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Abstract
Sphingolipids comprise a complex family of naturally occurring molecules that are enriched in
lipid rafts and contribute to their unique biochemical properties. Membrane sphingolipids also
serve as a reservoir for bioactive metabolites including sphingosine, ceramide, sphingosine-1-
phosphate and ceramide-1-phosphate. Among these, sphingosine-1-phosphate has emerged as a
central regulator of mammalian biology. Sphingosine-1-phosphate is essential for mammalian
brain and cardiac development and maturation of the systemic circulatory system and lymphatics.
In addition, sphingosine-1-phosphate contributes to trafficking and effector functions of
lymphocytes and other hematopoietic cells and protects against various forms of tissue injury.
However, sphingosine-1-phosphate is also an oncogenic lipid that promotes tumor growth and
progression. Recent preclinical and clinical investigations using pharmacological agents that target
sphingosine-1-phosphate, its receptors, and the enzymes required for its biosynthesis and
degradation demonstrate the promise and potential risks of modulating sphingosine-1-phosphate
signaling in treatment strategies for autoimmunity, cancer, cardiovascular disease and other
pathological conditions.

1. Introduction
Sphingolipids are present in all eukaryotic cells where they contribute to membrane biology
and signaling events that influence cell behavior and function 1,2. Sphingolipid metabolites
including ceramide, sphingosine, ceramide-1-phosphate (C1P) and sphingosine-1-phosphate
(S1P) have emerged as bioactive signaling molecules that regulate cell movement,
differentiation, survival, inflammation, angiogenesis, calcium homeostasis and immunity.
New insights regarding sphingolipids have been gained through identification and cloning of
genes encoding related enzymes, transporters and receptors and through development and
use of pharmacological agents that modulate the activities of these proteins. Pub-Med
citations for S1P alone number more than 2400, and novel paradigms emerge within the
field on a regular basis. After the recognition in 2002 3,4 that the active form of the
immunomodulatory agent FTY720 binds to four of the five known S1P receptors, there has
been a groundswell of research activity elucidating the fundamental role of S1P chemotactic
gradients in immune cell trafficking. In addition, recent studies have clarified mechanisms
by which S1P signaling contributes to embryogenesis, vascular biology, cardiovascular
physiology, carcinogenesis, stress responses, and tissue regeneration. Based on these recent
observations and the ever-changing armamentarium of pharmacological agents that
modulate S1P metabolism and receptor activation, the possibilities of harnessing S1P
signaling pathways for curative intervention are emerging. This review will highlight new
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findings on S1P-mediated biology and will touch briefly upon other recently identified
bioactive sphingolipid intermediates in this rapidly expanding field. For general background
on membrane sphingolipids, ceramide and enzymes of sphingolipid metabolism, the reader
is referred to several excellent reviews 1,2,5-7.

2. The sphingolipid metabolic pathway
The de novo biosynthesis and metabolism of sphingolipids is depicted in Figure 1.
Sphingolipid biosynthesis initiates in the endoplasmic reticulum (ER) where the rate-
limiting first step is catalyzed by serine palmitoyltransferase (SPT) 2. SPT is a heterotrimeric
complex that is negatively regulated by Orm proteins which have been associated with
predisposition to the development of asthma 8,9. Ceramide and sphingoid bases formed
through biosynthetic or recycling/degradation pathways can be phosphorylated at the sn1-
position by lipid kinases. The phosphorylated compounds can be dephosphorylated by
specific and nonspecific lipid phosphatases. Alternatively, S1P can be irreversibly degraded
by S1P lyase (SPL).

Cells maintain a dynamic balance of distinct sphingolipid metabolites, many of which are
bioactive, with ceramide and sphingoid bases serving as activators of cell death pathways,
whereas S1P and C1P primarily exert mitogenic effects. Altered regulation of the S1P/
ceramide ratio can lead to an imbalance in the “sphingolipid rheostat,” through which these
sphingolipid metabolites influence cell fate and tissue homeostasis. An extension of the
rheostat notion whereby ceramide kinase (CERK) regulates a critical balance between
ceramide and C1P has also been suggested 10.

The sphingolipid rheostat is ultimately only one of multiple factors that determine cellular
responses to bioactive sphingolipids, whose effects are modulated by their subcellular
localization, cellular import/export, protein carrier binding, and receptor and target
expression. In some cases, counteracting signals such as those emanating from pathways
activated by different S1P receptor subtypes and tissue S1P gradients generated by the
opposing actions of sphingosine kinase (SphK) and SPL weigh heavily in determining how
sphingolipids will influence cell behavior. Thus, in lieu of the two-dimensional rheostat
model, we favor a multidimensional “sphingodynamics” model to represent the complexity
of sphingolipid-mediated biology as we now understand it (Figure 2).

3. S1P metabolizing enzymes
Sphingosine kinases

Two highly homologous sphingosine kinase isoenzymes, SphK1 and SphK2, have been
characterized 11-13. Both enzymes phosphorylate sphingosine and dihydrosphingosine,
although SphK2 has broader substrate specificity, catalyzing phosphorylation of
phytosphingosine and the sphingoid base analog FTY720. SphK1 promotes cell growth,
whereas both overexpression and downregulation of SphK2 have been shown to inhibit cell
growth and enhance apoptosis in different model systems. Despite these differences, the
functions of SphK1 and SphK2 are at least partly redundant, since mice lacking either
isoform maintain nearly normal S1P levels and lack severe phenotypes. In contrast, the
SphK1/SphK2 double knockout mouse is embryonic lethal due to incomplete maturation of
the vascular system and brain 14. Both SphK isoforms have also been found within the
centrosome, where it is suggested they may play a role in regulating spindle formation and
mitosis 15 (Figure 3).

SphK1 is the major enzyme responsible for S1P synthesis and as such is highly regulated at
all stages of expression through a combination of epigenetic, transcriptional and post-
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translational mechanisms 11. Membrane recruitment of SphK1, which is important in its
activation, was recently found to be regulated by the Ca2+-myristoyl switch protein calcium
and integrin-binding protein 1 (CIB1) 16. SphK1-generated S1P has been implicated in
many physiological and pathological processes, including the regulation of blood pressure
and vascular permeability, carcinogenesis and allergic responses, as described in the related
sections below.

In addition to its pharmacological role in activating FTY720 and overlapping functions with
SphK1, SphK2 also appears to generate specific signaling pools of S1P. For example,
SphK2-derived S1P has been implicated in uterine deciduation (shedding of endometrial
tissue during menstruation), histone deacetylase-mediated transcriptional regulation (see
below), macrophage polarization and tumor association, regulation of cytokine expression,
and protection from ischemia-induced renal and cerebral tissue injury 17-21. There is
evidence that SphK2 also mediates effects independently of S1P. For example, SphK2
contains a BH3-domain that may be responsible for its induction of apoptosis in an S1P
receptor-independent fashion that involves its direct interaction with Bcl-xL, release of
cytochrome c and activation of caspase-3 22. A recent study revealed that the N-terminus of
SphK2 is cleaved in a caspase-1-dependent manner, leading to release of a truncated but
enzymatically active SphK2 fragment from cells undergoing apoptosis 23. Interestingly, the
N-terminus also contains a lipid-binding domain proposed to facilitate SphK2 translocation
to the membrane and which would presumably be disrupted by caspase-mediated cleavage
24. Finally, studies suggest that SphK2 may contribute to the regulation of CD4+ T cell
responses to interleukin 2 in an S1P-independent manner 25.

A viable mouse model lacking circulating S1P in the blood and lymphatics due to
generalized SphK2 disruption and conditional disruption of SphK1 in blood stem cells,
vasculature, liver and some additional tissues has been generated 26. Aside from
lymphopenia due to a trafficking defect, no other phenotype associated with this model has
been described. This suggests that sphingosine kinase is not essential postnatally or that it is
required in a limited number of tissues. Further examination of the “S1P-less” mouse model
and of SphK1 and SphK2 knockout mice in post-natal life under different experimental
conditions may uncover more subtle physiological functions of the sphingosine kinases and
S1P. Conversely, strategies to selectively modulate catalytic and/or non-enzymatic activities
of SphK1 and SphK2 may ultimately be useful in the treatment of diseases in which their
functions are implicated.

S1P phosphatases
Several enzymes with lipid phosphatase activity can dephosphorylate S1P 27,28. SPP1 and
SPP2 are differentially expressed sphingoid base-specific phosphatases located in the ER.
SPP2 is expressed in embryonic mouse kidney and, in combination with SphKs, plays a role
in regulating S1P levels in metanephric mesenchyme, thereby influencing branching
morphogenesis during kidney development 29. The SPPs may control the flow of sphingoid
bases into different metabolic pathways, and SPP1 has been implicated in regulating
ceramide levels in the ER, which affects transport of both ceramide and proteins from the
ER to the Golgi apparatus 30. SPP1 appears to gain access to extracellular S1P via its import
into the cell by an ATP-binding cassette (ABC) transporter 31. A combination of
experimental results and the finding of altered SPP1 and SPP2 mRNA levels in various
diseased tissues has implicated S1P phosphatases in the regulation of microvascular tone
and the pathophysiology of inflammatory diseases, cancer and other conditions.

Alternatively, S1P and C1P can be dephosphorylated by a family of broad-specificity lipid
phosphatases known as LPPs. As with the SPPs, ecto-LPP activity is involved in regulating
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extracellular S1P signaling and uptake, as well as the dephosphorylation of C1P and
FTY720-phosphate 32.

S1P lyase
S1P can be irreversible degraded by the intracellular protein S1P lyase (SPL) 33. In this
reaction, the sphingoid base is cleaved at position C2,3 yielding hexadecenal and
ethanolamine phosphate. Murine SPL is ubiquitiously expressed with highest levels found in
intestine, thymus and olfactory mucosa. However, we have also observed upregulation and
activation of SPL in response to ischemia, radiation and chemical injury in other tissues (our
unpublished data). Further, SPL has been implicated as a downstream target of PDGF
signaling and was identified in a screen for nitrosylated proteins 34,35. Together, these
findings suggests that SPL may play a dynamic role in the response to tissue injury and that
resting expression patterns of SPL expression may be misleading.

SPL knockout mice fail to survive beyond weaning. Anemia, myeloid cell hyperplasia and
multiple congenital anomalies were observed in SPL null mice, including pathological
lesions in the lung, heart, urinary tract, and bone 36. These findings may be associated with
the accumulation of long chain bases and ceramides, in addition to high and possibly
cytotoxic levels of S1P in neurons and vital organs 37,38.

SPL also appears to have an impact on global lipid metabolism. In Drosophila, SPL
products were found to contribute to the formation of phosphatidylethanolamine, which is
essential for regulated processing of sterol regulatory element-binding proteins (SREBP)
and the transcriptional control of lipid biosynthesis 39. Tissues of SPL null mice exhibited
changes in expression of PPARγ and other genes involved in lipid metabolism, and elevated
diacylglycerol, triacylglycerol, phospholipids and total and esterified cholesterol levels were
detected in plasma and liver 38. Despite these findings, SPL knockout mice were lean. The
fatty liver, elevated triglycerides and striking lack of adipose tissue in SPL knockout mice
are reminiscent of the human lipodystrophies, a collection of diseases marked by lipid
metabolic disturbances and deficient adipose tissue. Further study will be required to
determine whether these features are due to failure of adipocyte development and
differentiation, increased adipocyte destruction, or a qualitative defect in adipocytes or other
metabolic functions. While much remains to be determined about the etiology of the SPL
null mouse phenotype, these findings suggest that sphingolipids may be important regulators
of global lipid homeostasis and may play a part in the development of metabolic syndromes,
as previously proposed 40.

In addition to regulating S1P pools and upstream sphingolipid intermediates, SPL exerts
effects through its products, such as the requirement in Leishmania major for ethanolamine
phosphate to grow vegetatively and infect humans 41. SPL-catalyzed production of the
reactive molecule hexadecenal may also have biological import, possibly via formation of
DNA or protein adducts, although this remains a relatively unexplored area.

4. S1P receptors and transporters
Five mammalian G protein-coupled S1P receptors (S1P1-5) have been identified. The
deployment of receptor agonists, antagonists and murine receptor knockout models
combined with the characterization of specific receptor expression patterns is helping to
clarify the unique biological functions of each receptor subtype 42-44. S1P receptor signaling
contributes to a wide range of physiological functions, including maturation of the vascular
system, blood vessel permeability and pathological angiogenesis (S1P1,2), blood pressure
regulation, histamine clearance, and recovery from anaphylaxis (S1P2), immune cell egress
from tissue compartments (S1P1,5), inner ear development (S1P2), pulmonary epithelial
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integrity (S1P3), perinatal survival (S1P2,3), hematopoietic, vascular and stem cell survival
and cytokine production (S1P1,4), and neuronal functions such as axon guidance and
oligodendrocyte survival (S1P5)44-48. The S1P receptors are regulated through distinct
mechanisms, such as transcriptional regulation of S1P1 by Krüppel-like factor 2 and S1P1's
exquisite sensitivity to ligand-induced internalization 49, as compared to the transcriptional
regulation of S1P5 by T-bet and its lack of agonist-mediated downregulation 50. The
expression, subcellular localization and membrane context of specific S1P receptors on
different static and migrating cell populations are major determinants in their responses to
S1P. S1P receptors could also potentially emit signals in the absence of S1P ligand, as has
been described for netrins. The G protein partners, downstream signaling events and
biological functions of the S1P receptors have been reviewed extensively 51,52. Therefore,
individual receptor functions will be discussed further only within the context of specific
diseases in the sections below.

Several proteins have been implicated in cellular export of S1P. Members of the ABC
transporter family have been linked to the release of S1P from blood cells, which are the
primary source of blood S1P 53,54. The zebrafish spinster 2 (Spns2) gene (named after the
Drosophila gene Spin with which it is homologous) was identified as a mutant exhibiting
cardia bifida, a congenital heart malformation caused by failure of cells of the cardiogenic
mesenchyme to migrate to the midline during cardiac morphogenesis. The cardia bifida
phenotype had been previously reported in zebrafish S1P receptor mutants, thereby leading
to identification of the multipass transmembrane Spns2 protein as an S1P transporter 55,56.
Interestingly, Drosophila Spin mutants exhibit neurodegeneration and accumulation of
lipofuscin-like materials in the central nervous system 57, suggesting they may represent an
invertebrate form of S1P sphingolipidosis.

The vertebrate S1P transporter and receptor mutant phenotypes raise the possibility that S1P
signaling or transport defects may underlie a subset of human congenital cardiac anterior/
posterior segmental defects. Although the most severe of these (cardia bifida) would not
allow survival to parturition, more subtle defects could be compatible with life. S1P
signaling may influence proteins involved in cardiac cell migration and possibly other
critical events during development of the primitive heart tube. Elucidating such interactions
may reveal the specific molecular mechanisms by which S1P contributes to cardiac and
other developmental programs.

5. Intracellular S1P signaling
A variety of studies performed in organisms lacking identifiable S1P receptors show that
disrupting S1P metabolism can result in marked changes in cell migration, Ca2+

mobilization, stress responses, endocytosis, tissue homeostasis, infectivity, viability and
reproduction 58. These effects could be explained by the direct interaction of S1P with
intracellular targets. However, they could also be caused by altered membrane functions or
other nonspecific effects of sphingolipids. Thus, the intracellular signaling function of S1P
has remained a controversial issue.

An exciting recent study in mammalian cells has shown that SphK2 and its product S1P are
assembled in corepressor complexes containing histone deacetylase 1 and 2 (HDAC1-2).
Nuclear S1P-containing HDAC complexes prevent deacetylation of lysine residues within
the histone tail, thereby affecting its DNA binding and resulting in upregulation of p21 and
c-fos 18 (Figure 3). This study demonstrates that intracellular S1P may act directly upon
molecular targets in the nucleus to influence gene expression. This study raises many
interesting questions, such as how SphK2 nuclear translocation is regulated, which genes are
under the control of S1P-containing HDAC complexes, whether nuclear S1P receptors are
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involved in nuclear S1P-mediated events, and whether nuclear SphK/S1P contributes to
epigenetic changes associated with cancer, development or other diseases 59,60. It also
suggests the interesting possibility that nuclear SphK2/S1P could provide a strategy to
upregulate p21 and thereby promote apoptosis in p53-deficient cancer cells.

6. S1P in invertebrate development
Invertebrate models have also contributed to our understanding of the role of S1P in
development, particularly with regard to S1P metabolism. Drosophila sphingosine kinase 2
(Sk2), dihydroceramide desaturase (ifc) and S1P lyase (Sply) mutants display non-lethal
developmental defects and tissue degeneration in reproductive organs and flight muscles
33,61. Reproductive defects have also been observed in response to SPL knockdown in
Caenorhabditis elegans 33. A mutation in the Drosophila CERK gene was recently shown to
be associated with photoreceptor degeneration 62. In the context of developmental programs
lacking obvious S1P receptors, these phenotypes most likely represent receptor-independent
effects that may result when ceramide and/or other sphingolipid intermediates perturb
membrane structure, calcium homeostasis and/or protein functions. However, aberrant
signaling through as yet unrecognized primitive S1P-binding receptors also remains a
possibility. Interestingly, developmental abnormalities observed in the female gonads of
SPL mutant fruit flies and nematodes were recently found to be mirrored by similar defects
in homozygous SPL knockout mice 63. Further, S1P signaling contributes to mammalian
muscle homeostasis and regeneration as it does in fruit flies 64 (our unpublished
observations). Thus, we suspect that some phenotypes associated with vertebrate and
invertebrate sphingolipid mutant lines will prove to be harbingers of as yet undiscovered
S1P signaling roles in mammalian biology.

7. S1P signaling and human disease
S1P and the hematopoietic/immune systems

The lead observation that FTY720, a synthetic immunomodulatory agent modeled after the
fungal toxin myriocin, is phosphorylated in vivo and induces lymphopenia by binding to S1P
receptors has resulted in an extraordinary series of reports that have begun elucidating the
role of S1P signaling in immunity 65 66. Many of the studies have been reviewed elsewhere
67-69. The collective work of many investigators has revealed that S1P signaling through its
cognate receptors regulates T, B, natural killer (NK) and hematopoeitic stem cell trafficking
through the generation of both systemic and localized chemotactic gradients (Figure 4).

In brief, a major S1P gradient is generated by erythrocyte SphK1, which is primarily
responsible for the high blood levels of S1P, coupled with a thymic source of SPL that is
likely of hematopoietic origin and serves as an S1P sink. As thymocytes reach maturity, they
begin to express S1P1, which allows them to sense the gradient and move into the
bloodstream. However, a local S1P gradient generated by SphK harbored in neural crest-
derived pericytes ensheathing blood vessels located at the corticomedullary junction is
required to facilitate T cell egress into the circulation 70.

Lymphocytes continually enter and exit lymph nodes (LN), wherein they may encounter
antigen and become stimulated. Upon stimulation and in response to factors such as
interferon, T cells express the activation marker CD69, which complexes with S1P1 and
leads to its downregulation, thereby preventing T cell egress from the LN. Once S1P1 is re-
expressed, T (and B) cells move to the LN cortical sinus and the efferent lymphatics in
response to a local S1P gradient generated by the lymphatic endothelium. The actions of
FTY720 and another S1P1 agonist SEW2781 prevent T and B cell egress from LN and
peyer's patches, whereas inhibition of SPL by 2-acetyl-4-tetrahydroxybutylimidazole (THI),
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deoxypyridoxine or the Lexicon Pharmaceuticals agent LX2931 eliminates the S1P gradient,
with the same result. FTY720 and LX2931 are in clinical trials for autoimmune diseases
including multiple sclerosis and rheumatoid arthritis. Considering the efficacy already
shown by these compounds, and in light of earlier studies investigating the immunological
actions of THI, they are likely to offer therapeutic value in a variety of disorders of immune
disregulation and possibly in solid organ transplantation 71,72.

Similar S1P-dependent mechanisms appear to be responsible for mediating hematopoietic
progenitor cell (HPC) egress from bone marrow and the migration of other hematopoietic
cell types 73. For example, NK cells express both S1P1 and S1P5, which together contribute
to the ability of NK cells to egress from bone marrow and LNs 50. If S1P1 is such an
efficient system for regulating immune responses, why are other S1P receptors needed on
immune cells? The role of NK cells in tumor surveillance and innate immunity and other
specific functions of non-lymphoid immune cells may be better served by independence
from the sensitive regulatory feedback mechanisms that affect S1P1. As more specific
reagents become available, the functions of other S1P receptors that may have been
overshadowed by the profound interaction between FTY720 and S1P1 are likely to be
uncovered.

In addition to these trafficking functions, S1P helps to regulate the “settling” of bone
marrow-derived thymic progenitors (TCPs) in the thymus 74. TCP homing is an oscillating
process that requires interactions between thymic P-selectin-expressing endothelial cells and
P-selectin ligand-expressing TCPs. Although the presence of early TCPs within the thymic
cortex appears to be the major feedback signal regulating inflow of new TCPs, S1P
signaling adds another layer of regulation by controlling endothelial expression of P-
selectins. Interestingly, in addition to exhibiting a lymphocyte egress defect, SPL knockout
mouse thymi have unexplained cortical destructive changes 75. These changes could
potentially be due to high thymic S1P levels, reduced P-selectin expression and defective
progenitor homing. This is consistent with the finding that the SPL inhibitor DOP inhibits
thymic receptivity to TCPs 74.

Finally, S1P signaling has an impact on other hematopoietic cell functions, including the
migration and functions of osteoclast precursors, hematopoietic stem cells, dendritic cells,
mast cells, regulatory T cells, macrophages and pre-B cells 67,76-80. These cumulative
findings establish S1P as a major regulator of innate and adaptive immunity. They also raise
new questions. For example, the cellular sources of SPL that produce S1P gradients, the role
of S1P signaling in lymphocyte development, and how S1P signaling contributes to tissue
gating and barrier functions remain poorly understood areas. Further, it will be important to
establish whether S1P signaling defects are responsible for inborn or acquired immune
diseases and to assess the long-term effects of pharmacological suppression of lymphocyte
circulation on thymic education and peripheral lymphoid organ functions. These and other
enigmas should become clear as investigators continue to exploit powerful experimental
tools including conditional knockouts, highly specific agonists/antagonists, and specific cell
labeling approaches. It is difficult to keep pace with the rapidly moving target of S1P in the
immune system, and this review only captures a single frame in a complex and continuing
story.

S1P in cardiovascular disease and tissue injury
S1P enhances mammalian cardiomyocyte survival during hypoxia and contributes to
ischemic preconditioning and recovery from ischemia/reperfusion (I/R) injury 81. These
effects appear to be mediated through S1P1 activation and downstream signaling through
Akt. I/R-induced infarction was augmented in hearts from S1P2/S1P3 double null mice as
compared to control mice, suggesting that these receptors contribute to cardioprotection as
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well. Importantly, recent studies suggest that the S1P1 agonists FTY720 and SEW2871 may
provide protection against stroke and ischemic injury in other tissues 82.

SPL inhibition may serve as another strategy for mediating cardioprotection. Using an ex
vivo murine model of I/R, we have observed activation of SPL through a post-translational
mechanism in ischemic hearts (our unpublished results). SPL-deficient mice and mice pre-
treated with THI exhibited reduced infarct size and improved functional recovery compared
to controls. SPL inhibition also affords protection in murine LPS-induced acute lung injury
models (personal communication, Viswanathan Natarajan). Together, these findings raise
the possibility that S1P analogs and SPL inhibitors currently undergoing testing as
immunomodulators may be further developed for cardioprotection, to prevent sepsis-related
tissue injury, and for use in other clinical scenarios in which S1P has been implicated such
as radioprotection and preservation of fertility 83.

High density lipoprotein (HDL) is an important circulating lipoprotein complex which
confers protection against atherosclerosis and heart disease. HDL along with albumin are
major plasma carriers of S1P, and evidence suggests that many actions of circulating HDL
are mediated through its cargo lipid, S1P 84. By carrying S1P to its receptors and facilitating
S1P/S1P-receptor interactions, HDL stimulates endothelial nitric oxide production,
vasodilation, cardioprotection and survival. These findings raise the exciting possibility that
S1P receptor agonists may serve as HDL mimics.

S1P and cancer
In contrast to the protective role of S1P signaling in cardiovascular disease, S1P is a
contributing factor in carcinogenesis. Overexpression of murine SphK1 in 3T3 cells induces
transformation via a Ras-dependent signaling pathway 85. Further, human SphK1 is
upregulated in many cancers 11. These findings demonstrate that SphK1 functions as an
oncogene. Sphk1 upregulation often correlates with higher clinical grade and chemotherapy
resistance, whereas inhibition of SphK activity increases apoptosis and autophagy in cancer
cells. Additional studies implicate SphK1 in adhesion and migration of cancer cells,
properties associated with metastatic potential. SphK1 appears to promote cancer growth via
multiple mechanisms, including autocrine S1P signaling intrinsic to cancer cells, by
promoting tumor angiogenesis, and by modulating the microenvironment. Importantly,
sequestering S1P with a specific S1P monoclonal antibody blocks tumorigenesis and tumor
angiogenesis in murine xenograft and allograft cancer models 86. SphK1 is activated by
many stimuli, which lead to its upregulation and/or membrane translocation. Its stable
upregulation in cancer appears to occur at the transcriptional level in response to hypoxia-
inducible factor 1α (HIF1α), estrogen and other growth factors but has not been associated
with SphK1 gene translocations or amplifications.

In contrast to SphK1, SPL and SPP expression are variably up- and down-regulated in a
variety of different human cancers and murine cancer models. SPL promotes apoptosis
through p53- and p38-dependent pathways, whereas SPL gene disruption in mouse
embryonic fibroblasts increases their resistance to chemotherapeutic agents by upregulation
of Bcl-2 and Bcl-xL 87,88. SPL is activated by stress and, its upregulation in some cancers
may be secondary to the unfavorable conditions of the tumor environment or in response to
S1P generation by tumor cells 87. Whether SPL functions as an anti-oncogene whose
inactivation contributes directly to carcinogenesis will require further study.

Pharmacological strategies to prevent tumor progression by inhibiting S1P biosynthesis,
increasing its catabolism and modulating receptor signaling appear promising and may add
significantly to the armamentarium of adjuvant cancer chemotherapeutics 11. However, S1P2
knockout mice were recently shown to develop diffuse large B cell lymphomas at a high

Fyrst and Saba Page 8

Nat Chem Biol. Author manuscript; available in PMC 2011 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



rate, and human diffuse B cell lymphoma samples were found to contain somatic mutations
in S1P2 89. Thus, S1P signaling has the potential to act in oncogenic and antioncogenic
fashion, raising the possibility that inhibiting S1P signaling could potentially carry a risk of
secondary malignancy. In addition, the impact on the immune system of modulating S1P
signaling for treatment of cancer or other diseases remains untested. Despite these concerns,
targeting S1P signaling seems a propitious new avenue for cancer treatment.

8. Novel bioactive sphingolipid metabolites (Table 1)
Ceramide-1-phosphate (C1P)

In contrast to the pro-apoptotic lipid ceramide, C1P is a ceramide metabolite that stimulates
DNA synthesis and blocks apoptosis in cell cultures (reviewed in 90). Phosphorylation of
ceramide at the sn-1 position is mediated by CERK 91. The C-terminal domain contains a
Ca2+/calmodulin binding motif, and the N-terminal domain contains a pleckstrin homology
domain known to bind phosphoinositol-4,5-bisphosphate. CERK is activated by anionic
lipids, and cardiolipin functions as a cofactor. Intracellular C1P activates cytosolic
phospholipase A2 by increasing its association with the plasma membrane, resulting in
increased prostaglandin formation. In addition, CERK is involved in neutrophil
phagolysosome formation and mast cell degranulation. Exogenously applied C1P was
shown to mediate macrophage migration through activation of a Gi-coupled receptor,
leading to downstream activation of ERK1/2 and Akt 90,92. Recently, a photolabile caged
C1P was synthesized, which may help to elucidate C1P-mediated biology and mechanisms
of its action 93.

Ceramide-phosphoethanolamine (CPE)
Sphingomyelin (SM), the major phosphosphingolipid in mammalian systems, is formed by
transfer of a phosphocholine from phosphatidylcholine to ceramide in a reaction catalyzed
by SM synthase (SMS) 2. In insects, the major phosphosphingolipid is ceramide-
phosphoethanolamine (CPE), formed by CPE synthase activity 94. Mammalian cells contain
a family of SMSs exhibiting different substrate specificities 94,95. SMS1 resided in the Golgi
and catalyzes the formation of SM. SMS2 resides in the plasma membrane, where it
catalyzes the formation of both SM and CPE. A SMS-related enzyme (SMSr) resides in the
ER of mammalian and insect cells, where it catalyzes the formation of CPE in the ER
lumen. In mammalian cells, the cellular content of CPE is several hundred-fold lower than
SM. Nevertheless, CPE formed in the SMSr reaction is crucial for normal cell functioning,
and blocking this enzymatic step results in increased ER ceramide levels and a defect in the
early secretory pathway 94. Based on this observation, a model in which SMSr functions as a
ceramide sensor and regulator has been proposed.

1-deoxy-sphingoid bases
Fumonisin mycotoxins belonging to the B-series are sphingoid base-like molecules lacking
the 1-hydroxyl group. Fumonisin B1 exerts toxicity by inhibiting ceramide synthase. The
endogenous compounds 1-deoxy-DHS and its N-acylated form, 1-deoxy-dihydroceramide
are similar molecules formed in mammalian cells. These compounds can accumulate to
cytotoxic levels due to absence of the 1 hydroxyl group, preventing their conversion to
higher order sphingolipids or catabolism through the sphingolipid recycling/degradation
pathway. Elevated levels of endogenous 1-deoxy-sphingoid bases occur in patients with
hereditary sensory and autonomic neuropathy type 1 (HSAN1) 96. In HSAN1 patients, a
mutation in the Sptlc1 gene encoding a subunit of SPT results in a change in the active site
of the enzyme, allowing it to preferentially use L-alanine and L-glycine in lieu of L-serine
for the condensation with acyl-CoA, leading to formation of 1-deoxy-DHS and 1-
deoxmethyl-DHS, respectively. The molecular target of 1-deoxy-DHS and cause of the
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characteristic pain symptomatology of HSAN1 patients remain unknown. However,
overexpression of a wild type SPT1 subunit rescues the phenotype of HSAN1 in mouse
models 96. Further, preclinical studies feeding L-serine to HSAN1 mouse models appear
promising, indicating the potential of employing a substrate competition strategy to treat
HSAN1 patients (Florian Eichler, personal communication).

Sphingadienes
Unique sphingoid bases differing from sphingosine in the number and position of double
bonds, hydroxyl groups and chain-branching have been identified in nature. Sphingadienes,
containing two double bonds in the sphingoid base, are found both as free bases and as part
of complex sphingolipids in legumes and insects. Soy sphingolipids exert cytotoxic effects
on malignant colonic epithelial cell lines and suppress intestinal tumorigenesis in a rodent
model of colon cancer 97. The presence of the sphingadiene backbone appears to be at least
partly responsible for this effect 98. Sphingadienes exert cytotoxicity by preventing Akt
translocation from the cytosol to the membrane, thereby reducing protein translation and
promoting autophagy and apoptosis 98. Thus, sphingadienes are being explored for their
potential utility in chemoprevention and cancer treatment.

8. Summary and future perspectives
New insights regarding sphingolipid-mediated biology emerge each year, and more selective
pharmacological agents are continually being identified, rationally designed and tested for
treatment of autoimmune disease, cardiovascular disease, cancer, and other conditions, such
as the use of the monoclonal S1P antibody iSONEP to treat neovascular age-related macular
degeneration. The early results of these studies indicate that we are moving in the right
direction, and the potential of modulating S1P and other sphingolipid signaling pathways for
therapeutic benefit will be realized.
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Nonstandard abbreviations used

ABC ATP-binding cassette

Cer ceramide

C1P ceramide-1-phosphate

CERK ceramide kinase

CIB1 calcium and integrin-binding protein 1

CPE ceramidephosphoethanolamine

DHS dihydrosphingosine

ER endoplasmic reticulum

HDAC histone deacetylase

HDL high density lipoprotein

HPC hematopoietic progenitor cell

ERK extracellular signal-regulated kinase
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GluCer glucosylceramide

HIF hypoxia-inducible factor

HSAN1 autonomic neuropathy type 1

I/R ischemia/reperfusion

LN lymph node

LPP lipid phosphate phosphatase

NK natural killer

SD sphingadiene

So sphingosine

S1P sphingosine 1-phosphate

SM sphingomyelin

SMS sphingomyelin synthase

SMSr sphingomyelin synthase-related

SphK sphingosine kinase

SPL sphingosine 1-phosphate lyase

SPP sphingosine-1-phosphate phosphatase

SPT serine palmitoyltransferase

TCP thymic T cell progenitor

THI 2-acetyl-4-tetrahydroxybutyl-imidazole
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Figure 1. The sphingolipid metabolic pathway
The de novo biosynthesis of sphingolipids initiates in the endoplasmic reticulum (ER) where
serine palmitoyltransferase condenses L-serine and palmitoyl-CoA, generating 3-
ketodihydrosphingosine (3-keto-DHS), which is rapidly reduced to form dihydrosphingosine
(DHS). DHS is N-acylated to form dihydroceramide, which is further converted into
ceramide by the introduction of a double bond in the DHS base. Newly synthesized
ceramide is transported to the Golgi apparatus where it is converted to sphingomyelin (SM)
and glucosylceramide (GluCer). Ceramide transport to the Golgi is facilitated by CERT as
well as vesicular transport 99. Transfer of GluCer from the cytoplasmic to the luminal side of
the Golgi for the synthesis of complex glycosphingolipids (GSL) is facilitated by FAPP2 99.
SM and GSL are transported via vesicles from the Golgi to the plasma membrane. The
recycling/degradation of higher order sphingolipids in the plasma membrane or lysosomal
compartment also gives rise to ceramide, which can be further deacylated to yield
sphingosine 100. Sphingosine and ceramide can be phosphorylated and de-phosphorylated by
kinase and phosphatase activities, which exist in multiple compartments (see text for
details). Sphingosine-1-phosphate (S1P) can be irreversibly degraded by S1P lyase located
at the cytoplasmic side of the ER. Alternatively, S1P can be de-phosphorylated by specific
phosphatases at the luminal side and converted back to ceramide for recycling (salvage
pathway). The salvage pathway may also utilize sphingosine exiting directly from the
lysosome. SM synthase activity resulting in ceramide-phosphoethanolamine (CPE)
formation is found in the plasma membrane and ER.
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Figure 2. Sphingodynamics
A sphingodynamics model represents the sum of balanced and unbalanced forces exerted
upon cells via the interplay between bioactive sphingolipids and their targets in cells,
membranes, tissues and circulating fluids. Cer = ceramide; So = sphingosine; SD =
sphingadiene.
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Figure 3. S1P signaling in the nucleus
Recently, nuclear functions of S1P have been revealed. Signaling through nuclear-associated
S1P1 regulates gene transcription in endothelial cells and T-cells, thereby affecting
vasculature and immune functions 59,60. S1P formed by SphK2 inhibits histone
deacetylases. Complexes containing SphK2 and histone deacetylases are enriched in the
promotor regions of p21 and c-fos genes 18. S1P5 and both SphK isoforms are found within
the centrosome, where they have been postulated to play a role in spindle formation and
mitosis 15.
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Figure 4. S1P signaling in immunity and tissue injury
S1P signaling contributes to many aspects of innate and adaptive immunity.
Pharmacological modulation of this pathway may attenuate tissue injury from autoimmune
diseases, ischemia, sepsis and other conditions. 1) S1P/S1P1,2,3 mediates cardioprotection.
Pharmacological activation of S1P1 and/or inhibition of SPL protect against cardiac and
renal ischemia/reperfusion injury. 2) Lymph S1P is generated by lymphatic endothelium.
This S1P source is required for lymphatic patterning and lymphocyte egress from lymph
nodes and Peyer's patches. FTY720-phosphate blocks lymphocyte trafficking through
functional antagonism and prolonged downregulation of S1P1 65 66. 3) S1P/S1P2 inhibits
macrophage migration. S1P signaling contributes to trafficking/effector functions of bone
marrow (BM)-derived cells of innate immune system. 4) S1P regulates thymic endothelial
P-selectin expression, settling of TCPs and mature T cell egress at the thymic
corticomedullary junction, where pericyte-generated S1P guides S1P1-expressing
thymocytes into the circulation. 5) SPL in the thymus helps establish S1P chemotactic
gradients. 6) Complement activation induces release of S1P from erythrocytes, facilitating
hematopoietic progenitor cell egress from BM. 7) S1P/S1P1 facilitates pre-B cell egress
from BM into the circulation. 8) S1P/S1P1 regulates migratory behavior of osteoclast
precursors (relevant to pathophysiology of rheumatoid arthritis and osteoporosis). 9) S1P/
S1P1,5 facilitates NK cell egress from BM and lymph nodes. 10) S1P/S1P1 induces marginal
zone B cell migration into follicles. 11) S1P/S1P1 and SPL inhibition reduce endotoxin-
induced lung injury. 12) HDL-bound S1P may mediate protection from atherosclerosis. 13)
S1P/S1P1,2,3 regulates vascular permeability and arterial pressure. 14) Erythrocytes and
platelets generate blood S1P.
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Table 1

Bioactive metabolites and pharmacological agents.

Structure/Name Mechanism Functions/Targeting Utility Reference/Review

•Ligand for G protein coupled
receptors S1P1-5
•Intracellular control of calcium
homeostasis
•Intranuclear regulation of histone
deacetylation

•Survival/ Mitogenesis
•Cell adhesion
•Developmental functions
•Vascular permeability
•Immune cell trafficking
•Angiogenesis
•Cardioprotection
•Carcinogenesis
•Tumor progression
•Antibodies in use for macular degeneration and
cancer
•Sphingosine kinase inhibitors for cancer

This manuscript

•Ligand for G protein coupled
receptor
•Inhibition of acid sphingomyelinase
•Inhibition of serine
palmitoyltransferase
•Activation of cPLA2

•Survival/DNA synthesis
•Inhibition of apoptosis
•Inflammation
•Eicosanoid synthesis
•Mast cell degranulation
•Neutrophil phagocytosis

(90)

• Regulation of ceramide homeostasis •Apoptosis
•Early secretory pathway

(94, 95)

• Inhibition of Akt translocation/
signaling

•Apoptosis
•Autophagy
•Chemoprevention

(98)

• Unknown •Neuronal cell death
•HSAN1 disease

(96)

• S1P receptor agonist •Lymphocyte trafficking
•Immunomodulation for autoimmune diseases
•Immunomodulation for solid organ transplantation

(67-69)

• Inhibition of sphingosine-1-
phosphate lyase

•Lymphocyte trafficking
•Cardioprotection
•Protection from lung injury

(33)
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