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Abstract Sphingosine-1-phosphate (S1P) is a bioactive sphin-
golipid that mediates a wide array of biologic effects through
its interaction with a family of five G protein-coupled recep-
tors. Cytokines and growth factors interact with this signaling
pathway in a variety of ways, including both activation and reg-
ulation of the expression of the enzymes that regulate synthe-
sis and degradation of S1P. Not only do many growth factors
and cytokines stimulate S1P production, leading to transactiva-
tion of S1P receptors, ligation of S1P receptors by S1P can
also transactivate growth factor tyrosine kinase receptors
and stimulate growth factor and cytokine signaling cascades.
This review discusses the mechanisms involved in cross-talk
between S1P, cytokines, and growth factors and the impact of
that cross-talk on cell signaling and cell biology.—Lebman,
D.A., andS. Spiegel.Cross-talk at the crossroadsof sphingosine-
1-phosphate, growth factors, and cytokine signaling. J. Lipid
Res. 2008. 49: 1388–1394.
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The biological effects of sphingosine-1-phosphate (S1P)
overlap with those of a wide array of cytokines and growth
factors. There is increasing evidence that this overlap in
functions relates to both the ability of growth factors and
cytokines to transactivate S1P signaling cascades as well as
the ability of S1P to transactivate growth factor and cyto-
kine signaling cascades. This mutual pathway cross-talk
affects cell growth, differentiation, and movement and is
integral to a variety of normal processes as well as disease
processes, including inflammation and cancer. This re-
view will focus on the ways in which S1P and growth fac-
tor or cytokine signaling pathways interact.

S1P

S1P is a potent bioactive lipid that regulates processes
that are essential to cellular homeostasis, including cell via-
bility, differentiation, and motility (1–3). Most of its best-
characterized actions are mediated through a family of
five G protein-coupled receptors, (GPCRs) S1P1–5 (4, 5).
The S1P receptors couple to a variety of G proteins, allow-
ing them to mediate many different biologic responses (6, 7).

One mechanism for cross-talk between cytokine or growth
factor pathways and S1P signaling involves regulation of S1P
metabolism. Sphingolipid metabolism was the focus of a
recent excellent review (3) and will not be discussed in detail
here. Cellular levels of S1P are regulated by the activities of
the enzymes that are responsible for its synthesis and degra-
dation. In mammalian cells, two sphingosine kinases, SphK1
and SphK2, catalyze the phosphorylation of sphingosine to
generate S1P (8). Although both isozymes phosphorylate
sphingosine, they differ in their enzymatic properties, cellu-
lar location, and biological roles (9). SphK1 is generally re-
garded as providing pro-survival signals, whereas SphK2,
at least when overexpressed, induces apoptosis in several cell
types (10). S1P is degraded to sphingosine by specific S1P
phosphatases (11) or cleaved to palmitaldehyde and phos-
phoethanolamine by S1P lyase (12). Thus, it is clear that
S1P levels can potentially be altered by stimuli that affect ac-
tivity or expression of any of these enzymes. However, the
majority of cytokines and growth factors that coopt regula-
tion of S1Pmetabolism to augment signaling do so by regulat-
ing either expression or activation of SphKs, especially SphK1.
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SPHK ACTIVATION

Generally, SphKs are found mostly, but not exclusively
in the cytosol. However, initial cell fractionation studies
demonstrated that active SphK was both associated with
endoplasmic reticulum of smooth muscle cells and mem-
brane bound (13). Numerous cytokines and growth fac-
tors, including platelet-derived growth factor (PDGF),
vascular endothelial growth factor (VEGF), epidermal
growth factor (EGF), and tumor necrosis factor alpha
(TNF-a), induce rapid activation and translocation of
SphK1 from the cytosol to the plasma membrane (Fig. 1)
(14). In the case of PDGF, which also induces cell motility,
SphK1 is specifically translocated to the leading edge of
the plasma membrane lamella of migrating cells (15), sug-
gesting that translocation may reflect associated alter-
ations in cell behavior (16). The mechanism of SphK1
translocation is not understood. However, it appears to in-
volve association with other proteins, e.g., calmodulin (17),
suggesting that trafficking of associated proteins may drive
subcellular localization of SphK1. Interestingly, in macro-
phages, the localization and activity of SphK1 are coordi-
nately regulated with actin dynamics during macrophage
activation (18).

Agonists, such as phorbol ester and TNF-a, that in-
crease SphK1 activity and induce its translocation were
also shown to increase SphK1 phosphorylation, specifically
on a single serine, Ser-225 (19). Phosphorylation of Ser-
225 was sufficient to induce a 14-fold increase in enzymatic
activity (19) and enhanced its membrane affinity and
plasma membrane selectivity, presumably enhancing its
interaction with membrane acidic phospholipids (20). Both
TNF-a- and PMA-induced phosphorylation of SphK1 are
ERK1/2 dependent (19). Although PMA is a more potent
activator of ERK1/2 than TNF-a, the two agonists are
equally efficient at inducing SphK1 phosphorylation. Prior
to demonstrating that TNF-a activated SphK1 in an ERK1/
2-dependent manner, Pitson et al. (21) demonstrated that
TNF-a activation of ERK1/2, like VEGF activation of ERK1/
2 (22), is SphK1 dependent. These observations suggested
that activation of SphK1 may serve to amplify or prolong
agonist-mediated ERK1/2 activation. SphK2, like SphK1,
is activated by ERK-induced phosphorylation (23). So
far this has only been demonstrated for EGF- and PMA-

induced activation of SphK2, but it is possible that other
growth factors might also utilize the ERK pathway to ac-
tivate SphK2. Although phosphorylation of a single residue
is sufficient for ERK-mediated activation of SphK1, phos-
phorylation of two residues, Ser-351 and Thr-578, is re-
quired for activation of SphK2 (23). Recently, it was shown
that phosphorylation of SphK2 by protein kinase D, which
is also stimulated by PMA, leads to its nuclear export for
subsequent cellular signaling (24). Intriguingly, although
SphK2 has a nuclear localization signal that is required
for its inhibition of DNA synthesis, and in many cell types
is mainly localized to the nucleus (25), in mast cells, it is
cytosolic and translocated to the plasma membrane after
FcepsilonRI cross-linking (26).

SPHK ACTIVATION AT THE CROSSROADS
OF CROSS-TALK

SphK1 and TNF-a
The fact that several cytokines and growth factors acti-

vate SphKs raises two questions, namely, what contribution
do SphKs make to the biochemical and biologic conse-
quences of the agonists that regulate their expression,
and how do they mediate those effects? One cytokine for
which activation of SphK1 plays a significant role is TNF-a,
a major effector of innate immunity and inflammation.
Activation of SphK1 plays at least two roles in the bio-
chemical effects of TNF-a. One of those is augmentation
of ERK1/2 activation (19). The second is the result of
SphK1 binding to TRAF2, which is a mediator of TNF-a
signaling and is required for TNF-a activation of nuclear
factor kappa B (NF-kB) (27). NF-kB in turn provides a
pro-survival or anti-apoptotic signal.

TNF-a is one of an array of cytokines produced by
macrophages upon encounters with pathogens, and it
has both local and systemic effects. The role of TNF-a in
inflammation is due in part to its ability to induce the ex-
pression of other mediators of inflammation, including the
chemokine interleukin-8 (IL-8) and prostaglandin E2

(PGE2). IL-8 is a chemoattractant for neutrophils, which
are also a target of TNF-a (28). Recent studies have dem-
onstrated that downregulating the expression of SphK1

Fig. 1. Inside-out signaling by sphingosine-1-phosphate
(S1P). Activation of various growth factor tyrosine kinase
receptors (RTK) by growth factors induces activation
and translocation of sphingosine kinase 1 (SphK1) to
the plasma membrane, where localized formation of
S1P leads to activation of its receptors and their down-
stream signaling. GF, growth factor; P, phosphate; S1PR,
S1P receptor; Sph, sphingosine.
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blocked TNF-a induction of IL-8 in lung epithelial cells,
supporting a role for their cross-talk in initiation of lung
inflammation (29). In this regard, inhibition of SphK1 in-
terferes with the ability of TNF-a and other priming agents
to induce the hallmarks of neutrophil priming, changes in
cell polarization and the augmentation of the fMetLeuPhe-
induced superoxide anion generation (28). Together, these
studies suggest that cross-talk between TNF-a and SphK1/
S1P signaling plays a role in both initiation and mainte-
nance of inflammatory lung diseases. These studies are
complemented by several other studies demonstrating that
SphK1 activation by cross-linking of FcepsilonRI with anti-
gen and production of S1P is critical for the pathogenesis
of asthma (6, 30–33). Inhibition of SphK1 also blocks
TNF-a induction of COX-2 and PGE2 secretion by fibro-
blasts and macrophages (34, 35). There is yet another as-
pect to cross-talk between these pathways in inflammation:
SphK1 is required for mycobacterium-induced production
of TNF-a by macrophages (36).

Growth factors and SphK1 activation
Insulin-like growth factors (IGFs) stimulate biologic pro-

cesses associated with glucose metabolism as well as cell
growth. These effects are mediated by the interaction of
IGFs with heterodimeric tyrosine kinase receptors that
are able to activate Akt as well as the Ras-Raf- mitogen-
activated protein kinase (MAPK) cascade. Recent studies
have demonstrated that IGF-1 and IGF-2 cause a rapid acti-
vation of SphK1, as demonstrated by its translocation to the
membrane as well as the expected increase in S1P levels
(37). IGF-induced ERK1/2 stimulation was also dependent
on both SphK1 and S1P receptor activation, indicating that
cross-talk between IGFs and SphK/S1P signaling path-
ways involves the “inside-out” model previously described
for PDGF (16). In this cross-talk model (Fig. 1), the agonist
activates SphK1 to produce S1P that then leaves the cell
and acts in either a paracrine or an autocrine manner to
activate S1P receptors. As is the case with TNF-a signaling,
in IGF signaling, SphK1 activation is likely to be both up-
stream and downstream of ERK1/2 activation because the
receptor tyrosine kinase itself can activate ERK1/2, which
appears to be required for the activation of SphKs. The
subsequent S1P receptor-mediated activation of ERK1/2
probably plays a role in either amplifying or prolonging
activation of this pathway. It should be noted that the acti-
vation of specific signaling cascades in this “inside-out”
manner depends on the pattern of S1P receptor expres-
sion and potentially contributes to the cell type-specific ef-
fects of cytokines and growth factors that are involved. For
example, whereas S1P1 receptors are involved in PDGF in-
duction of cell motility (15, 16), the presence of S1P2 re-
ceptors inhibits PDGF-induced cell motility (38).

In an alternative model for pathway cross-talk mediated
by the rapid activation of SphK1, the S1P that is generated
as a consequence of SphK1 activation acts as an intracel-
lular second messenger. This appears to be the case for
VEGF, because VEGF-induced activation of ERK1/2 is
SphK1 dependent, but not GPCR dependent (22). These

two models of cross-talk are not mutually exclusive. For
example, activation of SphK1 is involved in a wide array
of effects of PDGF, including cell growth, cell survival,
stress fiber formation and chemotaxis, activation of
NADPH oxidase, and increased expression of delayed
rectifier current (15, 39–41). However, whereas cell move-
ment toward PDGF depends on S1P receptor activation,
cell survival does not (39).

A tripartite mechanism of signaling involving estradiol,
SphK1, and EGF receptor has recently been described
(42). Like other growth factors, estrogen is capable of in-
ducing a rapid and transient activation of SphK1, which in
turn activates the ERK1/2 pathway and promotes growth of
breast cancer cells (43). The S1P that is generated by
estradiol activation of SphK1 acts through S1P3 to activate
the EFG receptor in a metalloprotease-dependent fash-
ion (42). Thus, these findings reveal a key role for SphK1
in the coupling of the signals between three membrane-
spanning events induced by estradiol, S1P, and EGF, called
“criss-cross” transactivation (42).

IL-12 and SphK2
Another mechanism of cytokine-S1P cross-talk that plays

a role in innate immunity and inflammation is the unique
interaction between the IL-12 and S1P signaling pathways.
IL-12 is a pro-inflammatory cytokine that acts as an in-
terface between the innate and adaptive immune systems
(44). One way in which it shifts the balance of the immune
response is by inducing production of IFN-g and promot-
ing the development of the subset of helper T cells, TH1,
that promote innate immune responses. IL-12 is the ligand
for a heterodimeric receptor formed by IL-12b1 and IL-
12b2 that has a unique interaction with SphK2 (45). More-
over, overexpression of SphK2 augmented IL-12 induction
of STAT4-dependent transcription, whereas introduction
of a dominant-negative SphK2 blocked IL-12-induced pro-
duction of IFN-g (45). It is not yet clear how this interac-
tion affects IL-12 signaling or whether it leads to activation
of SphK2.

Transcriptional regulation of SphK1
In addition to rapidly activating SphKs, cytokines and

growth factors can regulate their expression. In fibroblasts,
transforming growth factor beta (TGFb) increased the
enzymatic activity of SphK1, but not SphK2, indirectly by
increasing expression of SphK1 protein over a prolonged
period of time (46). In parallel, TGFb decreased expres-
sion of S1P phosphatase, suggesting that it increases the
level of S1P over time. The prolonged activation of SphK1
plays a role in TGFb induction of TIMP-1 mRNA. SphK1
expression in myofibroblasts was also increased by TGFb
(47). Interestingly, TGFb also induced a rapid increase in
intracellular S1P in these cells (47), suggesting that TGFb
regulation of SphK1 may also occur both transcriptionally
and posttranslationally.

Similarly, nerve growth factor (NGF) regulates SphK1
both posttranslationally and transcriptionally (48, 49).
NGF rapidly induces activation of SphK1, leading to gen-
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eration of S1P, which acts extracellularly via S1P1 to pro-
mote neurite extension (48). Understanding regulation
of SphK1 expression by NGF is complicated by the exis-
tence of multiple transcriptional start sites and differential
use of exons in the 5′ untranslated region (50). However,
using PC12 cells as a model, the promoter element that
confers NGF regulation to SphK1 has been identified, and
it was demonstrated that the transcription factor Sp1 is im-
portant for regulation of SphK1 expression by NGF (49).

RECEPTOR-RECEPTOR INTERACTIONS

There is also some evidence supporting a model in
which cross-talk is mediated by stable S1P receptor-tyrosine
kinase receptor complexes (51–53). Receptor complexes
consisting of PDGFb and a constitutively active S1P1 have
been shown to form independently of stimulation with
either PDGF or S1P in several cell types, including HEK
293, airway smooth muscle cells, and fibroblasts (51–53).
When these cells are stimulated with PDGF, the complex of
receptors is endocytosed in a c-Src/b-arrestin-dependent
fashion. The endocytosed complex associates with and ac-
tivates ERK1/2. Inhibition of S1P1 blocks both PDGF-
induced activation of ERK1/2 and cell migration (53). In
contrast to the models invoking activation of SphK1 and
generation of S1P, which potentially provide a general
mechanism for linking receptor tyrosine kinases to GPCR
activation, to date this platform model has only been shown
to be relevant to cross-talk between the PDGF and S1P sig-
naling pathways.

S1P TRANSACTIVATION OF TYROSINE
KINASE RECEPTORS

S1P interaction with growth factor signaling pathways
is bidirectional. As with other GPCR ligands, S1P can also
transactivate growth factor receptors. The first example of
this type of cross-talk to be described is the interaction be-
tween VEGF and S1P. Two studies have demonstrated that
at least some of the consequences of S1P stimulation of
endothelial cells are due to its ability to activate the VEGF
receptor, VEGF2, or Flk-1/KDR (54, 55). S1P activation of
VEGF2 was shown to be both Gi protein and Src family
kinase dependent and did not require synthesis of VEGF.
These findings lead to a model in which S1P ligation of
S1P2 causes Gi protein-dependent activation of phospho-
lipase C and increased intracellular Ca1, which in turn
leads to both phosphorylation of endothelial nitric oxide
synthase and concomitant activation of VEGF2 and Src
family kinases. In addition, transactivation of VEGF2 and
Src kinase activation result in increased membrane ruf-
fling via activation of CrkII (55). VEGF can activate SphK1,
which is important for its ability to induce both DNA syn-
thesis and ERK1/2 activation in endothelial cells (22).
Furthermore, VEGF can increase expression of S1P recep-
tors (56), enhancing the potential for S1P to activate VEGF
receptors. Therefore, S1P-VEGF signaling is bi-directional.

CROSS-TALK BETWEEN TGFb AND S1P SIGNALING

More-recent studies have demonstrated that S1P can
transactivate the TGFb pathway. TGFb is produced by
many cell types and induces a wide range of biologic ef-
fects that depend on both cell type and the state of differ-
entiation of the cell (as reviewed in Ref. 57). It initiates
signal transduction by stimulating the formation of a multi-
meric complex consisting of two pairs of heterodimers
(57). Each heterodimer contains two serine-threonine ki-
nases, a type 1 TGFb receptor (TbRI) and a type II (TbRII)
receptor. The canonical Smad pathway is activated by li-
gand binding to TbRII, which phosphorylates TbRI. In
the case of TGFb, an ALK5 TbRI phosphorylates one of
the two receptor-activated Smads, Smad2 or Smad3. Other
members of the TGFb superfamily use different combi-
nations of receptors and phosphorylate different Smads.
The receptor-activated Smad binds to Smad4 and enters
the nucleus. The subsequent gene response is controlled
by the interaction of Smads with both transcriptional acti-
vators and repressors. In addition to the canonical Smad
pathway, TGFb also activates non-Smad signaling cascades,
including MAPK and PI-3K, but the mechanism for activa-
tion of those pathways is not well established (58).

TGFb was originally identified by its ability to induce
anchorage-independent growth of fibroblasts (59). It was
subsequently shown to induce a reversible G1 arrest in
several cell types, including epithelial cells and lympho-
cytes (57). The observation that S1P can also have dichoto-
mous, cell type-dependent effects on cell growth prompted
Kleuser and colleagues (60) to explore the interaction be-
tween TGFb and S1P signaling. They observed that S1P
and TGFb induced phosphorylation of Smad2 and Smad3
in cultures of primary human keratinocytes with similar
kinetics. Using a combination of molecular and pharmaco-
logical approaches, they demonstrated that S1P induction
of keratinocyte migration as well as Smad3 phosphoryla-
tion required both S1P and TGFb receptors (60). Further-
more, S1P activation of Smad3 was shown to be GPCR
dependent. The notion that Smad3 activation was re-
quired for S1P induction of keratinocytes was further con-
firmed by the observation that neither S1P nor TGFb
could induce chemotaxis in keratinocytes from Smad32/2

mice. These findings suggested a model for S1P-TGFb
cross-talk that depends on activation of both S1P receptors
and TGFb receptors. Additional support for this model
was derived from studies in myofibroblasts (61). FTY720
is an immunomodulator that is a substrate for SphK2. In
its activated, or phosphorylated, form, it is a ligand for
S1P receptors. FTY720-P was shown to cause myofibroblast
differentiation in an S1P3, G protein-coupled receptor-
dependent fashion (61). The induction of myofibroblast
differentiation also required Smad3 activation, but did
not require secretion of TGFb.

Cross-talk between S1P and TGFb signaling pathways
has also been observed in renal mesangial cells (62, 63).
In these cells, S1P activates ERK1/2 and phosphorylates
Smad1 and Smad2, albeit with different kinetics. Unlike
S1P activation of ERK1/2, S1P activation of Smads was
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shown to be Gi protein-coupled receptor independent.
Additional experiments demonstrated that TbRII was re-
quired for S1P activation of Smads and that S1P appears
to induce TGFb receptor oligomerization. The latter re-
sults led to a model in which S1P induces the formation
of an S1P receptor-TbRII receptor complex that forms
a heteromer with TbRI, resulting in phosphorylation of
Smads 1, 2, and 3 (62) (Fig. 2). This model was also rein-
forced through studies with the immunomodulator FTY720
(63). Like S1P, both FTY720 and FTY720-P are able to acti-
vate MAPK and stress kinase pathways in renal mesangial
cells, in addition to inducing phosphorylation of Smads 1,
2, and 3 (63). Furthermore, FTY720 activation of Smads is

TbRII dependent, but Gi protein-coupled receptor inde-
pendent. The discrepancy between the models of S1P-
TGFb cross-talk in renal mesangial cells and keratinocytes
or myofibroblasts could potentially be explained by differ-
ences in TGFb signaling in these cells. Generally, TGFb sig-
naling involves TbRII recruitment of an ALK5-type TbRI
receptor and phosphorylation of Smad2 and Smad3. How-
ever, in some cell types, e.g., endothelial cells, TbRII can also
recruit an ALK1-type TbRI receptor to phosphorylate Smad1
and Smad5 (64).

Regardless of the precise mechanism for S1P activation
of Smad signaling, it is becoming increasingly clear that
cross-talk between these two complex pathways has a sig-

Fig. 2. S1P induces the formation of an S1P receptor-
TbRII receptor complex that forms a heteromer with
TbRI resulting in phosphorylation of Smads 1, 2, and
3. P, phosphate; TGFbR, TGFb receptor.

Fig. 3. TbRII activates TbRI, resulting in the phos-
phorylation of Smad2 and Smad3. The phosphorylated
Smad alone or together with Smad4 enters the nucleus.
This leads to regulation of gene expression, including
upregulation of SphK1. In addition, TbRs also stimu-
late SphK1, leading to formation of S1P that in turn
acts in an autocrine manner to activate S1P receptors.
P, phosphate.
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nificant role in a variety of biologic processes. TGFb is
important for progression of pulmonary fibrosis. TGFb
stimulates SphK1, leading to an increase in S1P that in
turn binds to its receptors, leading to upregulation of a-
smooth muscle actin expression, which is involved in the
lung fibrogenic process (47) (Fig. 3). In renal mesangial
cells, Smad3 is required for induction of connective tissue
growth factor and collagen expression (62). Combined with
the observations that TGFb regulates SphK1 expression to
increase TIMP-1 expression in fibroblasts (46) and regu-
lates differentiation of myofibroblasts (61), those studies
suggest a role for bi-directional TGFb-S1P cross-talk in lung
pathology and tissue remodeling. Smad3 is also involved
in cross-talk between S1P and IL1b, acting to block IL1b-
induced expression of iNOS, cPLA2, and MMP-9 (62), sug-
gesting that S1P-TGFb pathway cross-talk plays a role in
inflammation and innate immunity. This notion is further
supported by the observation that S1P induces dendritic cell
migration by activation of Smad3 (65).

CONCLUSIONS

Co-opting of the S1P signaling pathway appears to be a
common theme for growth factors and cytokines. This oc-
curs primarily through activation of SphKs and generation
of S1P, which acts both intracellularly and extracellularly.
S1P mediates a wide array of cell type-dependent biologic
effects as a consequence of its activation of a family of spe-
cific cell surface receptors, each of which activates distinct
signaling cascades and which are expressed in cell-specific
patterns. Consequently, cross-talk between cytokines, growth
factors, and S1P pathways is likely to explain many cell type-
specific responses. S1P also coopts other signaling pathways
to mediate its biologic effects. Of particular interest in this
regard is its interaction with the TGFb pathway, which is
equally notorious for its ability to mediate a wide array of
effects in a highly cell type-dependent fashion. Future ef-
forts to dissect the molecular interactions between these
pathways have the potential to significantly impact our
understanding of the pathogenesis of several diseases pro-
cesses, including inflammation and cancer.
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