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S1P receptor (S1PR1) (4, 5). This rapidly led to the discovery 
of a family of five specific cell-surface G protein-coupled re-
ceptors (S1PR1–5) that endow S1P with the ability to regu-
late many important functions (6) (Fig. 1). The activation 
of S1PRs leads to a plethora of downstream effects depend-
ing on the expression of S1PRs, G proteins, and cell type 
(7) and has been linked to the regulation of multiple physi-
ological and pathophysiological functions, including cell 
growth and survival, angiogenesis and lymphangiogenesis, 
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ing that S1P must be exported out of cells to inter-
act with its receptors. While several transporters 
of S1P have previously been identified, spinster 
homologue 2 (SPNS2), a member of the large 
family of non-ATP-dependent organic ion trans-
porters, has recently attracted much attention as 
an S1P transporter. Here, we discuss recent ad-
vances in understanding the physiological actions 
of SPNS2 in regulating levels of S1P and the S1P 
gradient that exists between the high circulating 
concentrations of S1P and low tissue levels that 
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S1P SIGNALING

The role of sphingosine-1-phosphate (S1P) as a bioactive 
sphingolipid metabolite was discovered in our lab almost 3 
decades ago (1, 2). However, its pleiotropic actions re-
mained enigmatic until, together with Timothy Hla, who 
originally cloned endothelial differentiation gene 1 as an 
immediate early gene induced during the differentiation 
of endothelial cells (3), we showed that this is a bona fide 
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endothelial and epithelial barrier function, lymphocyte 
function and trafficking, and cancer and metastasis, to 
name a few (7, 8).

S1P is produced in cells by the phosphorylation of sphin-
gosine, the backbone of all sphingolipids, by two sphingo-
sine kinase (SphK) isoenzymes, SphK1 and SphK2. Like 
other bioactive mediators, levels of S1P are tightly regu-
lated by the balance between its synthesis and degradation 
by S1P phosphatases and S1P lyase. SphK1 and SphK2 
have some overlapping but also distinct functions due to 
their different intracellular localizations (Fig. 1). SphK1 is 
mainly cytosolic and translocated to the plasma membrane 

upon stimulation with growth factors and cytokines. In 
contrast, SphK2 localizes not only to the plasma membrane 
but also to the ER, mitochondria, and nucleus. This led to 
the discoveries that S1P produced by SphK2 in mitochon-
dria and nuclei has important functions in these organelles 
to regulate respiration (9), histone acetylation, gene ex-
pression, and telomerase stability (10, 11). Importantly, 
however, it has now been convincingly demonstrated that 
S1P generated inside cells can act in a paracrine and/or 
autocrine manner by activating S1PRs in an inside-out sig-
naling manner (12, 13). Thus, a robust mechanism is re-
quired to transport S1P out of cells. Several transporters 

Fig. 1. Role of SPNS2 in inside-out signaling of S1P. SphK1 activated by cytokines phosphorylates Sph to generate intracellular S1P that is 
then exported from cells by SPNS2. S1P secreted from endothelial cells contributes to circulating levels of S1P, which act in an autocrine or 
paracrine manner by binding to S1PRs present on endothelial and inflammatory cells. Sph, sphingosine.
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have been identified that can transport S1P across the bi-
layer, including members of the ABC transporter family 
(12, 13). This review focuses on recent evidence indicating 
that spinster homologue 2 (SPNS2), a member of the large 
major facility superfamily (MFS) of non-ATP-dependent 
organic ion transporters, is a significant and physiologically 
relevant transporter of S1P. Emphasis is placed on ad-
vances in understanding the physiological actions of SPNS2 
in regulating levels of S1P and the S1P gradient that exists 
between the high circulating concentrations of S1P and 
low tissue levels and lymphocyte trafficking. We also discuss 
recent discoveries of the roles of SPNS2 in inflammatory 
and autoimmune diseases, cancer, and metastasis.

SPNS2, AN S1P TRANSPORTER

The role of SPNS2 in S1P transport was first suggested 
from studies of zebrafish, in which mutations in the SPNS2 
gene were found to induce a split heart phenotype, known 
as two of hearts, which mimicked the phenotype of a muta-
tion in the S1PR2 homologue miles apart (14, 15). Both of 
these mutations blocked the migration of cardiac precur-
sor cells toward the midline beneath the endoderm and 
could be rescued by exogenous S1P or by the expression of 
the human SPNS2 homologue. Several groups then showed 
that the overexpression of SPNS2 in mammalian cells in-
creased the secretion of S1P (15–17), and, conversely, its 
down-regulation decreased the release of both S1P and di-
hydro-S1P (17), confirming that SPNS2 is a mammalian 
S1P transporter. In addition to endogenously produced 
S1P and dihydro-S1P, SPNS2 can also transport S1P ana-
logues such as FTY720 phosphate, but not unphosphory-
lated sphingoid bases (16, 17).

SPNS2 IN DEVELOPMENT AND ORGAN 
HOMEOSTASIS

Unlike zebrafish, SPNS2 knockout mice are viable, do 
not exhibit cardiac defects or embryonic lethality, and are 
generally normal and fertile (18). However, in addition to 
alterations in immune cell development and trafficking, 
discussed at length below, SPNS2 knockouts have postnatal 
cochlear degeneration and retinal dysmorphogenesis (19). 
SPNS2 knockout mice rapidly lose endocochlear potential 
and auditory sensitivity after birth, accompanied by capil-
lary abnormalities, structural changes, and secondary sen-
sory hair loss, leading to profound deafness (19). The 
cochlear-specific knockout of SPNS2 recapitulates the 
hearing defect, suggesting that local secretion of S1P in the 
ear, but not systemically circulating S1P, is responsible for 
maintaining the cochlear structure (19). SPNS2 knockout 
mice are also born with their eyes open, leading to corneal 
ulceration and opacity that make retinal assessment by 
ophthalmoscopy difficult. However, vascular and retinal 
neurologic defects were observed in whole-animal knock-
outs but not when SPNS2 was specifically deleted in ear, 
blood, or lymph tissue, further implicating the importance 
of S1P signaling through local production. Rats with an 

insertional mutation in SPNS2 were also born with their 
eyes open (20). They had lower levels of S1P in amniotic 
fluid and in the vitreous humor of the eye, where it corre-
lated with a loss of polarity of retinal progenitor cells and 
insufficient migration of neurons in the developing retina 
(20). The open-eye defect was corrected by an injection of 
S1P into the amniotic fluid, indicating that SPNS2 plays a 
role in regulating amniotic S1P levels and in the develop-
ing retina. Binding of S1P to S1PRs transactivates epider-
mal growth factor (EGF) receptor signaling through a 
complex mechanism causing eyelid closure in developing 
rats (21).

S1P/S1PR signaling has been shown to play key roles in 
bone homeostasis, including recruitment and differentia-
tion; the survival of stem cells; and interactions between 
osteoblasts and osteoclasts (22). It was shown that the hor-
mone calcitonin reduces the expression of SPNS2 on os-
teoclasts, decreasing S1P secretion. As S1P signals through 
S1PR3 in the osteoblast to increase osteoblast differentia-
tion and bone formation, these observations explain how 
calcitonin can also function as an inhibitor of bone forma-
tion (23). Moreover, SphKs and SPNS2 were reported to be 
upregulated in osteoblasts and chondrocytes during differ-
entiation and that the inhibition of S1P signaling led to 
reduced matrix mineralization (24). Intriguingly, patients 
with spondyloarthritis, which is characterized by increased 
mineralization and fusion of bones, also had increased se-
rum levels of S1P, suggesting that targeting S1P signaling 
may have clinical benefits in this disease (24).

SPNS2 IN THE REGULATION OF CIRCULATING S1P

Erythrocytes and platelets are abundant blood cells that 
are the major source of S1P in the blood, yet recent obser-
vations indicate that SPNS2 is not the main S1P transporter 
on these cells (25, 26). This long-sought exporter has now 
been identified. It was recently shown that a member of the 
same family of transporters as SPNS2, Mfsd2b, was respon-
sible for releasing S1P from erythrocytes and platelets and 
that knocking out Mfsd2b in mice reduced plasma S1P 
levels by 50% (27). However, endothelial cells can also re-
lease S1P mediated by SPNS2 (Fig. 2). Endothelial-specific 
knockout of SPNS2 reduced circulating S1P to the same 
extent as the global knockout (25, 26) and had the same 
lymphopenic effects (17, 28), demonstrating that SPNS2 
secretes S1P from endothelial cells directly to the blood. 
These results also suggest that S1P from endothelial cells is 
important for regulating lymphocyte trafficking. In con-
trast, in another study, specific deletion of SPNS2 in mu-
rine hematopoietic and endothelial cells also induced 
lymphopenia but with decreased lymph levels and not 
plasma S1P (29). In a subsequent study using S1PR1 re-
porter mice, Fang et al. (30) found that T-cells sensed 
higher concentrations of S1P in the medullary cords of 
lymph nodes than in the T-cell zone and that the S1P trans-
porter SPNS2 present on lymphatic endothelial cells gen-
erated this gradient. On the other hand, we observed that 
the lymph nodes from global SPNS2 knockout mice have 
aberrant lymphatic sinuses that appear collapsed, with 



The role of SPNS2 487

reduced numbers of lymphocytes (17). Strikingly, although 
these mice had reduced levels of S1P in the blood, they had 
increased S1P in the lymph and lymph nodes (17). The 
discrepancy in reports of plasma, blood, and lymph S1P 
levels could be due to different methods of S1P measure-
ment and difficulties in collecting lymph from mice. How-
ever, it is clear that SPNS2 is required for establishing the 
S1P gradient in the blood. Whether it has a similar role in 
establishing a gradient between tissue and lymph requires 
further study. Together, the data described above indicate 
that there are at least two sources of circulating S1P, one 
dependent on Mfsd2b in erythrocytes and platelets and an-
other dependent on SPNS2 in endothelial cells.

SPNS2 IN INFLAMMATION AND THE  
IMMUNE SYSTEM

In their pioneering work, Cyster and Schwab (31) dem-
onstrated that lymphocyte trafficking is mediated by S1PR1 
and regulated by the gradient of S1P, that is, higher con-
centrations in circulation than in tissues. The role of S1PR1 
signaling in trafficking and functions of many types of 

immune cells has been well established and extensively re-
viewed, and the reader is referred to reviews on this topic 
(31, 32). Thus, it is not surprising that growing evidence 
points to a key role of SPNS2 that regulates levels of S1P in 
the blood in immune cell trafficking and functions. Several 
studies have convincingly demonstrated that mice with a 
global (17, 18, 28) or endothelial-specific deletion of 
SPNS2 (25, 26, 29) are lymphopenic and exhibit decreased 
numbers of T- and B-cells in the blood, suggesting that 
SPNS2 functions in endothelial cells to establish the S1P 
gradient required for T- and B-cells to egress from their 
respective primary lymphoid organs. Redistribution of lym-
phocytes in mice lacking SPNS2 was not dependent on he-
matopoietic cells, as shown by bone marrow adoptive 
transfer experiments (28). While a major focus of research 
on SPNS2 has been on S1P-mediated regulation of im-
mune cell trafficking, it has been shown that S1P secreted 
from lymph endothelial cells by SPNS2 not only promotes 
trafficking but also survival of naive T-cells through S1PR1-
dependent mitochondrial maintenance (33). Indeed, the 
loss of SPNS2 has a profound effect on inflammatory re-
sponses. The deletion of SPNS2 impaired humoral im-
mune responses to immunization (18), reduced sensitivity to 

Fig. 2. Role of SPNS2 in metastasis. Deficiency of SPNS2 in mice leads to enhanced tumor cell killing by Teff and NK cells accompanied by 
reduced immunosuppressive Tregs, resulting in the attenuation of pulmonary metastases. Teff, effector T-cell; Treg, regulatory T-cell.
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antigen-induced airway inflammation and hypersensitivity, 
and attenuated delayed-type contact hypersensitivity (28). 
The global SPNS2 knockout mice are also less susceptible 
to chemically induced colitis and have attenuated collagen-
induced arthritis and experimental autoimmune encepha-
lomyelitis (28), a model that mimics the hallmarks of 
human multiple sclerosis. These studies indicate important 
roles for SPNS2-mediated S1P transport in the initiation 
and development of a wide variety of adaptive immune-
related pathologies.

SPNS2 also plays a role in innate immunity, as SPNS2 
knockouts have reduced IFN- responses to infections due 
to the inability of natural killer (NK) cells to egress from 
lymph nodes (30). Interestingly, S1P signaling in this case 
was linked to the activation of S1PR5, an observation that is 
consistent with previous studies indicating that S1PR5 is re-
quired for NK cells to mobilize to inflamed organs (34).

SPNS2 IN CANCER

S1P signaling has been linked to many cellular processes 
important for cancer progression, including cell growth 
and survival, metastasis, and chemoresistance (35–37). Sev-
eral recent studies suggest that SPNS2 may also be involved 
in these S1P-mediated effects. Overexpression of SPNS2 in 
nonsmall cell lung carcinoma cells increased S1P secretion 
but also led to increased apoptosis and decreased cell mi-
gration. Moreover, SPNS2 mRNA was downregulated in a 
small sample of human lung tumors (38). These counterin-
tuitive results could be explained by the need of these can-
cer cells for internal S1P signaling, dysregulated signaling 
through opposing S1PRs, or both. Conversely, SPNS2 was 
required for growth factor-induced lamellipodia formation 
and motility in endothelial cells (39). This was dependent 
on SphK1 activation, the generation of S1P, and SPNS2-
mediated extracellular transport of S1P and its inside-out 
signaling via S1PR1 (39). Similarly, SPNS2 was associated 
with increased EGF-mediated invasion of HeLa cells (40). 
This study also showed that EGF stimulated SPNS2-depen-
dent signaling through S1PR2 to promote invasion. How-
ever, in a twist on the classic inside-out S1P signaling model, 
this effect could not be blocked by an extracellular S1P 
neutralizing antibody, suggesting a novel intracellular action 
for SPNS2 to secrete S1P into an intracellular compartment 
such as endosomes, leading to the activation of S1PR2 
(40). Interestingly, in HeLa cells, the S1P-S1PR5 signaling 
axis promotes the mitotic transition, and although SPNS2 
was required for this, it was not clear whether this was 
due to secreted S1P (41). In contrast, the same S1P neutral-
izing antibody was shown to effectively block the progrowth 
SphK1-SPNS2-S1PR1-hypoxia-inducible factor 2 signaling 
cascade in renal carcinoma cells (42).

While there is some evidence that suggests a role for 
SPNS2 in cancer cells themselves, the importance of host 
SPNS2 in metastasis was recently highlighted by a massive 
screen of more than 800 randomly selected knockout mice 
for host genes that regulate susceptibility to metastatic col-
onization of the lung (43). This impressive screen involved 

injecting syngeneic melanoma cells into the tail veins of 
knockout mice and their wild-type littermates and then de-
termining the number of lung nodules. Interestingly, the 
strongest suppressor of metastatic colonization was the 
knockout of the SPNS2 gene (43).

The suppression of metastases was not due to a decrease 
in the ability of the cancer cells to enter the lung but rather 
rapid apoptosis of the cancer cells in the lung, indicating a 
hostile microenvironment in the knockout animals. The 
deletion of SPNS2, either globally or in a lymphatic endo-
thelial cell-specific manner, created lymphopenia. At first 
glance, it seems puzzling that decreasing lymphocytes in the 
lung would weaken metastatic colonization. However, it was 
demonstrated that despite a general decrease in T-cells, the 
ratio of effector T-cells to immunosuppressive regulatory 
T-cells was increased, and there also was an increase in NK 
cells in the lungs of SPNS2-deficient mice (Fig. 2). In addi-
tion, CD4+ and CD8+ T-cells from SPNS2 knockout animals 
had higher T-cell activities. Further, in vivo depletion stud-
ies demonstrated that CD8+ T-cells and NK cells contribute 
to the reduced pulmonary metastatic burden. This work 
represents a novel approach for studying the complicated 
role of host tissue in cancer metastasis and strongly suggests 
that SPNS2 could be an effective target for reducing metas-
tases after primary tumor resection by increasing the effi-
cacy of immunotherapy to kill the cancer cells.
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