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Abstract

The sphingosine kinases, SK1 and SK2, produce the
potent signaling lipid sphingosine-1-phosphate (S1P).
These enzymes have garnered increasing interest for
their roles in tumorigenesis, inflammation, vascular dis-
eases, and immunity, as well as other functions. The
sphingosine kinases are considered signaling enzymes
by producing S1P, and their activity is acutely regulated
by a variety of agonists. However, these enzymes are
also key players in the control of sphingolipid metabo-
lism. A variety of sphingolipids, such as sphingosine and
the ceramides, are potent signaling molecules in their
own right. The role of sphingosine kinases in regulating
sphingolipid metabolism is potentially a critical aspect of
their signaling function. A central aspect of signaling lip-
ids is that their hydrophobic nature constrains them to
membranes. Most enzymes of sphingolipid metabolism,
including the enzymes that degrade S1P, are membrane
enzymes. Therefore the localization of the sphingosine
kinases and S1P is likely to be important in S1P signal-
ing. Sphingosine kinase localization affects sphingolipid
signaling in several ways. Translocation of SK1 to the
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plasma membrane promotes extracellular secretion of
S1P. SK1 and SK2 localization to specific sites appears
to direct S1P to intracellular protein effectors. SK local-
ization also determines the access of these enzymes to
their substrates. This may be an important mechanism
for the regulation of ceramide biosynthesis by divert-
ing dihydrosphingosine, a precursor in the ceramide
biosynthetic pathway, from the de novo production of
ceramide.

© 2010 Baishideng. All rights reserved.
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INTRODUCTION
Sphingosine-1-phosphate (S1P) has repeatedly lived up

to its namesake, the sphinx, as an intriguing and enig-
matic molecule. S1P, and the enzymes that produce it,
the sphingosine kinases (SKs), have become of relatively
recent interest, stemming largely from the seminal work
of Olivera ¢f al". The explosion of research into their
function has produced fascinating insights into the basic
mechanisms of sphingolipid biosynthesis, metabolism,
and signaling, and on the clinical importance of sphingo-
sine-1-phoshate and the sphingosine kinases. This review
focuses on the role of subcellular compartmentalization
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and translocation of the sphingosine kinases and S1P as
a critical element of their function. Understanding lipid
signaling requires embracing the concept that both the
substrates and products of the signaling enzymes are
lipophilic and therefore are incorporated in the mem-
branes of the cell. This places particular constraints on
how the substrates are accessed by the relevant enzymes
and how the signaling products encounter their effectors.
These effectors can be conventional cell surface recep-
tors, as reviewed in other articles in this compendium, as
well as by intracellular effectors that, in the case of S1P,
are now just starting to be elucidated. There is another
layer of control by sphingosine kinase that is now com-
ing to light. The sphingolipids are metabolically inter-
related (Figure 1). Sphingosine kinase and the enzymes
that metabolize S1P are now recognized as key elements
in the metabolic control of sphingolipid levels. In this re-
view we will address how the localization of sphingosine
kinase is as important as its level of activity, and how sub-
cellular localization may affect the role that sphingosine
kinase plays in controlling SK signaling and sphingolipid
metabolism.

SPHINGOSINE KINASE-A SIGNALING
ENZYME WITH A HIGH LEVEL OF BASAL
ACTIVITY

Signaling vs metabolic function of sphingosine kinase

There are two isoforms of SK, generated from separate
genes, SK-1 and SK-2". SK-1 is more abundant in most
cell types and has been the best studied. SK-1 is acti-
vated by a host of agonists, including growth factors and
G-protein linked receptor activation”, SK-2 may also be
activated in response to some agonists”. Most signaling
enzymes ate activated manyfold by agonist stimulation.
In contrast, agonist stimulation of sphingosine kinase
only elevates activity by 2- or 3-fold at the most'. Ts this
activation significant? Studies using a catalytically inactive
form of SK-1 demonstrates that it is”. Treatment of cells
with tumor necrosis factor (TNF), or the PKC activator
PMA, leads to increased SK-1 activity. Overexpression of
a catalytically inactive form of SK-1 (due to a single point
mutation in the ATP binding site) blocks this activation.
Remarkably, although activation is blocked, the basal activ-
ity of the activity is unaffected. This indicates that the in-
active SK-1 interferes with the agonist-induced activation,
but not with the activity, of the endogenous SK. Further-
more, while TNF activation leads to the activation of the
MAP kinases ERK1/2 in control cells, this activation is
blocked in cells overexpressing the inactive SK-1. This
demonstrates that the activation of SK-1, as modest as it
is, is critical for downstream signaling events. What, then,
are we to make of the basal activity? As will be outlined
below, the basal activity of SK may be required for a role
entirely separate from that of signaling, as a metabolic
regulator of sphingolipids. But how do we know that the
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basal activity is truly “basal” and not simply a reflection of
a low level of stimulation of cells in culture?

Sphingosine kinase activation by phosphorylation

The evidence for a true basal activity of sphingosine kinase
is three-pronged. First, the enzyme, as purified from rat
ot human tissues, has substantial activity”’éj, Secondly, the
enzyme can be produced in an active form in Escherichia coli
and so presumably lacks any of the eukaryotic stimulating
influences”. Finally, the agonist stimulation results in phos-
phorylation of SK-1 at serine225"”. Mutation of serine225
to alanine ablates the ability of agonists to stimulate the
activity of SK-1 when expressed in cells. However, this
mutant retains basal activity. Recombinant SK-1 is acti-
vated 7 vitro by ERK2 by 14-fold when stoichiometrically
phosphorylated. This conclusively demonstrates that SK-1
is an enzyme with both a substantial basal activity as well as
a phosphorylation-dependent activated state.

PHOSPHORYLATION OF SK MEDIATES
AGONIST-DEPENDENT TRANSLOCATION
TO THE PLASMA MEMBRANE

Translocation of SK to the cell surface and cellular
transformation

SK-1 transforms 3T3 fibroblasts when overexpressed'™.
The ability of SK-1 to promote growth in soft agar and in
low serum is consistent with the large body of evidence
correlating high levels of SK expression and tumoro-
genesis. This has been reviewed extensively elsewhere,
including in this volume by James Van Brocklyn. The
relationship between the transforming ability of SK and
phosphorylation at serine225 was revealed in a fascinating
series of experiments by Pitson ez al”. They overexpressed
both the wild-type and phosphorylation-deficient (ser-
ine225 to alanine mutant) form of SK-1 in 3T3 fibroblasts.
The levels of SK enzyme activity in extracts from these
two sets of cells were identical and manyfold above that
of the endogenous enzyme. Strikingly, while the wild-type
enzyme promoted transformation of the transfected 37T3
cells, expression of the phosphorylation-deficient mutant
had no effect in promoting the transformed phenotype.
Something about phosphotylation of SK, beyond simply
enzymatic activity, is required for transformation. Ongo-
ing studies indicated that SK-1 translocates, at least par-
tially, to the cell surface upon agonist stimulation. Pitson
¢t al”" demonstrated that this translocation was dependent
on phosphorylation at serine225. Could a block in trans-
location to the cell surface undetlie the block in the ability
of the serine225 mutant to transform 3T3 cells? To test
this, a membrane targeting sequence was appended to
the amino terminus of SK. This signal, derived from the
kinase Lck, leads to constitutive plasma membrane target-
ing of SK. When tested in 3T3 cells, the phosphorylation-
deficient form of SK, if artificially targeted to the plasma
membrane, acquires the ability to readily transform 3T3
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Figure 1 The sphingolipid metabolic network. A: Schematic representation of the sphingolipid metabolic pathway. Note that the degradative enzymes for sphingo-
sine kinase, the specific sphingosine-1-phosphate phosphatases SPP1/2 and the sphingosine-1-phosphate lyase are intrinsic membrane proteins of the endoplasmic
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duced by the hydrolysis of ceramide by ceramidases. Dihydroceramide is directly produced by the de novo biosynthetic pathway of ceramide biosynthesis. Modified

from Siow et a*?, 2010.

cells. These experiments illustrate that the activity of SK
alone is not sufficient to promote pro-oncogenic signal-
ing, Localization of the enzyme is an over-riding factor in

this ability.

Localization and translocation of the sphingosine
kinases

Localization of SK-1 and -2 in unstimulated cells: Nei-
ther isoform of sphingosine kinase has an obvious mem-
brane anchoring sequence, and by this criterion is consid-
ered a cytosolic enzyme. Indeed, when cells are analyzed
by subcellular fractionation, the bulk of SK-1 remains
in the cytosol fraction'"”. Similarly, the purified protein
1s completely soluble!. However, a small percentage of
SK-1 is associated with the membrane fraction, even from
resting cells. In mast cells, a portion of SK-1 appears to
associate with the actin cytoskeleton".

In the absence of stimulation, therefore, SK-1 is a pre-
dominantly cytosolic enzyme. One group has proposed
that this cytoplasmic localization is the steady state result
of shuttling between the nucleus and the cytoplasm, due
to active import and export signals in SK-1"'?, There have
not been reports, however, of conditions which lead to a
nuclear localization of SK-1. This contrasts with reports
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of a nuclear localization of SK-2. SK-2 is found both
in the cytoplasm and the nucleus'"¥. SK-2 also shuttles
between the cytoplasm and the nucleus, but the steady-
state localization is tipped such that nuclear localization
is evident. This suggests that the rate of nuclear export is
somewhat lower for SK-2 than SK-1. Indeed, as outlined
below, regulation of the rate of SK-2 export from the
nucleus shifts its distribution.

Even though SK-1 and, in part, SK-2, are cytosolic en-
zymes, there is evidence that they demonstrate an organ-
elle-specific interaction with the endoplasmic reticulum
(ER)"™. It should be remembered that substrate for these
enzymes, sphingosine, is associated with membranes, and
SK encounters its substrate in the context of a mem-
brane. The ER is an extensive network of membranes
and even without any specific targeting to the ER, simply
by mass action, this is the membrane that would be most
often encountered by soluble SKs. The behavior of SK-1
with respect to utilization of substrate mirrors that of
endoplasmic-reticulum anchored SK-1"". This would also
be expected of the cytosolic fraction of SK-2.

Extracellular SKs: Two reports suggest that SKs may
have a role outside of cells. Ancellin ¢ @/'” have detected
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a minor amount of SK release from cells. They propose
that this may promote the formation of extracellular S1P.
SK-2 has been reported to be released from apoptotic
cells resulting from a caspase-1 induced cleavage at the
amino-terminus' . In the latter studies, it is difficult to
determine if this release is simply due to disruption of
the cell membrane, but it is interesting that the release de-

pends on truncation of the amino-terminus.

Translocation of SK-1: SK-1 translocates to the plasma
membrane upon activation by a number of agonists'.
This translocation is the result of serine225 phosphoryla-
tion by Erk1/2 or a related kinase”. The precise mecha-
nism of translocation is not clear. Iz vitro studies dem-
onstrates that SK prefers to associate with the anionic
phospholipids characteristic of the inner leaflet of the
plasma membrane!”. Changes in the composition of that
leaflet may influence the translocation of SK. Those stud-
ies also demonstrate that serine225 phosphorylation in-
creases the affinity of SK-1 with anionic lipids, consistent
with the role of that phosphorylation in the promoting
translocation. Recently the role of calcium and integrin
binding protein-1 (CIB1) in SK-1 translocation has been
established"”. sIRNA knockdown of CIB1 inhibits SK-1
translocation. The details of how CIB1 mediates this
movement remain to be elucidated, and the relationship
to the lipid-binding studies of Stahelin and colleagues
remains to be understood. Not all SK-1 translocation
depends on serine225 phosphorylation, however. SK-1
robustly translocates to the plasma membrane in response
to carbochol stimulation of the M3 muscarinic receptor™”.
This translocation is independent of serine 225 phosphot-
ylation. SK also translocates to the membranes of form-
ing phagosomes in macrophages in response to uptake of
killed mycobacterium or latex beads”". This translocation
also does not require the phosphorylation of serine225 as
does plasma membrane translocation. Cleatrly, the translo-
cation mechanism of SK is incompletely understood.

Translocation of SK-2: SK-2 is also phosphorylated in
response to agonist treatment. In this case, however, the
translocation is from a nuclear localization into the cy-
toplasm. Phosphorylation, which is mediated by protein
P2 As men-
tioned, SK-2 appears to constantly shuttle into and out

kinase D, occurs in a nuclear export region

of the nucleus. Disruption of the nuclear export signal
by protein kinase D-mediated phosphorylation therefore
leads to a predominantly cytoplasmic localization.

THE ROLE OF SUBCELLULAR
COMPARTMENTALIZATION AND
TRANSLOCATION IN SK SIGNALING

In principle, the SK localization could determine the func-
tion of SK in signaling in several ways. First, localization
to the plasma membrane could enhance the secretion of
S1P. Secondly, localization to the endoplasmic reticulum
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could affect the downstream metabolism of S1P. Thirdly,
localization to specific intracellular sites could promote as-
sociation with intracellular targets. Finally, SK localization
could enhance the utilization of specific pools of its sub-
strate, sphingosine. Below, we will discuss each of these
potential roles of SK localization and translocation.

TRANSLOCATION OF SK TO THE
SURFACE PROMOTES S1P SECRETION

The best characterized role of S1P as a signaling molecule
is the engagement of the 5 G-protein-linked receptors
of the S1P family as reviewed in other contributions to
this volume. The SKs (with the possible exception of the
extracellular forms, mentioned above) are intracellular
enzymes. How, then, does S1P get out of the cell? The
mechanism is still incompletely understood. However,
members of the ABC transporter family[z}zﬂ, as well as
a novel protein of the Drosophila spinster-like family of
proteins, have been implicated as ATP-drive exporters of
S1P*. These are all cell surface transporters and so it is
reasonable to expect that translocation of SK to the plas-
ma membrane would enhance S1P secretion. This is, in
fact, what is found. For example, the PKC activator PMA
enhances sectetion of S1P by approximately 4-fold over
the stimulation of total S1P productionp’wj. One role of
the stimulated translocation of SK to the surface is cleatly,
therefore, to enhance secretion.

LOCALIZATION OF SK DOES NOT
AFFECT THE DOWNSTREAM
METABOLISM OF S1P

There are two sets of enzymes that degrade S1P. There
are two S1P-specific phosphatases, the SPPs”, Dephos-
phorylation of S1P results in the generation of sphingo-
sine, which can either be incorporated into ceramide by
a salvage pathway, or re-utilized by SK to regenerate S1P.
Irreversible degradation of S1P is mediated by an S1P-
specific lyase, which generates phosphoethanolamine and
palrnitaldehyde[zs]. This is a critical enzyme because it me-
diates the only pathway in the cell for the elimination of
the sphingosine backbone. Genetic ablation of the S1P ly-
ase in mice has dramatic effects, leading to shortened lifes-
pan and profound changes in lipid metabolism. Prominent
among these is an increase in ceramides, sphingosine, and,
as expected, S1P®. The SPPs™" and the S1P lyase"™)
are membrane enzymes, localized to the ER. It might be
expected that localization of SK to the endoplasmic re-
ticulum would enhance degradation of S1P. Conversely it
would be predicted that localization of SK to the plasma
membrane would reduce degradation of S1P, by segregat-
ing the S1P produced at that site from the degradative
enzymes in the ER. Surprisingly, however, the localization
of SK has no noticeable effect on the subsequent fate of
S1P". The most straightforward explanation for this ob-
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servation is that the rate of S1P transport through the cell
must be rapid in relation to the rate of S1P downstream
metabolism.

DIRECTING S1P TO INTRACELLULAR
EFFECTORS BY SITE-SPECIFIC
TARGETING OF SK

Despite the conclusion that S1P can rapidly move through-
out the cell from its site of synthesis, there is evidence that
localizing SK to specific sites can promote the association
of S1P with specific intracellular effectors. This is best il-
lustrated for the nuclear localization of SK2 and its effect
on the histone deacetylases HDAC-1 and -2. Hait ef a/™"
have recently shown that S1P is an inhibitor of these his-
tone deacetylases. The S1P that affects HDAC activity is
generated by SK2, but not SK-1. Remarkably, they found
that the localization of SK2 to the nucleus is required
for HDAC inhibition. They showed directly that, when
SK2 is directed to the cytosol (by blocking SK2 nuclear
localization), S1P levels in the nucleus drop. This indi-
cates that while S1P may move rapidly between cytosolic
membranes, its movement into and out of the nucleus is
restricted. Similarly, Alvarez ez a/™ has also reported that
S1P is an effector of Traf2. Traf2 is a component of the
TNF receptor signaling complex. Data from this group
suggests that S1P is a required co-factor to stimulate
Traf2’s activity as an ubiquitin ligase. Their data further
suggests that specific targeting of SK1 to the TNF recep-
tor complex promotes the binding of S1P to Traf2. These
observations again suggest that site-specific targeting of
SK can, in some situations, promote the formation of
high local concentrations of S1P required to interact with
intracellular effector proteins.

SK LOCALIZATION DETERMINES
SUBSTRATE UTILIZATION

An underappreciated principle in the control of S1P pro-
duction is that the substrate for SK, sphingosine, is subsatu-
rarjngmj. This means that increasing access of SK to sphin-
gosine, either by increasing overall levels of sphingosine
or by moving SK to a site where sphingosine levels are
high, will increase S1P output without changing SK activ-
ity per se. For example, adding sphingosine to cells increas-
es S1P production”. More physiologically, stimulation of
sphingosine production by increasing ceramidase levels (to
cleave ceramide to sphingosine) raises S1P levels™”. Does
SK localization affect the access that it has to substrate?
The subcellular localization of sphingosine has not been
conclusively determined, although it is presumed that a
proportion resides in lysosomespsj. However it would not
be unexpected that sphingosine might be compartmental-
ized. Direct evidence that localization of SK affects the
pools of sphingosine to which it has access comes from a
series of studies from several laboratories which indicate
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an unexpected role for SK in controlling levels of the pro-
apoptotic lipid, ceramide!™"*". High levels of SK-1 ex-
pression lead to moderate increases in S1P levels. Howev-
er, a much more dramatic increase in dihydrosphingosine-
1-phosphate levels was observed. What is the implication
of SK utilization of dihydrosphingosine as a substrate?
Dihydrosphingosine is a precursor of (dihydro)ceramide
in the ceramide biosynthetic pathway (Figure 1). Sphingo-
sine is only produced by hydrolysis of ceramide because
the 2, 3-double bond is only introduced when dihydro-
sphingosine is incorporated into dihydroceramide. These
data demonstrate that SK can divert dihydrosphingosine
from the ceramide biosynthetic pathway. Moreover, local-
1zation of SK has a strong influence on this effect. When
SK is targeted to the plasma membrane, it no longer
utilizes significant quantities of dihydrosphingosine“sl
This result is not entirely surprising. All of the enzymes
involved in ceramide biosynthesis; the rate limiting and
initiating enzyme serine palmitoyltransferases, 3-keto re-
ductase (which produces dihydrosphingosine from 3-keto-
sphingosine), and the ceramide synthases, are localized to
the endoplasmic reticulum™, Both an ER-targeted form
of SK1 and the native, untargeted SK1 avidly use dihydro-
sphingosine. This indicates that even without obvious ER
binding, SK1 encounters the ER constantly. Therefore,
localizing SK to the plasma membrane would segregate it
from the site of dihydrosphingosine production.

Two important points arise from these series of ex-
periments. First, SK appears to control ceramide biosyn-
thesis by utilizing precursors in this pathway. A number of
chemotherapeutic agents induce cancer cell apoptosis by
stimulating de novo synthesis of ceramide™*. The ability
of SK to intetfere with ceramide biosynthesis may be an
important component in its action to promote the growth,
survival, and chemoresistance of cancer cells. Secondly,
these studies indicate that the localization of SK is a key
regulator of the effect of SK on sphingolipid metabolism.

CONCLUSION AND FUTURE DIRECTIONS

The localization and translocation of both SK1 and SK2
has clear consequences for the ability of these enzymes to
effect cell life and death. The mechanisms that control the
subcellular localization of the SKs, and the function of
these enzymes at these sites, remain a fertile area for fu-
ture exploration. The dual roles of the SKs, like many lip-
id signaling enzymes, as both producers of lipid signaling
molecules and modulators of lipid metabolic pathways,
poses a challenge to understanding the biological roles
of these enzymes. The increasing use of overexpression
and genetic knockout of lipid signaling enzymes in both
cells and animals has expanded our understanding of the
role of these enzymes in a number of physiological and
pathophysiological settings. However, the interpretation
of these studies is complicated by an increasingly sophis-
ticated view of the multiple roles these signaling enzymes
play. For example, overexpression or knockdown of the
SK’s can no longer be interpreted by the assumption that
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the effects are solely due to changes in S1P levels without
also considering the effects on the metabolism of other
sphingolipids. The ability to make accurate and sensitive
measurements of lipid levels by mass spectroscopy is an
essential tool to complete the picture. These analyses will
have to be combined with artful manipulations of sphin-
golipid metabolic pathways to complete the picture of sig-
naling mediated by these enigmatic lipids and the enzymes
that control them.
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