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Regulatory processes including receptor phosphorylation 
and intracellular trafficking, also referred to as receptor 
internalization, are important processes to terminate G 
protein-coupled receptor (GPCR) signaling. Compelling 
evidence now indicates that internalization of a receptor is 
not necessarily the endpoint of signaling, but can also be 
the beginning of the activation of intracellular signaling 
pathways. 

Sphingosine-1-phosphate (S1P) receptors, which are ac-
tivated by the endogenous phospholipid S1P, belong to 
the family of GPCRs. Interestingly, there is evidence indi-
cating differential intracellular trafficking of one of the S1P 
receptor subtypes, the S1P1 receptor, upon agonist activa-
tion by either S1P or the synthetic agonist FTY720-P. 
Moreover, the differential effect of FTY720-P on S1P1 re-
ceptor regulation has been suggested to be the mecha-
nism of action of this drug, which is now in Phase III clini-
cal trials for the treatment of multiple sclerosis. It is thus of 
importance to get a good insight into the regulation of S1P 
receptors. This review therefore gives a detailed overview 
about the current state of knowledge on S1P receptor in-
ternalization and its functional implications, including 
some data on nuclear signaling of S1P receptors.  
 
 
INTRODUCTION 
 
The bioactive sphingolipid S1P regulates a wide variety of phy-
siological processes in the cardiovascular (Peters and Alewijnse, 
2007; Takuwa et al., 2008) and immune system (Rivera et al., 
2008). The cellular targets of S1P were discovered approxi-
mately 10 years ago and revealed to be five G protein-coupled 
receptors (GPCRs), named S1P1 to S1P5 (Chun et al., 2002). 
GPCRs constitute a large family of transmembrane receptors 
that convert extracellular stimuli ranging from photons, ions, 
amines, peptides and phospholipids into intracellular responses 
(Luttrell, 2006; Rosenbaum et al., 2009). The S1P1, S1P2 and 
S1P3 receptor, formerly referred to as endothelial differentiation 
genes EDG-1, EDG-5 and EDG-3, are widely expressed and 
are abundant in the cardiovascular system (Alewijnse and Pe-
ters, 2008; Takuwa et al., 2008). The S1P1 receptor plays a 

critical role in angiogenesis and vascular maturation, and S1P1 

knockout mice die prenatally due to vascular leakage as a con-
sequence of incomplete vascular maturation (Liu et al., 2000). 
Knockout models of S1P2, S1P3 and S1P5 do not reveal such 
severe phenotypes (Choi et al., 2008) although the S1P2 recep-
tor was found to be essential for auditory and vestibular func-
tion (MacLennan et al. 2006). The S1P4 and S1P5 receptor 
show a more specific expression pattern. The S1P4 receptor is 
mainly expressed in the hematopoietic system and S1P5 can 
be found in white matter tracts in the brain. 

Research on S1P receptors is explosively growing since the 
last years, mainly due to the fact that a promising new immuno-
suppressive drug, which targets this class of receptors, is in 
Phase III clinical studies for the treatment of multiple sclerosis 
(Brinkmann, 2009; Mansoor and Melendez, 2008). This drug, 
FTY720 or Fingolimod, is after its phosphorylation to FTY720-P 
an agonist for all S1P receptors except the S1P2 receptor 
(Brinkmann et al., 2002). The immunosuppressive effects of 
FTY720 including lymphopenia seem to be mainly S1P1 recep-
tor-mediated (Sanna et al., 2004). This receptor seems to play 
an important role in lymphocyte trafficking and its presence on 
T lymphocytes is crucial for the exit of these immune cells from 
the lymph nodes into the circulation (Matloubian et al., 2004). 
Interestingly, there are indications that FTY720-P regulates 
receptor expression by directing internalized S1P1 receptors to 
the degradative lysosomal pathway (Jo et al., 2005; Oo et al., 
2007). In contrast, S1P1 receptors stimulated with the endoge-
nous ligand S1P are recycled back to the plasma membrane 
upon internalization. Consequently, a FTY720-P-induced loss 
of S1P1 expression on lymphocytes was suggested to be the 
mechanism of the observed lymphopenia. However, there are 
also reports suggesting that S1P1 receptor agonism is sufficient 
to induce immunosuppressive effects (Rosen et al., 2009). 
Because changes in S1P receptor regulation appear to be of 
major importance, this review zooms in on regulation and intra-
cellular trafficking of S1P receptors, and highlights the most 
important findings in this rapidly evolving field. 
 
Regulation of S1P receptors 
GPCRs, including S1P receptors, are subject to various regula-
tory processes, which may result in their removal from the cell 
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membrane by internalization (see for extensive review Ferguson, 
2001; Hanyaloglu and von Zastrow, 2008; Hendriks-Balk et al., 
2008). One of the first steps in receptor regulation is receptor 
phosphorylation by specific GPCR kinases (GRKs), which occurs 
within seconds to minutes after activation (Reiter and Lefkowitz, 
2006). In addition, activation leads to the recruitment and binding 
of beta-arrestins to the agonist-occupied receptors (Luttrell and 
Lefkowitz, 2002). Together these processes are referred to as 
desensitization and lead to the uncoupling of the receptors from 
G proteins and promote their internalization (Ferguson, 2001). 
GPCRs are also subject to heterologous phosphorylation by 
second messenger-activated kinases, a process which can even 
occur in the absence of agonist occupation and also results in 
receptor internalization (Chuang et al., 1996). 

Internalized receptors are either recycled back to the plasma 
membrane (resensitization) or transported to lysosomes for 
degradation (down-regulation) (Fig. 1). Although receptor inter-
nalization was traditionally regarded as a way to terminate cel-
lular signaling (Luttrell and Lefkowitz, 2002), more and more 
studies indicate that internalization may also be the first step in 
the activation of intracellular signaling pathways, including for 
example the MAPK signaling pathway (Daaka et al., 1998; 
Hanyaloglu and von Zastrow, 2008). In addition, GPCRs can 
translocate to the nucleus upon internalization and activate 
nuclear signaling pathways, a new and intriguing phenomenon 
in the GPCR-field (Boivin et al., 2008; Gobeil et al., 2006). 

The regulatory processes of S1P receptors are best studied for 
the S1P1 receptor and information on regulation of the other re-
ceptor subtypes is rather limiting. Upon activation, the S1P1 re-
ceptor is phosphorylated on serine and threonine residues by 
GRKs (Watterson et al., 2002) as well as by the second messen-
ger-activated kinase Akt/PKB (Lee et al., 2001). In vitro experi-
ments suggest a GRK2 but not GRK5 mediated phosphorylation 
of the C-terminal tail of the receptor, which occurs within seconds 
after activation (Watterson et al., 2002). In contrast, phosphoryla-
tion by Akt/PKB seems to specifically occur at a threonine resi-
due in the third intracellular loop (Thr236) of the S1P1 receptor 
(Lee et al., 2001) (Fig. 2). Phosphorylation by Akt/PKB is impor-
tant to direct receptor signaling to Rac activation, cortical actin 
assembly, and chemotaxis. The S1P1 receptor is also subject to 
heterologous phosphorylation by protein kinase C (PKC) (Wat-
terson et al., 2002). PKC-mediated phosphorylation of the S1P1 
receptor also involves the C-terminal tail but is much slower than 

the phosphorylation induced by GRKs, and occurs within minutes 
after activation (Watterson et al., 2002). As generally observed 
for GPCRs, phosphorylation of the S1P1 receptor leads to un-
coupling and a subsequent desensitization of S1P1 receptor 
signaling (Xin et al., 2004). 

For various GPCRs phosphorylation precedes and is a 
prerequisite for receptor internalization. For the S1P1 receptor 
S1P-induced internalization is half-maximal at 15 min (Liu et al., 
1999) and requires ligand concentrations that are significantly 
higher than those required to induce half-maximal effects on 
signal transduction responses (Watterson et al., 2002). These 
results thus suggest that S1P1 receptor internalization is pre-
ceded by phosphorylation, which is half-maximal at 1 min (Wat-
terson et al., 2002). However, a mutant S1P1 receptor without 
the last 12 C-terminal amino acids (Fig. 2) can still be phos-
phorylated, but does not show any S1P-induced internalization. 
Based on these results it can be concluded that phosphoryla-
tion and internalization require partly overlapping but divergent 
pathways (Watterson et al., 2002). 

Besides internalization of the S1P1 receptor by the endoge-
nous ligand S1P, also activation by synthetic ligands leads to 
receptor internalization. The phosphorylated analogue of FTY720 
(FTY720-P) induces a concentration- and time-dependent inter-
nalization and down-regulation of the S1P1 receptor (Jo et al., 
2005; Müllershausen et al., 2009; Oo et al., 2007). The effects 
of the S1P1-selective agonist SEW2871 on S1P1 receptor in-
ternalization are less well investigated. Compared to S1P the 
affinity and potency of SEW2871 at the S1P1 receptor are sig-
nificantly lower (Jo et al., 2005). In line with this the concentra-
tions of SEW2871 needed to induce internalization are higher 
than those of S1P (Jo et al., 2005; Jongsma et al., 2007a; Oo 
et al., 2007). 

Research on regulation of the S1P2 receptor is limited to 
some data on S1P2 receptor internalization. As found for the 
S1P1 receptor, the S1P2 receptor is also internalized upon ex-
posure to S1P (Jongsma et al., 2007b). In addition, activation of 
mast cells, which leads to the activation of sphingosine kinase 1 
and subsequently to intracellular S1P generation, was shown to 
induce S1P2 receptor internalization (Jolly et al., 2004). The 
intracellular produced S1P is most likely transported to the 
outside of the cell by ATP binding cassette (ABC) transporters 
(Mitra et al., 2006). As for now there is no information on the 
precise receptor domains and mechanisms involved in S1P2 

Fig. 1. Regulation of GPCRs. Upon binding

of a ligand the receptor is internalized to

intracellular compartments (1) and recycled

to the plasma-membrane (2) or degraded (3).

New insights suggest that signaling might

continue in intracellular compartments (4) or

in the nucleus (5). 
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receptor internalization. Besides the effect of S1P on internaliza-
tion, there is also one study describing the effect of unphosphory-
lated FTY720 on S1P2 receptor regulation (Gräler et al., 2004). 
However, FTY720, either in the phosphorylated or unphosphory-
lated form, is devoid of any affinity for the S1P2 receptor (Brink-
mann et al., 2002), and the mechanism behind the observed 
effects remains unclear. In addition, using a different technique, 
we have never observed S1P2 receptor internalization by 
FTY720 or FTY720-P in our laboratory whereas within the same 
set of experiments S1P induced a concentration-dependent S1P2 
receptor internalization (unpublished observations). 

Like for the S1P2 receptor, information on regulation of the 
S1P3 receptor is rather limiting. However, there are indications 
that the regulation of this receptor is quite different from that of 
the S1P1 receptor (Jongsma et al., 2007b; Rutherford et al., 
2005). In contrast to the S1P1 receptor, the S1P3 receptor is not 
subject to heterologous phosphorylation, but is only phosphory-
lated upon activation by an agonist (Rutherford et al., 2005). 
The phosphorylation takes place in a stretch of amino acids 
located between the last 45 and 27 amino acid residues of the 
C-terminal tail (Fig. 2). Interestingly, the data by Rutherford et al. 
(2005) suggest that the last 27 amino acid residues of this tail 
exhibit an inhibitory effect on receptor phosphorylation. At this 
moment the kinase that is involved in the phosphorylation of the 
S1P3 receptor has not been identified yet. 

Regarding internalization, the S1P3 receptor also displays 
some quite unique features. In contrast to the S1P1 and many 
other GPCRs, internalization of the S1P3 receptor seems to be 
independent of phosphorylation (Rutherford et al., 2005). In 
addition, S1P3 receptor internalization is reported to be much 
faster than S1P1 receptor internalization (Jongsma et al., 
2007b). Besides S1P, also FTY720-P and several FTY720-P 
derivatives are reported to induce a concentration-dependent 
S1P3-receptor internalization (Jongsma et al., 2009). 

The S1P4 and S1P5 receptor are, compared to the other S1P 
receptor subtypes, less well studied and characterized. Infor-
mation on S1P4 receptor regulation specifically is absent 
whereas there is only one study on S1P5 receptor regulation 
(Niedernberg et al., 2003). This study shows that the S1P5 

receptor is constitutively active and that it is mainly located in 
intracellular compartments, probably due to constitutive inter-
nalization. The small percentage of the receptor located in the 
plasma membrane is however still subject to regulatory process 
and is internalized upon exposure to S1P (Niedernberg et al., 
2003). In addition, there is some preliminary evidence that 
FTY720 can cause S1P5 receptor regulation (Gräler et al., 2004). 
 
Internalization and S1P receptor recycling or degradation 

Upon removal of the endogenous ligand S1P, internalized S1P1 
receptors recycle back to the cell membrane within hours (Jo et 
al., 2005; Liu et al., 1999; Müllershausen et al., 2009; Oo et al., 
2007; Tao et al., 2009). In contrast, as described in the intro-
duction, FTY720-P-induced S1P1 receptor internalization does 
not lead to receptor recycling upon ligand removal, but seems 
to result in irreversible receptor degradation (Jo et al., 2005; Oo 
et al., 2007) and thus a decrease in S1P1 membrane expres-
sion (Krump-Konvalinkova et al., 2008). S1P and FTY720-P, 
two compounds that both behave as full agonists at the S1P1 
receptor, thus differentially affect receptor fate after internaliza-
tion. This difference in receptor fate is most likely a direct reflec-
tion of a different receptor ubiquitinylation upon activation by 
these ligands. Activation of the S1P1 receptor by FTY720-P is 
reported to induce poly-ubiquitinylation whereas activation by 
S1P generally results in mono-ubiquitinylation with a small frac-
tion of the receptors showing poly-ubiquitinylation (Oo et al., 
2007; Rosen et al., 2009). At the moment it is not clear what 
causes this difference in ubiquitinylation status. Probably, S1P 
and FTY720-P stabilize different conformations of the S1P1 
receptor, a phenomenon also observed at other GPCRs and 
referred to as conformational selectivity, functional selectivity or 
ligand-directed signaling (Kenakin, 2007; Michel and Alewijnse, 
2007). In addition, it cannot be excluded that the differences in 
regulation are the result of differences in ligand stability, as S1P 
is rapidly broken down when added to cells (Le Stunff et al., 
2002). Interestingly, as described in the introduction the differ-
ential S1P1 receptor regulation observed for FTY720-P has 
been suggested to be the mechanism of action of the novel 
immunosuppressive drug Fingolimod (FTY720). The phos-

Fig. 2. Alignment of the third intracellular 

loop and the C-terminal tail of the human 

S1P1 and S1P3 receptor. The possible 

phosphorylation sites are indicated in 

red (serine) and blue (threonine). The 

arrow indicates the position at which 

deletion mutants have been created for 

both of these receptors. The * indicates 

the Akt/PKB phosphorylation site. 
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phorylated form of this drug, FTY720-P, induces lymphopenia 
by blocking lymphocyte egress from lymph nodes. Because 
lymphopenia was also observed after knockout of the S1P1 
receptor from lymphocytes (Matloubian et al., 2004), FTY720-
P-induced S1P1 receptor degradation, also referred to as “func-
tional antagonism”, was thought to underlie the immunosup-
pressive properties of FTY720. However, there are also data 
supporting the hypothesis that degradation of S1P1 is not nec-
essarily involved, but that activation of S1P1 alone is the most 
important nominator for the immunomodulatory effects ob-
served for S1P agonists (Müllerhausen et al., 2008; Rosen et 
al., 2009). S1P and SEW2871, agonists that do not induce 
receptor degradation, are also reported to cause lymphopenia. 
Furthermore, S1P1 antagonists do not induce immunomodula-
tory effects themselves, but inhibit the agonist-induced effects 
on immune function (Rosen et al., 2009). To this end it is impor-
tant to add that the effects of SEW2871 on receptor fate are not 
extensively studied yet and this would certainly help the debate 
on “functional antagonism” versus agonism to explain the im-
munesuppressive effects. 

Although the receptor fate upon internalization has been 
extensively investigated for the S1P1 receptor, such studies are 
completely lacking for other S1P receptor subtypes. This is 
somewhat remarkable as FTY720-P also targets the S1P3-5 re-
ceptors. The S1P3 receptor, for example, is suggested to in-
duce protective effects in blood vessels (Alewijnse and Peters, 
2008). Sustained internalization and subsequent degradation of 
the S1P3 receptor can thus be speculated to induce unwanted 
effects in the vascular system. However, first experiments in 
our laboratory indicate that, in contrast to the S1P1 receptor, the 
S1P3 receptor is not degraded upon activation by FTY720-P 
(unpublished observations). 
 
Internalization and intracellular S1P receptor signaling 

As described for other GPCRs, internalized S1P receptors can 
also be involved in activating intracellular signaling pathways. 
Compelling evidence for signaling of intracellular S1P receptors 
exists for the S1P1 and S1P5 receptor (Estrada et al., 2008; 
Gillies et al., 2009; Müllershausen et al., 2009). For the other S1P 
receptor subtypes studies on this topic are unfortunately lacking. 

Recently, an extensive study on S1P1 receptor activation, 
desensitization and trafficking revealed evidence for signaling 
of internalized S1P1 receptors (Müllershausen et al., 2009). 
Interestingly, this signaling by internalized S1P1 receptors, also 
referred to as persistent signaling, was only observed following 
a transient exposure to FTY720-P and not to S1P. In addition, 
the persistent signaling was only observed at the level of ade-
nylyl cyclase inhibition and ERK phosphorylation and not for 
calcium signaling, suggesting that this last signaling pathway 
depends on plasma membrane receptors and not intracellular 
receptors (Müllershausen et al., 2009). There is also convincing 
evidence suggesting a role for internalized S1P1 receptors in 
the regulation of the transcription of some growth factors. By 
using a wide variety of techniques including confocal and elec-
tron microscopy, Estrada and coworkers showed that endothe-
lial S1P1 receptors are rapidly internalized upon activation by 
S1P and translocated to nuclear regions (Estrada et al., 2008). 
These nuclearized S1P1 receptors subsequently induce the 
expression of two growth factors involved in angiogenic re-
sponses. In line with these findings nuclear translocation of 
endogenously expressed plasma membrane S1P1 receptors 
was also observed upon T cell activation (Liao et al., 2007). 
Interestingly, this relocalization of the S1P1 receptor was re-
ported to be involved in re-directing migratory responses of T-
cells to non-migratory functions such as proliferation. 

In addition to S1P1 receptors it was recently shown that also 
S1P5 receptors can be localized in intracellular compartments 
adjacent to the nucleus, namely in centrosomes (Gillies et al., 
2009). S1P5 receptors in centrosomes may be involved in the 
regulation of cell division (Gillies et al., 2009). Sphingosine 
kinase 1 and 2 (SK1 and SK2), which synthesize S1P, were 
found to co-localize with S1P5 in the centrosome, suggesting 
ad hoc synthesis of the ligand. Interestingly, S1P5, SK1 and 
SK2 are all highly expressed in the brain, suggesting an impor-
tant role for intracellular S1P5 receptors. Also for the S1P5 re-
ceptor the subcellular localization is subject to agonist-induced 
regulation. However, for these receptors S1P stimulation re-
sulted in a decreased expression of S1P5 in the centrosome 
and increased expression of S1P5 in the plasma membrane. As 
described above, there are no data yet on the intracellular sig-
naling of the other S1P receptor subtypes. 
 

CONCLUSION 

 

As observed for other GPCRs, ligand-induced intracellular traf-
ficking is also important for S1P receptors. Interestingly, as 
clearly indicated for the S1P1 receptor, the functional implica-
tions of receptor internalization can differ between certain 
ligands and are thus ligand-dependent (Kelly et al., 2008). As 
becomes evident from this review studies on S1P receptor 
regulation mainly focus on the S1P1 receptor, most likely be-
cause this receptor is suggested to be the most important tar-
get for the novel immunosuppressive drug FTY720. This review 
also describes some first but convincing data on nuclear signal-
ing of S1P receptors. This intriguing aspect of S1P signaling will 
certainly get a lot of attention in the next years as these nuclear 
sphingolipid-receptors may present the proposed (Meyer zu 
Heringdorf, 2004) but yet unidentified intracellular targets for 
S1P. 

In conclusion, this review clearly shows that our understand-
ing of S1P receptor trafficking is rapidly increasing. However, 
many of the studies have been performed using recombinant 
expression systems and not primary cells. To get a good insight 
into intracellular trafficking of S1P receptors and its functional 
consequences studies on endogenous receptors are essential 
and this will therefore be the most important challenge for the 
future. 
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