1/CXCR4-
dependent HSPC homing and lodgment. A clearer un-
derstanding of  S1P in the physiological regulation of  this 
process may aid in improving the efficiency of  stem cell 
BM transplantation.

S1P GRADIENT TRIGGERS CELLS 
TRAFFICKING
S1P is generated in the process of  normal sphingolipid 
turnover and it is a critical signaling molecule in normal 
development[26-28]. It is well known that S1P induces nu-
merous biological responses such as cell proliferation, dif-
ferentiation, apoptosis, cytoskeletal remodeling and migra-
tion[1-6,23,27,29]. The effects of  S1P are mediated by the S1P 
family of  G protein coupling receptors, the S1PRs (S1P1- 
S1P5) formerly termed EDG[1,29]. S1P stimulates distinct 
pathways such as the Rho, phospholipase C, Ras, MAP 
kinase and PI3K pathways dependant on the expression 
patterns of  tissue- and cell type-specific S1PRs[1-3,23,27,29-31].

S1P is a circulating bioactive lipid mediator that is 
abundant in the lymph and blood, largely in forms bound 
to plasma proteins including high density lipoproteins 
(HDL) and albumin[32]. Plasma contains low micromolar 
concentrations of  S1P, which is mainly generated by radia-
tion-sensitive hematopoietic cells such as erythrocytes and 
platelets. Lymph contains S1P in the nanomolar range, 
which is derived from a radiation-resistant source, possibly 
ECs[33]. S1P lyase, which is abundant in many tissues but 
absent in circulation, causes rapid interstitial S1P degrada-
tion, leading to the establishment of  the S1P gradient[34]. 
The S1P gradient is critical for the migration of  heart pro-
genitors and directed migration of  prechordal plate pro-
genitor cells during zebrafish development[35,36]. Recently, 
the S1P gradient between lymphoid tissue and lymph fluid 
was reported to be necessary for lymphocyte egression 
from lymph nodes[34]. There is an emerging concept of  
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specific cell type population migrations being triggered 
by distinct S1PRs. For example, S1P1 is involved in T cell 
egression from the thymus, and T and B cell egression 
from the peripheral lymphoid organs[33,34]. However, S1P5 
was identified to be responsible for NK cells egression 
from BM and lymph nodes, and the egression of  CD8+ 
T cells from lymph nodes[37]. Although some S1PRs pro-
mote cell migration, others may play an inhibitory role. In 
particular, S1P1 and S1P2 are homeostatically involved in 
S1P-induced chemotaxis[38,39]. Expression of  high levels 
of  S1P1 promotes chemotaxis[3,23,29,38,39], whereas S1P2 has 
been shown to inhibit migration[38-40]. Therefore, regula-
tion of  S1PRs expression is essential for the trafficking of  
variety of  immune cells during development, in normal 
physiological conditions and during inflammation.

BM MICROENVIRONMENTS: S1P 
GRADIENT IS ESSENTIAL FOR BONE 
REMODELING
The BM microenvironment provides hematopoietic stem 
cells with an unique capacity for self-renewal, multilineage 
differentiation and long-term survival[11]. Osteoclasts (OC) 
and osteoblasts (OB) are derived from HSPC myeloid lin-
eage differentiation and MSC differentiation respectively. 
Several lines of  evidence support that S1P controls the 
migration and differentiation of  OC and OB precursors 
to dynamically regulate bone mineral homeostasis and BM 
stem cell mobilization[41,42]. During receptor activator for 
nuclear factor κB ligand stimulated OC differentiation, the 
expression of  S1P1 receptors is suppressed (Figure 1)[41].  
OC precursors express functional S1P1 receptors and 
exhibit positive chemotaxis along a S1P gradient in vitro. 
OC /monocyte specific S1P1-deficient (S1P1

-/-) mice were 

found to be osteoporotic with lower bone tissue density, 
lower trabecular thickness and density, and higher OC 
attachment to the bone surface[41]. Using intravital two-
photon imaging of  bone tissues, it was shown that the 
selective S1P1 agonist SEW2871 (which functionally 
activates S1P1) stimulated the motility of  OC precursor-
containing monocytoid populations in vivo. Furthermore, 
SEW2871 treatment caused a decrease of  monocytoids 
in the BM and an increase of  these cells in the peripheral 
blood circulation. Lastly, S1P analogue FTY720 treatment 
significantly relieved ovariectomy-induced osteoporosis 
in mice[41]. These results strongly support that S1P gradi-
ent plays a critical role in directing the correct localization 
of  the maturing OC cells to the bone surface. Also, the 
concentration of  S1P in the blood is higher than that in 
tissues. This S1P gradient favors a recirculation of  OC 
precursor monocytes from bone tissues to systemic blood 
circulation, which could prevent excessive mature OC 
from causing bone destruction[41] (Figure 1).

Contrary to OC differention, it was shown that the re-
sponse to S1P during OB differentiation is controlled by 
the developmental-stage specific expression of  the S1P2 
receptors[42]. Migration of  OB precursor MSCs is con-
trolled by a number of  growth factors and cytokines such 
as platelet derived growth factor (PDGF-BB). The che-
motaxis towards PDGF was inhibited by S1P in preOB so 
S1P acts as a chemorepellent in this scenario. Treatment 
with a highly selective S1P2 antagonist JTE-013 or abla-
tion of  S1P2 expression by RNA interference blocked the 
inhibitory effect of  S1P on PDGF-induced chemotaxis, 
which suggests that S1P2 is responsible for mediating 
the inhibitory effect of  S1P[42]. Treatment of  bone mor-
phogenetic protein 2 (BMP2) induces the differentiation 
of  pre-OB to alkaline phosphatase positive, mature OB. 
Strikingly, the inhibitory effect of  S1P2 disappeared con-
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Figure 1  Model of the differentiation and migration of osteoclasts precursor myeloid lineage progenitor cells and osteoblasts precursor mesenchymal 
stem cells in response to sphingosine-1-phosphate gradient. Pre-osteoblast cells express sphingosine-1-phosphate (S1P)2 to repress it chemotaxis towards 
platelet derived growth factor (PDGF). After bone morphogenetic protein 2 (BMP2)- induced differentiation of pre-osteoblasts (OB) to OB, S1P2 is down-regulated to 
resume the chemotaxis to PDGF. The migration of osteoclasts (OC) precursor myeloid linage progenitor cells to blood system is mediated by the S1P1 receptor. Dur-
ing receptor activator for nuclear factor κB ligand (RANKL)-induced OC differentiation, S1P1 expression is suppressed to favor the local bone localization and bone 
remodeling.
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comitantly with the down-modulation of  S1P2 expression 
in the mature differentiated OB. Constitutive S1P2 expres-
sion confirmed that the presence or absence of  S1P2 re-
ceptors is the sole determinant accounting to the change 
in S1P response during the BMP2-induced pre-OB to 
OB conversion[42] (Figure 1). Thus, upon conversion to 
the OB phenotype, S1P2 receptor expression is repressed 
to favor chemotaxis induced by PDGF in bone tissue for 
new bone formation; whereas migration of  immature pre-
OB is restricted due to high S1P2 expression. This may 
reflect a mechanism that stem cells use to preserve the 
progenitor pool, only allowing the more differentiated 
cells to travel to sites of  bone formation.

In summary, the migration of  OC precursors from 
the bone to the circulation is induced by S1P1expression, 
whereas OB precursors stay in bone for bone remodeling 
via S1P2 expression. Furthermore, undifferentiated and 
differentiated OB and OC respond differently to the S1P 
gradient (Figure 1). The differential expression of  specific 
S1PR subtypes during bone remodeling may be essential 
for BM microenvironments, as it reflect a finely-tuned 
dynamic control of  stem cell/progenitor cells trafficking 
during health and in various physiological conditions.

THE ROLE OF S1P IN HSPC EGRESSION 
FROM BM
Understanding the process of  HSPC mobilization will 
help a significant number of  patients, such as those who 
are poor HSPC mobilizers for the BM transplantation[43,44]. 
It has been found that small amount of  HSPCs circulate 
in the peripheral blood (PB) under steady-state conditions. 
Significant amounts of  HSPCs can be mobilized from the 
BM into the PB during infection, tissue injury, and after 
administration of  some pharmacological agents[45,46]. Mo-
bilization of  hematopoietic progenitor cells using granulo-
cyte colony-stimulating factor (G-CSF) is a multifactorial 
process caused by modulating the activity of  granulocytes 
and the release of  proteolytic enzymes to interfere with 
the major retention signals for HSPC in BM such as SDF-
CXCR4, VLA-4-VCAM-1, and cKit ligand-c-Kit receptor 
axes[45-47].

SDF-1 is essential for HSPC anchorage to the stem 
cell niches in the BM. The plasma concentrations of  
SDF-1 in either normal or chemical-induced mobiliza-
tion individuals are low and should be insufficient to 
chemoattract murine BM HSPCs into circulation[21]. Also, 
plasma-stimulated HSPC chemotactic activity was almost 
completely abolished after charcoal stripping the plasma, 
suggesting that bioactive lipids present in the plasma is 
required to mobilize HSPCs. S1P is a major chemoat-
tractant that is several magnitudes higher in concentration 
than SDF-1 in normal plasma under steady-state condi-
tions. Thus, S1P at physiologically relevant concentra-
tions may already create a S1P gradient that continuously 
chemoattracts BM-residing HSPCs (Figure 2A). Eryth-
rocytes are a major source/reservoir of  S1P in the PB and 

form a buffer system that controls S1P levels in the PB as 
seen during hemolysis[48-51]. It has been reported that the 
complement complex is activated in the BM during mobi-
lization of  HSPCs and erythrocyte lysates resulting from 
complement activation have a strong chemotactic effect 
on HSPCs. The S1P gradient is maintained by coenzyme 
vitamin B6-dependent S1P lyase. DOP, a vitamin B6 
antagonist, decreases S1P lyase activity in tissues. DOP-
treated mice are poor mobilizers of  HSPCs[21]. Stem cells 
from DOP-treated BM do not respond to a S1P gradient, 
possibly because of  exposure to oversaturation of  S1P 
in the BM environment due to lack of  S1P lyase activity 
(Figure 2A). Interruption of  active anchorage of  HSPCs 
in the BM might shift the BM-retention signal towards a 
plasma S1P gradient that directs the egression of  HSPCs 
into the PB. These results suggest that the S1P gradient is 
important stem cell mobilization from BM to peripheral 
blood circulation and failure in creating a S1P gradient 
from the BM to the PB greatly affects HSPC mobilization 
(Figure 2A). However, it should be noted that the reten-
tion of  HSPCs in the BM may be primarily regulated by 
the SDF-1/CXCR4 signaling. The S1P signaling might 
function in regulating the BM retention of  HSPCs only 
when the SDF-1/CXCR4 signaling is interrupted.

S1P1 REGULATES THE EGRESSION 
OF HSPCs FROM TISSUES INTO 
LYMPHATICS
Increasing evidence supports that circulating HSPCs 
also visit extramedullary tissues such as the liver[52] and 
spleen[10]. An elegant experiment was performed in GFP 
and non-GFP parabiotic mice[53]. Three days after cross-
circulation was established, strong colony formation units 
(CFUs) chimerism was found in the blood and lymph, 
indicating that some HSPCs recirculate freely between 
the lymph and blood. Spleen, lung, liver and kidneys 
had the highest level of  chimerism in the extramedullary 
tissues of  parabiotic mice. The mean time of  HSPCs 
that homed to the peripheral tissues was at least 36 h. It 
was estimated that about 200 clonogenic HSPCs passed 
through the lymph of  the mice every day and at least 
twice as much HSPCs residing in extramedullary nonlym-
phoidal tissues[10].

Consistent with the parabiotic experiment, clonogenic 
progenitors were detected in many tissues, including the 
lung, liver, kidney, and blood[53]. In addition, these tissue-
derived clonogenic cells possess a capacity for multilineage 
reconstitution. Those tissue-derived clonogenic HSPCs 
were identified as BM derived using chimeric wild-type re-
cipients of  GFP+ BM. Lymph-borne HSPCs are also BM-
derived, and can recirculate back into the BM to maintain 
blood homeostasis. The primitive clonogenic HSPCs 
found in the efferent lymphatics possess the capacity for 
long-term multigenerational reconstitution, which meets 
the phenotypic and functional criteria for true HSPCs[53]. 
Unlike lymphocytes, HSPCs travel directly from the ex-
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tramedullary nonlymphoidal tissues to the lymph and do 
not necessarily need secondary lymphoid organs. Because 
the mammalian BM lacks lymphatic drainage, BM HSPCs 
are thought to egress directly into the blood. After BM 
stem cells traffick out of  the BM directly into the blood, 
they travel constitutively to multiple extramedullary non-
lymphoidal tissues, where they reside for at least 36 h until 
entering the draining lymphatics to await return to the 
bloodstream[53]. Hematopoietic progenitors circulating in 
extramedullary tissues might provide a role in constitutive-
ly replenishing the different populations of  old or dam-
aged cells in the tissue microenvironment. For instance, 

after deposition into the kidney, injected GFP+ HSPCs 
can locally differentiate into various myeloid lineages[53].

Not much is known about the mechanism of  HSPC 
trafficking from the blood into extramedullary tissues. 
However, there is evidence suggesting that S1P may play 
a function in tissue-residing HSPC egression to the lym-
phatics[53]. Lymph-borne HSPCs were markedly reduced 
in S1P lyase blocker 2-acetyl-4-tetrahydroxybutylimidazole 
(THI)-treated mice, suggesting that the S1P gradient is 
required for HSPC egression from tissues and migration 
to lymphatics. Treatment with Gαi inhibitor pertussis 
toxin (PTX) caused a dramatic decrease in the number of  
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lymph-borne CFU-Cs in 2-12 h, which implies an essen-
tial role for Gαi-mediated signaling to direct tissue-resid-
ing HSPCs into the draining lymphatics. Both treatment 
with FTY720 or selective S1P1 agonist SEW2871 depleted 
HSPCs from the lymph within 6 h, indicating S1P1 con-
trol over HSPCs exiting from nonlymphoid tissues into 
the draining lymph vessels[53,54]. The treatment of  mice 
with FTY720 over 7 d resulted in a significant increase 
in the number of  HSPCs residing within extramedullary 
tissues. Hence, the S1P/ S1P1 signaling as well as S1P gra-
dient might serve as a mechanism guiding stem cells and 
various progenitor cell populations egression from tissues 
into lymphatics (Figure 2B). 

HSPC HOMING FROM THE BLOOD TO 
THE BM
The critical aspects of  primitive hematopoietic cell hom-
ing to the BM after transplantation are fundamentally 
important for the self-renewal and development of  he-
matopoietic stem cell. Characterization of  the mechanism 
behind S1P-mediated HSPC migration is of  great rel-
evance to the understanding of  stem cell transplantation. 
Yanai et al[24] first found that S1P triggers an invasion of  
the primitive hematopoietic Lin /Sca-1+/c-Kit+ express-
ing cell line (THS119) into the stromal cell layers in vitro to 
form cobblestone areas, which reflect the proliferation of  
primitive hematopoietic cells in the hematopoietic micro-
environment. They also found that PTX, an inhibitor of  
trimeric Gi proteins, partially inhibited THS119 invasive 
activity[24,55]. Therefore, the migratory ability of  HSPCs 
was mediated at least in part by signals from GPCRs 
eliciting intracellular events that control proliferation and 
motility. The invasive ability of  HSPCs was mediated by 
the lysophospholipids (LPL) S1P and LPA. LPL receptors 
are known to activate small-GTPase proteins Rac/Rho/
Cdc42 to mediate cell migration. Indeed, C3 exotoxin, 
an inhibitor of  Rho, partially inhibited THS119 invasive 
activity, which suggests that this is a Rho-dependent 
signaling pathway. Both S1P and LPA induced THS119 
invasion may be similar to the homing of  hematopoietic 
stem cells[24]. Indeed, Whetton found that LPL synergisti-
cally promotes SDF-1 mediated primitive hematopoietic 
cell chemotaxis[25]. Studies with Rac/Rho/Cdc42 inhibitor 
Clostridium difficile B toxin, Rho GTPase activated kinase 
inhibitor Y27632, and Rac/Rho/Cdc42 guanyl nucleotide 
exchange factor Vav1-null mice, indicate a role of  these G 
proteins in LPL and SDF-1-induced migration[25]. PI3K 
inhibitors almost completely inhibit SDF-1 and/or LPL 
induced migration in Lin-Sca+Kit+ cells. Thus, it has been 
proposed that S1PRs expressed in primitive hematopoietic 
cells bind cognate ligands to activate PI3K and thereby 
Vav-1, which in turn affect the Rho small-GTPases to 
control pluripotent cell motility[25].

S1PRs were found in both murine and human 
HSPCs, supporting the involvement of  S1P in stem cell 
migration. S1P1, as well as S1P2, S1P3, and S1P4 have 

been found to be expressed on murine HSPCs. Among 
different donors, S1P1 mRNA was consistently expressed 
in human CD34+ stem cells[56]. In another study, S1P5 was 
found in the more primitive human progenitor CD34+/
CD38- cells and S1P2 in the more committed human 
progenitor CD34+/CD38+ cells[25]. S1P analogue FTY720 
enhanced SDF-1 mediated transmigration of  both primi-
tive and committed progenitor cells, which could be 
blocked completely by the addition of  CXCR4 blocking 
antibody or PTX[56]. An in vivo study showed that S1PR 
agonist FTY720 could increase both short-term homing 
and long-term engraftment of  HSPCs in the xenogeneic 
NOD/SCID mouse model[56]. Pretreatment with FTY720 
caused a rapid and significant increase of  more primitive, 
CD34+/CD38- cells homing to the BM[56]. This is pos-
sibly due to the expression of  S1P1 and S1P5 in the more 
primitive CD34+/CD38- progenitors, which can bind 
FTY720 (and FTY720-P) most avidly to stimulate migra-
tion (Figure 2C). Intriguingly, FTY720 did not affect the 
expression of  CXCR4 or various integrins. Although 
FTY720 was shown to induce sustained calcium mobi-
lization and actin reorganization, which are critical for 
cellular locomotion, the molecular details of  S1P/S1PR 
signaling in the regulation of  HSPC homing remain to be 
elucidated. 

To analyze the influence of  S1P1 on stem cell chemo-
taxis and trafficking, S1P1 was over-expressed in mobi-
lized CD34+ peripheral blood progenitor cells (PBPCs)[57]. 
The results showed that S1P1 over-expression sensitized 
the transfected cells to S1P-mediated migration with the 
most effective dose being around 10 nmol/L, instead of   
100 nmol/L in non-transfected control cells. However, 
incubation of  CD34+ PBPCs over-expressing S1P1 with 
S1P significantly inhibited in vitro SDF-1-dependent mi-
gration. In addition, over-expression of  S1P1 receptors 
caused a significant reduction of  HSPCs homing poten-
tial to the BM and spleen in vivo. S1P1 over-expression 
caused a significant reduction of  surface CXCR4 expres-
sion and completely blocked SDF-1-induced ERK1/2 
activation and calcium flux. Inhibition of  SDF-1 mediat-
ed migration through S1P1 over-expression also occurred 
in Jurkat cells[57]. It has been reported that S1P signaling 
could transactivate CXCR4. S1P and its synthetic analog 
FTY720 induced phosphorylation of  CXCR4 through 
the S1P3 receptor to improve blood flow recovery and 
augment revascularization after hind limb ischemia[58]. 
Thus, signaling cascades mediated by different subtype 
of  S1PRs might have distinct impact on the homing of  
hematopoietic progenitors through the stimulation or 
inhibition of  the central SDF-1/CXCR4 axis. However, 
how various physiological and pathological situations 
regulating the differential expression of  S1PR subtypes 
remains to be determined. These data suggest that the 
expression of  S1PR subtypes could be used as a strat-
egy for modulating the SDF-1/CXCR4 axis to regulate 
HSPC homing and engraftment in the hematopoietic 
microenvironment.
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STEM CELL TRAFFICKING TO INJURED 
TISSUES
The fact that S1P is a multifunctional mediator released 
by many different cells during inflammation and injury 
implies that S1P may act as a direct chemoattractant for 
HSPCs under specific circumstances such as tissue dam-
age and infection.

Infection
Interestingly, lymph-derived HSPCs have been found to 
express bacteria recognition pattern receptors TLR2 and 
TLR4[53]. It has been reported that GPCRs play a role in 
lipopolysaccharide (LPS) signaling and TLR4 signaling 
has been shown to cooperate with S1P1 and/or S1P3 to 
increase cytokine production of  IL-6 and IL-8 in oral 
mucosal epithelial cells[59,60]. LPS recognition of  TLR4 
caused HSPC retention within extramedullary tissues, as 
TLR stimulation blocked HSPC egression from inflamed 
tissues and abolished HSPC chemotaxis toward S1P both 
in vitro and in vivo. A possible explanation for this is that 
LPS/TLR4 signaling might interfere with S1P/ S1P1-reg-
ulated signaling. Indeed, the failure of  LPS-treated HSPCs 
to migrate toward the S1P gradient was caused by the 

down-regulation of  S1P1 in response to LPS treatment[53]. 
The danger signal also induced HSPC proliferation and 
differentiation to rapidly produce large numbers of  innate 
immune cells in response to tissue damage and infection. 
In vitro, TLR signaling can trigger HSPC proliferation 
and drive the differentiation of  HSPCs into the myeloid 
lineage. When LPS-incubated HSPCs were implanted un-
derneath the kidney capsule, clusters of  local proliferating 
GFP+ HSPCs expressing myeloid lineage markers were 
found in kidney[53]. Therefore, the circulation of  HSPCs 
not only replenishes tissue residing hematopoietic cells in 
the absence of  infection, but might also act as an imme-
diate and highly adaptive source of  progenitor cells that 
proliferate locally and generate innate immune effector 
cells to boost innate immunity to fight off  life-threatening 
infections (Figure 3A).

BM MSC migration to injured liver
MSCs are a natural regenerative source for damaged tis-
sues in the adult organism, as they can transdifferentiate 
into various cell types such as myoblasts, hepatocytes, and 
even neuronal cells[61-64]. S1P was found to be the most 
potent chemoattractant among serum-derived growth 
factors in inducing MSC mobilization in vitro. S1P is in-
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Figure 3  Stem cell trafficking to injured tissues. A: Retention of hematopoietic stem progenitor cells (HSPCs) in local tissue. HSPCs can down-regulate the 
expression of sphingosine-1-phosphate (S1P)1 in response to lipopolysaccharide and thus stayed in local tissue and could differentiate to multilineage cells to help 
clear the infection; B: Trafficking of mesenchymal stem cell (MSC) to injured liver. S1P is elevated in response to liver damage, which attract bone marrow MSC to the 
injured liver for liver remodeling in a S1P3 dependent manner.Sph, sphingosine; SPHK, sphingosine kinase; C: Targeting of neural progenitor cell (NPC) to the site of 
brain injury. NPCs are found to migrate to the site of injury for local regeneration. This is regulated by the down-regulation of S1P2 receptors; D: Migration of endothe-
lial precursor cell (EPC) to sites of vascular injury. EPCs migrate to vascular injury due to high S1P generated from local vessel leakage and platelet clotting. This is 
probably mediated by the S1P3 receptor subtype. BV: Blood vessel.
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creased after chronic liver injury in both CCl4 treatment 
and the BDL mice model of  liver injury[65,66]. The level 
of  S1P in the liver and serum increased significantly by 
approximately 1.5- and 2-folds, possibly due to the up-
regulation of  sphingosine kinase expression in liver tissue. 
The S1P gradient between the damaged liver and the BM 
is thus established to facilitate the recruitment of  MSCs 
from the BM into circulation and then into the liver. GFP-
positive cells of  BM origin are positive for the myofibro-
blast marker α-smooth muscle actin, which is correlated 
with the progression of  liver fibrosis. S1P may mediate 
the homing of  MSCs towards the damaged liver and the 
differentiation of  myofibroblasts to trigger matrix remod-
eling during acute and chronic liver injury.

To confirm the effect of  S1P on MSC migration, a 
transwell migration assay was performed. S1P induced 
the migration of  MSCs in a dose-dependent manner[65,66]. 
MSCs express three S1PR subtypes: S1P1, S1P2 and S1P3; 
however, only S1P3 was consistently reported to be mark-
edly up-regulated after liver damage. Nonspecific S1P3 
receptor antagonist suramin and specific S1P3 siRNA 
could significantly inhibit in vitro migration of  MSCs in a 
dose-dependent manner. Suramin also markedly blocked 
the in vivo liver migration of  GFP-positive MSCs in a 
transplantation experiment. Therefore, S1P/ S1P3 signals 
might play a critical role in mediating the trafficking of  
MSCs toward the injured liver both in vitro and in vivo[66] 
(Figure 3B). Also, it was shown that S1P mediates MSCs 
migration through important signaling pathways such as 
cytoskeleton remodeling, disassembly of  the focal adhe-
sion kinase (FAK)-Paxillin complex, and linkage of  the 
extracellular matrix to the actin cytoskeleton[66]. Moreover, 
it has been found that RhoA/ ROCK and the catalytic ac-
tivity of  matrix metalloproteinases that is involved in the 
S1P-induced regulation of  ERK activation and Paxillin 
redistribution and FAK phosphorylation[67]. The study of  
the mechanism underlying MSC migration in response to 
S1P will help optimizing the use of  bioengineered MSCs 
as a potent cellular therapeutic tool.

Role of S1P in the migration of neural progenitor cells 
during brain infarction
Neural progenitor cells (NPCs) are self-renewing stem 
cells that are important in neurogenesis. Migration of  
NPCs is important not only for development of  the em-
bryonic nervous system, but also for the repair of  the ner-
vous system after injury[68]. S1P was shown to be a critical 
mediator for the injury-mediated NPC migration[69,70]. It 
was shown that the neural stem cells of  the subventricular 
zone migrate laterally to sites of  brain injury for region-
specific neurogenesis. When experimental brain infarction 
was induced, most glial cells and neurons in the affected 
brain region were destroyed. Subsequently, microglia and 
myeloid lineage cells expressing CD11b accumulated[70]. 
S1P was shown to be gradually increased at the site of  
ischemia at 3 d after insult and peaked at 14 d later. The 
high S1P level found in the region of  microglia accumula-

tion in the infarcted area, suggesting that the local eleva-
tion of  S1P might be from the release of  S1P from the 
microglia and could be a physiological chemoattractant to 
enhance the migration of  NPCs to induce the subsequent 
neuroprotective regeneration after a central nervous sys-
tem (CNS) injury.

S1P induced NPC migration maximally at 100 nmol/L 
and it has been previously shown that S1P1 contributed 
to NPC migration toward areas of  high S1P concentra-
tion in the injured CNS[69]. NPCs expressed all known 
S1PR subtypes, with S1P1 and S1P2 being the most highly 
expressed[70]. The S1P1-specific agonist failed to enhance 
NPC migration in the presence of  S1P, suggesting that the 
activation of  S1P1 itself  could not overcome the inhibi-
tory effect of  S1P2 in NPCs[70]. Indeed, specific S1P2 an-
tagonist JTE-013 and short interfering RNA against S1P2 
significantly enhanced the migration of  NPCs induced 
by S1P in vitro. In vivo, ventricular infusion of  JTE-013 
promoted dramatic NPC migration towards the ischemic 
area where S1P increased. Modulation of  S1P2, instead of  
S1P1, could be a more practical strategy to mobilize NPCs 
to migrate after a brain ischemia (Figure 3C). However, 
to rule out the effects of  JTE-013 unrelated to S1P2 an-
tagonism, the S1P2 gene-deficient mice would be required 
to confirm the full effects of  S1P2 inhibition in the NPC 
migration.

Ischemia/reperfusion
In areas of  vascular injury, platelet aggregation and ac-
tivation causes the local release of  S1P, which results in 
high concentrations of  S1P as well as SDF-1 to enhance 
the mobilization of  HSPCs to sites of  vascular injury for 
myocardial remodeling. It has been reported that exog-
enous HDL and their lipid component S1P attenuated 
the infarction size dramatically and that the level of  S1P 
in the serum is the most reliable marker for predicting 
the cardiovascular events to follow[32,71,72]. S1P-induced 
recovery of  blood flow is due to neovessel formation. 
The mouse hindlimb model is one of  the well-estab-
lished animal models for ischemia-induced angiogenesis  
in vivo for evaluating the potential of  angiogenic factors 
as therapeutic agents. The protective effects of  HDL 
and S1P seem to be mediated through S1P3

[27,73]. S1P may 
recruit BM-derived circulating endothelial precursor cells 
(EPCs) to the ischemic tissues[27]. EPCs express the S1P3 
receptors and stimulation with S1P or FTY720 activates 
the CXCR4 chemokine receptor which is essential for 
the EPC mediated angiogenesis[58]. Therefore, S1P may 
stimulate angiogenesis through recruitment of  circulating 
EPCs (Figure 3D).

DISCUSSIONS AND CONCLUDING 
REMARKS
There are increasing lines of  evidence which show the im-
portance of  the previously unrecognized roles of  the S1P 
gradient in the guidance of  stem cell trafficking in homeo-
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stasis and stressed conditions. However, some discrepan-
cies exist regarding the effect and optimal dosage of  S1P 
on HSPC migration in vitro. Some studies showed that 
the physiological 100 nanomolar concentration of  S1P 
was enough to simulate HSPC chemotaxis in vitro while 
others reported that micromolar concentrations of  S1P 
are required. These differences might be due to different 
isolation methods or the status and populations of  cells 
isolated. As shown by Ratajczack’s group, the chemotactic 
responsiveness of  HSPCs to S1P depends on the source 
of  the cells[21]. S1P strongly chemoattracted the BM-
residing clonogenic progenitors, but this effect was signifi-
cantly weaker in those pre-exposed to S1P[21]. The finding 
that the chemotactic responsiveness to S1P is affected by 
previous exposure may help clearing up some previous in-
consistent observations. For instance, S1P agonist had no 
effect on the spontaneous migration of  G-CSF-mobilized 
human PB progenitor cells across BMEC cells in vitro, 
possibly due to the fact that these cells have been exposed 
to S1P in the PB before mobilization.

S1P’s function in vivo seems complex as it is related to 
both HSPC homing and mobilization. The S1P gradient 
established between bone parenchyma and circulation 
seems to attract stem cells towards the circulation, as indi-
cated by the significant spontaneous HSPC mobilization 
after AMD3100 blockage or using G-CSF and zymason. 
Therefore, to stay in specific stem cell niches, stem cells 
first must overcome this effect, which is mediated by 
various retention signals. The requirement for S1P in the 
efficient egression of  HSPCs from the BM parenchyma 
into the sinusoids reflects a role for S1P gradient, possibly 
through S1P1, in spontaneously attracting HSPCs after the 
retention signaling is overcome. The specific function of  
S1P in HSPCs traveling to and from the BM are poorly 
understood, as it still needs to be dissected in the various 
stages, such as passing in and out of  the trans-endothelial 
barrier. In addition, the differential stages of  HSPCs 
might employ distinct S1PR subtype to regulate retention 
or chemotaxis. There also might be a threshold regulation 
on the expression level of  S1PR subtypes in HSPCs in a 
different tissue microenvironment which helps regulating 
cellular functions. For example, diminished S1P1 by TLR 
signaling retains HSPCs to certain extramedullary tissues 
to differentiate into specific population of  cells to fight 
off  infections[53].

In stressed conditions, S1P as well as SDF-1 released 
from damaged local tissues might re-establish a new S1P 
gradient, so that injured tissue might attract progenitor 
cells from circulation. This could be achieved by the up-
regulation of  sphingosine kinase, which would generate 
more S1P. Alternatively, S1P lyase in tissue could be inac-
tivated to maintain the high S1P concentration compared 
to the concentration in circulation. If  this is the case, S1P 
may be able to direct chemotaxis to foster the local renew-
al of  damaged cells or the production of  tissue-residing 
innate immune cells in response to stress. It is also pos-
sible that under stress conditions, S1P may have a synergic 

effect with other chemokines to regulate HSPC egression 
from the BM to migrate to the injured tissues. It was 
found that the migratory ability of  the less motile primi-
tive hematopoietic cells were greatly enhanced (12-fold) 
when SDF-1 was combined with LPA and S1P[25]. There-
fore, S1P may play a role in stressed conditions where 
there is high cytokine production to function with other 
signals in mobilizing hematopoietic cells. Cytokines such 
as IL-8 are known to mobilize stem cells into the periph-
eral blood[70,74]. During stressed conditions, BM residing 
cells, such as OC, may release locally lipid mediators (like 
S1P) to trigger stem cell mobilization from specific niches 
towards the injury.

The SDF-1/CXCR4 axis is the key retention signal in 
HSPC anchorage in the BM stem cell niches, and the ex-
pression of  CXCR4 has been shown to be correlated with 
success of  recovery from BM transplantation. Modulation 
of  the SDF-1/CXCR4 axis through S1P signaling may 
have therapeutic use in BM transplantation. It has been 
shown that CXCR4 inhibition can block FTY720 mediat-
ed lymphocyte homing and FTY720 inhibited EC sprout-
ing[75]. Furthermore, S1P3 could transactivate CXCR4 
and overexpression of  S1P1 reduced CXCR4 expression. 
Therefore, the S1P family of  receptors may play an im-
portant role in the regulation of  the SDF-1/CXCR4-
mediated HSPC lodgment to the stem cell niches. Kimura 
et al[56] showed that preincubation of  CD34+ PBPCs with 
FTY720 increased SDF-1-dependent in vitro transendo-
thelial migration and in vivo stem cell homing after trans-
plantation. Because S1P1 overexpression strongly inhibits 
expression of  CXCR4, CXCR-4 mediated signaling and 
chemotaxis in human CD34+ PBPCs, FTY720 might be 
beneficial for BM transplantation as FTY720 treatment 
leads to the internalization and degradation of  S1P1 recep-
tors[76]. Moreover, S1P chemical agonists/antagonists can 
activate or antagonize with various S1PR subtypes, and 
have been widely used to study the specific S1PR subtypes 
involved in cell trafficking. However, caution must be tak-
en when analyzing the effects of  S1P agonists/antagonists 
in a physiologically relevant condition, as small molecules 
may cause S1PRs to transduce inappropriate intracellular 
signaling, and mask the true functions mediated by S1PRs. 
Also, undesired non-specific effects are frequently as-
sociated with the utilization of  pharmacological reagents. 
Nevertheless, it remains to be determined how FTY720 
affects these S1PRs, from full agonism to functional an-
tagonism, and which receptors are affected. Another issue 
needed to be noted is that S1P may affect many differ-
ent steps of  HSPC recirculation. For example, FTY720 
could induce the disappearance of  HSPCs from blood 
due to the inhibition of  HSPC recirculation from the 
extramedullary tissues[53]. Although S1P and its receptors 
may represent one of  several mechanisms that modulate 
CXCR4-dependent migration in vivo, it should be noted 
that modulation of  S1P signaling in stem cell transplanta-
tion might interfere with stem cell activity and long-term 
engraftment.
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It has been reported that the migration of  malignant 
cells underneath the stromal layer depends on the SDF-1/
CXCR4 system. Consistent with the notion that S1P 
increases the migratory capacity of  murine and human 
HSPCs[24,25,77,78], it is very likely that cancer stem cells or 
cancer initiating cells adopt the same strategy using S1P 
signaling to transactivate SDF-1/CXCR4 to facilitate their 
growth and migration. Indeed, S1P has been found at 
high concentrations in many tumors microenvironments. 
In addition, locally produced S1P by cancer cells could re-
cruit the MSCs with multi-lineage differentiation potential 
to promote cancer growth and invasion[79,80]. Moreover, 
S1P and its receptor S1P1 are essential for the recruit-
ment of  pericytes and smooth muscle cells to the nascent 
capillaries, and thus facilitate angiogenesis for building the 
tumor’s blood supply. Therefore, it has become an urgent 
need to study how S1P signaling regulates stem cell traf-
ficking and this will provide many insights into the cancer 
stem cell biology.

FUTURE DIRECTIONS
Mounting evidence suggests that S1P plays a critical role 
in stem cell development and maintenance. The retaining 
of  primitive cells in the stem cell niches and the release of  
more mature stem cell into circulation is in part regulated 
by S1P. Under normal circumstances, the primitive c-Kit+ 
cells are less motile than the committed Kit- cells, and 
respond less to SDF-1, LPA or S1P in order to keep the 
primitive hematopoietic cells dormant. This is supported 
by an in vitro chemotactic experiment, which showed that 
S1P does not regulate immature hematopoietic cell migra-
tion during steady-state hematopoiesis[24]. More light could 
be shed on this process if  the regulation of  the expression 
of  S1PR subtypes during HSPC development is studied. 
Certain transcriptional factors are known to regulate the 
expression of  S1PRs in a different environmental milieu, 
such as T-bet regulated NK maturation and egression 
from the BM[37]. How and which transcription factors 
regulate the distinct S1PR subtypes in HSPC differentia-
tion and egression from BM remain to be explored.

During HSPC circulation in the peripheral blood stream, 
while some organs can actively recruit HSPCs, other certain 
organs lack these circulating HSPCs. For example, donor-
derived CFUs are rarely found in the brain. This might be 
due to the secured blood brain barrier. Perhaps only locally 
differentiated neural stem cells have the ability to replace 
the damaged cells. It would be important to investigate the 
different strategies employed by the different organs in the 
recruitment of  stem cells. S1P1 was first identified in ECs 
and is critical to EC function[2,3,26,27]. S1P may alter the per-
missiveness of  the endothelium at the egression sites. This 
is supported by a recent finding that BM progenitor cells 
could enhance endothelial adherens junction integrity by 
paracrine S1P release and the following Rac1 and Cdc42 
signaling[81]. To precisely dissect the roles of  S1PR subtypes 
at the site of  egression, distinct S1PRs must be selectively 
knocked out or blocked in the ECs of  the BM.

S1P regulates a wide array of  biological activities and 
physiological functions by functioning as an extracellular 
ligand or intracellular mediator. In this review, we have 
summarized recent evidence which strongly suggests the 
notion that S1P gradient plays a critical role in the mobi-
lization, trafficking and homing of  HSPCs. This notion 
needs to be further confirmed by utilizing sphingosine 
kinases (rate-limiting enzymes for S1P synthesis) null 
mice. There are two isoforms of  sphingosine kinases, 
SphK1 and SphK2. No phenotypic alterations have been 
observed in either SphK1 or SphK2 knockout mice, 
and SphK1/SphK2 double null mice are embryonic le-
thal[28,82]. Thus, the development of  the tet-on/tet-off  
SphK1/SphK2 conditional double null mice is a need to 
precisely determine the role of  S1P in HSPC mobiliza-
tion. Also, most of  the knowledge for the role of  S1PR 
subtypes in stem cell mobilization was obtained by em-
ploying pharmacological agonists/antagonists. Similarly, 
more detailed studies utilizing knockout mice of  S1PR 
subtypes are needed. Finally, S1P has been shown to be 
an important intracellular mediator. Several intracellular 
targets of  S1P have recently been identified, including 
HDAC[4], TRAP2[5], and Prohibitin 2[6]. Therefore, the de-
termination of  the intracellular roles of  S1P in stem cell 
mobilization remains to be further explored in the future.
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