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Introduction

Sphingosine kinase (SK) and the bioactive lipid it produces, sphingosine-1-phosphate (S1P),
are critical signaling components in vascular biology, tumorogenesis, inflammation, and
immune function (Reviewed in (Spiegel, S. and Milstien, S., 2007)). In some respects the
SK signaling system follows an orthodox paradigm; SK produces S1P, which engages G-
protein linked cell surface receptors and triggers cellular responses. A deeper look, however,
reveals complex and intriguing aspects of SK signaling that are unique to this and other lipid
signaling systems. First, the substrate (sphingosine) and product (S1P) of SK are lipids and
their hydrophobic nature restricts both their localization and their movement within the cell.
Secondly, SK is a key component of the sphingolipid metabolic network. Virtually all of the
elements of this network, sphingosine, S1P, the ceramides, sphingomylein, and
glycosphingolipids, have potent roles in signal transduction and cellular function. Therefore,
control of sphingolipid metabolism can have profound effects on cell physiology, and this
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aspect of SK activity may be just as important as its role in producing S1P for signaling. As
illustrated in Figure 1, SK activity can, at least in theory, critically control sphingolipid
metabolism at two points, quite independent of generating S1P as a lipid signaling molecule.
First, S1P is the substrate for sphingosine-1-phosphate lyase. The lyase is the only enzyme
in the cell capable of the irreversible degradation of the sphingosine backbone. Sphingosine
is incorporated into ceramide, ceramide is incorporated into sphingomyelin and
glycosphingolipids. Degradation of these products can regenerate ceramide and sphingosine,
which can then be reconverted back to the downstream products. However, once the
sphingosine backbone is produced, the total level of sphingolipid can only be reduced by
one enzyme, the S1P lyase. S1P lyase acts as a tumor suppressor (Oskouian, B. et al., 2006)
and inhibition of the lyase protects against autoimmune dysfunction (Bagdanoff, J. T. et al.,
2009). These effects are generally considered to be due to changes in S1P levels, but effects
on overall sphingolipid metabolism may play an important role. Therefore, by producing
S1P as the obligate precursor to S1P lyase, SK is situated at a pivotal point in sphingolipid
metabolism.

A second role for SK in the control of sphingolipid metabolism derives from the potential
that it has to reduce levels of sphingosine, both in the de novo pathway for the production of
ceramide (in which case the actual substrate would be dihydrosphingosine) and the ceramide
salvage pathway (Figure 1, panel B). Ceramide is a potent bioactive lipid (Pettus, B. J. et al.,
2002;Reynolds, C. P. et al., 2004). Generally it functions as a pro-apoptotic signal. Yet it is
the essential precursor to sphingomyelin, a major cell surface phospholipid, as well as
glycosphingolipids, which are thought to serve as cell surface signaling or recognition
molecules. Therefore in non-apoptotic cells ceramide must be kept low, but be well
controlled levels. During apoptosis ceramide is generated both by hydrolysis of
sphingomyelin and by increased de novo and salvage pathway synthesis. SK therefore has
the capacity to reduce ceramide production by blocking synthesis from either
dihydrosphingosine or sphingosine by utilizing these lipids as substrates for the production
of dihydrosphingosine-1-phosphate (dihydroS1P) or S1P respectively. The resulting
dihydroS1P could then be degraded by the S1P lyase, dephosphorylated, or secreted from
cells.

Considering that the substrates and products of SK are lipids, and therefore prone to
associate with membranes, attention must be paid to the potential role of localized
production and transport of S1P as a component in regulating S1P signaling and
metabolism. Many of the enzymes of sphingolipid metabolism are membrane bound. The
S1P-specific phosphatases, SPP1/2, are both membrane proteins localized to the
endoplasmic reticulum (ER) (Le Stunff, H. et al., 2002; Ogawa, C. et al., 2003). The S1P
lyase is also a membrane protein of the ER(Ikeda, M. et al., 2004). Additionally, the
enzymes of ceramide biosynthesis are also restricted to the ER. On the other hand, to engage
cell surface receptors, S1P must be secreted from the cell. Cell surface transporters of the
ABC transporter and Spns2 families have been implicated in this secretion (Kawahara, A. et
al., 2009; Kim, R. H. et al., 2009). Delivery of S1P to the ER or to the plasma membrane
could therefore have substantially different outcomes in terms of degradation of S1P (in the
ER) or secretion for signaling (PM). If SK exerts control over ceramide biosynthesis by
diverting precursors in the ceramide biosynthetic pathway to phosphorylated derivatives, it
seems likely that SK would have to access them in the ER, the site of ceramide biosynthesis.
From these perspectives it can be seen that localizing SK production could potentially have
a significant impact on both the utilization of S1P as either a signaling molecule or a
metabolic intermediate on one hand, and on the biosynthesis of ceramide on the other. In the
studies outlined here, we set out to explore these concepts.
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Materials and Methods
Lipids
All lipids were purchased from Avanti Polar Lipids (Alabaster, AL)

Antibodies

Monoclonal anti-FLAG and monoclonal anit-Na+/K+ ATPase were from Sigma-Aldrich
(St. Louis, MO). Anti-calnexin was from BD Transduction Laboratories (San Jose, CA).

Antisense oligonucleotides
Sphingosine-1-phosphate lyase-Applied Biosystems (Foster City, CA) #’s 118700, 118701,
214622
The following were from Qiagen (Valencia, CA):
Human S1P phosphatase 1, S102659300, S102659307
Human S1P phosphatase 2, S100716975, S104320771
Human lipid phosphate phosphatase 1/1a, S102659398, S102659391
Human lipid phosphate phosphatase 2, S102659405, S102659412

Human lipid phosphate phosphatase 3, S103043761, S103081995, S103087833

Real Time PCR

Tagman gene expression assays were purchased from Applied Biosystems (Foster City,
CA).

Reagents

Unless otherwise specified, all other reagents were from Sigma Aldrich (St. Louis, MO).
Lipofectamine 2000 and Lipofectamine RNAiMax were from Invitrogen (Eugene, OR).
Tissue culture media and supplies were from Mediatech (Herndon, VA). Organic solvents
were from Fisher Scientific (Pittsburgh, PA).

Plasmids and Transfections

All constructs used were as previously described and were transfected using Lipofectamine
2000 as previously described. (Siow, D. L. et al., 2010).

Gene expression studies

Isolation of MRNA and determination of mRNA levels by real-time PCR using the TagMan
gene expression assay was performed as previously described (Siow, D. L. et al., 2010).

Immunoblotting analysis

Quantitation of organelle markers and SK constructs in sucrose gradients used standard
procedures, as previously described (Siow, D. L. et al., 2010). SK constructs were detected
by probing for the FLAG epitope. Films were scanned and converted to image files for
quantitation using the ImageQuant software (GE Healthcare, Piscataway, NJ).
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Sucrose Density Centrifugation

Total membranes were fractionated by sucrose density centrifugation as described (Siow, D.
L. etal., 2010). Briefly, cells were harvested by trypsinization, and homogenized by
nitrogen cavitation. Total membranes were layered on a gradient consisting of 32%, 34%,
38%, 40%, 42%, 44%, and 60% sucrose in a 12 ml tube. Centrifugation was performed in an
SW41 (Beckman-Coulter, Brea, CA) at 37,000 for 2.5 hours. Fractions (1ml) were collected
from the top by hand.

Assay of S1P phosphohydrolase activity in cell extracts

Phosphohydrolase activity was determined by a modification of previously described
method (Maceyka, M. et al., 2007). Total membranes were used in these assays. Membrane
protein (50 pg) was incubated with 30 pM [33P]S1P in 180 pL assay buffer [100 mM
HEPES (pH 7.5), 10 mM EDTA, 1 mM DTT and 1X protease inhibitor cocktail] for 30
minutes at 37°C. Reactions were quenched by adding 500 uL water saturated-butanol and
300 puL 1.5 M KCI. Samples were then extracted and the organic phase was extensively
washed and then subjected to liquid scintillation counting.

Assay of S1P production by 33P-ATP labeling in intact cells

Cell culture in 48-well plates, transfections, and assays for S1P production were performed
as previously described (Siow, D. L. and Wattenberg, B. W., 2007).

Determination of steady state sphingolipid content by liquid chromatography/tandem
mass spectrometry

Transfection of Hela cells, lipid extractions, and LC/MS/MS were performed exactly as
previously described (Siow, D. L. et al., 2010). This is a modification of an earlier method
(Berdyshev, E. V. et al., 2006).

Reconstitution of (dihydro)ceramide biosynthesis in total membranes

Total Hela cell membranes were prepared by swelling trypsinized Hela cells in 10mM Tris/
15mM KCI/2amM MgCl; (pH 7.5) for 15 minutes, then adding 1M sucrose and 200mM
EDTA to bring the final concentrations of sucrose to 250mM and EDTA to 2mM. Cells
were broken with 7 strokes of a 7ml glass homogenizer. Nucleii and unbroken cells were
removed by centrifugation (10 minutes, 600 X g). The supernatant was collected and
membranes pelleted by centrifugation (20 minutes at 100,000 rpm in an TLA 100.1 rotor,
Beckman). The pellet was resuspended in 25mM Tris/250mM sucrose, pH 7.5to a
concentration of 1.5mg/ml. The assay contained 50mM HEPES (pH 7.6), ImM MgCl,
20uM pyridoxyl-5'-phosphate, 0.5mM serine, 50uM palmitoyl CoA, 200uM ATP, 1ImM
dithiothreitol, 5mM glucose-6-phosphate, 200 uM NADPH, 11U glucose-6-phosphate
dehydrogenase, 35ug of total Hela cell membranes, and 1mCi 3H-serine in a total volume of
200ul. Incubations were carried out for 60 minutes at 37°C and terminated by the addition of
1.4ml CHCI3:MeOH (100:200). The phases were broken by the addition of 300ul CHCI3
and 300ul 1M KCI. The lower, organic phase was dried down, resuspended in CHCl3, 20ug
of C16 ceramide was added to each tube as a standard. Samples were spotted on silica gel G
thin layer chromatography plates and developed in CHCI3/MeOH/HAC (40:10:1). Ceramide
spots were visualized by iodine vapor, and were scraped into scintillation vials for liquid
scintillation counting.
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Results and Discussion

Constructs of sphingosine kinase localized to specific intracellular compartments

Sphingosine kinase exists as two major isoforms expressed from two genes; SK1 and SK2.
SK2 is an interesting and important isoform, however SK1 is the major isoform expressed in
a number of cell types and is the isoform studied here. SK1 is a cytoplasmic enzyme,

lacking a membrane anchoring sequence. However, in response to agonists, SK1
translocates, at least partially, to the plasma membrane(Johnson, K. R. et al., 2002; Pitson, S.
M. et al., 2003). To explore the impact of localized production of S1P we produced modified
constructs of SK1 that were permanently localized either to the plasma membrane or the
endoplasmic reticulum. The plasma membrane-targeted form of SK was produced by
appending the myristoylation/palmitoylation sequence of Lck kinase to the amino terminus.
The endoplasmic reticulum form was constructed by fusing the carboxy-terminal signal
anchor of cytochrome Bs to the carboxy-terminus of SK1. Figure 2 illustrates, using sucrose
density centrifugation, that these constructs are quantitatively targeted to the expected
membrane sites. In these gradients the plasma membrane marker exhibits a bimodal
distribution, as does the membrane targeted form of SK (Lck-SK). This localization has
been confirmed by confocal microscopy (Siow, D. L. et al., 2010). In addition we have
utilized the untargeted, wild-type, form of SK1.

A system to measure the acute production of S1P in intact cells. Use of chemical
inhibitors and siRNA to deplete the enzymes of downstream metabolism of S1P

We recently established a unique system that measures the production of S1P in intact cells
using labeling with 33P-ATP (Siow, D. L. et al., 2010). We have used this to test the concept
that localized S1P production could affect the downstream metabolism of S1P. We
expressed constructs of SK that were either not specifically localized (wild-type SK), or SK
specifically localized to the plasma membrane (Lck-SK) or the endoplasmic reticulum (Cb5-
SK). We also tested untransfected cells in which the only source of SK activity is
endogenous SK. We initially predicted that S1P produced by Lck-SK would be relatively
protected from degradation. Our reasoning was that a plasma membrane pool of S1P would
be protected from the degradative enzymes localized to the endoplasmic reticulum.
Conversely the ER-localized SK (Cb5-SK) would produce S1P that was rapidly degraded.
To measure the degree of degradation of S1P we compared the production of S1P in the
presence and absence of chemical inhibitors of the S1P phosphatases and lyase.
Surprisingly, we found that these inhibitors protected S1P from degradation to a degree that
was independent of the site of S1P synthesis (Figure 3). Interestingly, the S1P produced by
endogenous SK activity is only slightly subject to degradation using this method.

To confirm and extend the results using chemical inhibitors of the S1P-specific
phosphatases and lyase, we used siRNA to knockdown these enzymes. Figure 4A
demonstrates that these sSiRNA’s effectively deplete the mMRNA of their respective targets.
Measurement of protein and enzyme activity confirmed that these knockdowns were
effective (Siow, D. L. et al., 2010). When S1P production was measured, the combined
application of these siRNA'’s clearly enhanced the production of this lipid (Figure 4B). We
then tested the siRNAs for the SPPs and the lyase individually and in combination. The
effect of this depletion on S1P produced at different sites was examined (Figure 5). Two
surprising results were generated by these experiments. First, similar to what we had seen
with the chemical inhibitors, we observed that the localization of the production of S1P had
little effect on the degree to which the S1P was susceptible to degradation. Most
surprisingly, the protection of S1P production by the combined effects of the SPP and lyase
SiRNAs was equivalent between the plasma membrane and endoplasmic-reticulum targeted
SK constructs (Figure 5, panels C and D). We conclude from this result that S1P rapidly
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moves between membrane compartments. Our data indicate that specific intracellular pools,
at least as generated by these constructs, are not stable and that a vigorous
intercompartmental transport mechanism must exist for S1P.

A second surprising result was that siRNA knockdown of the S1P-specific phosphatases
reduces rather than enhances S1P production. While this is counterintuitive, we believe that
it may result from a recycling mechanism for S1P. Our model (Figure 6) is as follows: S1P
is produced and may either be subject to degradation by the S1P lyase or by the S1P
phosphatase. Lyase action is irreversible. However dephosphorylation by the S1P
phosphatase diverts S1P from lyase degradation and allows the resulting sphingosine to by
re-phosphorylated by SK to regenerate S1P. Knocking down the S1P phosphatases
eliminates the recycling pathway and therefore promotes irreversible degradation by the S1P
lyase. This notion is supported by the observation that sSiRNA knockdown of the lyase
completely reverses the reduced levels of S1P resulting from SPP1/2 knockdown (Figure 5).
It is important to note that contrary to our measurements of acute S1P production, long-term
depletion of SPP1/2 (and of the more promiscuous lipid phosphate phosphatases LPP1-3,
see below) results in increased mass levels of S1P, as would be expected (Zhao, Y. et al.,
2007). We believe this discrepancy can be attributed to the different types of assays being
used. In short-term labeling experiments, such as the ones illustrated here, the recycling
pathway would be evident. However longer term accumulation studies, such as those of
Natarajan and colleagues (Zhao, Y. et al., 2007), the role of the SPPs and LPPs in the steady
state levels of S1P would predominate.

Degradation of S1P preferentially affects the secreted pool of S1P

S1P is generated intracellularly, but is secreted from cells in order to interact with cell
surface S1P receptors. The mechanism is thought to involve specific transporters, although
the exact identity of the transporter(s) remains a matter of controversy(Kawahara, A. et al.,
2009; Kim, R. H. et al., 2009). We sought to examine whether the the degradation of S1P
differentially affects the secreted pool of S1P (Figure 7). Intracellular and extracellular S1P
were measured after 60 minutes of S1P production in cells transfected either with wild-type,
plasma membrane targeted (Lck-SK), or ER-targeted (Cbh5-SK) SK. Incubations were
performed with cells pre-incubated either with control siRNA or siRNA’s directed against
S1P phosphatases and lyase. We find under control conditions that between 2 and 12% of
total S1P is secreted under these conditions. Surprisingly, the untargeted SK generates S1P
that is more efficiently secreted than S1P generated by membrane targeted SK constructs. In
all cases, however, inhibition of S1P degradation preferentially enhances the S1P that is
secreted from cells (Figure 7, panels A and B.) When calculated as the percentage of S1P
secreted from the cells, inhibition of S1P degradation enhances the proportion secreted by
over 50% in cells expressing the membrane-targeted forms of SK. This suggests that these
constructs produce a pool of S1P that is both bound for secretion, but specifically sensitive
to degradation.

The non-specific lipid phosphatases preferentially utilize S1P generated at the plasma

membrane

In addition to the S1P-specific phosphatases, there are lipid phosphatases with a broader
substrate specificity (reviewed in (Sigal, Y. J. et al., 2005). These are known as the LPPs
(lipid phosphate phosphatases), and there are three major isoforms, LPP1-3. Hela cells
express all three isoforms at comparable levels (Figure 8, panel A). We employed siRNA
technology to deplete all three isoforms. This substantially reduces mRNA levels (data not
shown) and activity (Figure 8, panel B.). The effect of depleting these enzymes was tested
on generation of S1P from both untargeted and membrane targeted SK constructs (Figure 8,
panel C). Depletion of the LPP’s had no effect on the generation of S1P by endogenous SK,

Adv Enzyme Regul. Author manuscript; available in PMC 2012 January 1.
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overexpressed wild-type SK, or overexpressed ER-targeted SK. However, depleting the
LPPs significantly enhanced the production of S1P by the plasma membrane targeted form
of SK. This indicates that S1P generated at the plasma membrane is preferentially degraded
by one of these phosphatases. This is consistent with the plasma membrane localization of
these enzymes (Sigal, Y. J. et al., 2005). Therefore, although S1P appears to rapidly move
from the plasma membrane to the endoplasmic reticulum (see above), the plasma membrane
localized phosphatases appear to have a kinetic advantage in the degradation of S1P
localized to that site.

of sphingosine kinase dictates utilization of dihydrosphingosine as a

We utilized our targeted SK constructs to determine if localization of SK affects the steady-
state accumulation of sphingolipids (Figure 9). SK constructs were expressed in Hela cells
for 24 hours and lipid extracts were examined for sphingolipid content by mass
spectroscopy. A striking observation was that high level expression of SK results in very
high levels of dihydrosphingosine phosphate accumulation. A similar result has been
reported by others (Berdyshev, E. V. et al., 2006). This result has two important
implications. First, this result illustrates that sphingosine kinase can divert
dihydrosphingosine from the ceramide biosynthetic pathway. This highlights a potential role
of sphingosine kinase in the control of ceramide levels. Ceramide can be generated both by
de novo synthesis and by degradation of higher level sphingolipids (Figure 1). Under
apoptotic conditions, in which ceramide levels are elevated, both pathways come into play.
However Hannun and colleagues have demonstrated that increased ceramide biosynthesis is
pivotal in the ability of particular chemotherapeutic agents to induce increases in ceramide
levels(Perry, D. K. et al., 2000). The role of sphingosine kinase in regulating ceramide levels
under these conditions has yet to be tested. Secondly, it is notable that dihydrosphingosine
levels are quite low at steady state, and do not appreciably change with SK overexpression
(Figure 9, panel B). So the increase in dihydrosphingosine phosphate levels does not come
at the expense of a static pool of dihydrosphingosine. Increased SK activity diminishes
ceramide levels slightly (Figure 9, panel C), but this is far exceeded by the amount of
dihydrosphingosine phosphate that is produced. How are ceramide levels maintained in the
face of this large consumption of the precursor? Our data suggests that production of
dihydroceramide is greatly increased to compensate for its utilization by SK. If this is
correct, there is clearly an important feed-back mechanism that senses sphingolipid levels
and modulates the biosynthetic pathway. The most likely target for this mechanism is the
rate limiting step in sphingolipid biosynthesis, serine-palmitoyltransferase (reviewed in
(Hanada, K., 2003)). As these observations were based on the levels of sphingolipids in
intact cells resulting from 24 hours of SK overexpression, we wished to directly test whether
SK could access dihydrosphingosine generated during ceramide biosynthesis. To
accomplish this we reconstituted in a cell-free system the de novo synthesis of
(dihydro)ceramide (our thin layer chromatography system does not distinguish ceramide
from dihydroceramide). Total membranes were prepared from Hela cells and incubated

with 3H-serine and co-factors for serine palmityoltransferase, 3-ketosphingosine reductase,
and ceramide synthase (Figure 10). This generates (dihydro)ceramide. (Dihydro)ceramide
production in this system is sensitive to the serine palmitoyltransferase inhibitor myriocin
(Figure 10), confirming the specificity of the reaction. When cytosol from cells
overexpressing wild-type SK is included in the reaction we observe a marked decrease in the
levels of (dihydro)ceramide produced. Thus we have confirmed in a cell free system that SK
can serve as a modulator of ceramide de novo synthesis.

Another striking finding of these studies is that overexpression of the plasma membrane-,
targeted form of SK, Lck-SK, does not lead to a substantial increase in dihydrosphingosine
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phosphate levels (Figure 9, panel A). In one sense, this is not unexpected. All of the
enzymes involved in ceramide biosynthesis are found in the endoplasmic reticulum.
Therefore SK that is restricted to the plasma membrane might not be expected to have
access to the dihydrosphingosine generated in the endoplasmic reticulum. This indicates
that, in contrast to S1P, dihydroS1P is present in pools that do not readily translocate
between membranes. This illustrates that production of phosphorylated sphingosines by SK
is regulated at the level of access of SK to distinct pools of substrates.

The study of the effects of SK localization on sphingolipid metabolism was prompted by the
observation that localization of SK to the plasma membrane was critical for the ability of
this enzyme to produce the transformed phenotype in mouse fibroblasts (Pitson, S. M. et al.,
2005). We reasoned that S1P produced at the plasma membrane would be protected from the
degradative enzymes, the S1P-specific phosphatases and S1P lyase, which are localized to
the endoplasmic reticulum. Surprisingly, we find that localization of S1P production does
not have a measureable effect on downstream metabolism. The explanation for this
observation is that S1P must move rapidly between membrane compartments. Is this simply
because S1P is a relatively soluble lipid due to its charged headgroup? We find that virtually
all S1P is localized to membranes and there are almost undetectable levels in the cell cytosol
(data not shown.) Moreover, S1P is only slowly extracted from membranes by lipid binding
proteins such as BSA (data not shown). Therefore our data suggest that there is a robust,
potentially specific, mechanism for intermembrane transport of S1P. We are currently
characterizing the S1P intermembrane transport system as we believe this may have an
important role in dictating the fate and function of S1P. We were also surprised by the
observation that depletion of S1P-specific phosphatases decreased, rather than increased, the
rate of accumulation of S1P. We suggest that phosphatase action inserts sphingosine into a
recycling pool that is protected from S1P lyase activity (Figure 6). This is consistent with
other reports that combined SK/SPP activity is required for the utilization of extracellular
sphingosine for ceramide synthesis in both yeast and mammalian cells (Le, S. H. et al.,
2007; Mao, C. et al., 1997). Similarly, extracellular S1P results in elevated intracellular S1P
by the action of LPPs to generate sphingosine in a specific pool that is used by SK(Zhao, Y.
et al., 2007). Together these findings indicate that sphingosine is compartmentalized and that
this compartmentalization is the result of priming by the combined action of SK and S1P
phosphohydrolases. A second major observation from the studies reported here is that when
SK levels are elevated, the enzyme utilizes dihydrosphingosine that would otherwise enter
the ceramide biosynthetic pathway. This is remarkable given that all of the precursors in this
pathway are lipophilic and the enzymes in the pathway co-localize in the endoplasmic
reticulum. It might be expected that this would promote substrate channeling. To the extent
that this is the case, SK is still able to interrupt the flow of precursors in the ceramide
biosynthetic pathway. Increased ceramide biosynthesis is thought to mediate the action of
some cancer chemotherapeutic agents. SK overexpression is known to block the action of
these agents. It remains to be seen whether the ability of SK to inhibit the action of anti-
cancer compounds is mediated by its effects on ceramide biosynthesis. Interestingly, the
plasma membrane-targeted form of SK is unable to accomplish this, presumably because it
is physically prevented from accessing the surface of the ER. SK is known to translocate to
the plasma membrane during agonist stimulation (Johnson, K. R. et al., 2002; Pitson, S. M.
et al., 2003). Our observations suggest that one of the functions of this translocation may be
to reduce the modulation of ceramide biosynthesis promoted by cytosolic SK. Our studies
highlight that localization of the substrates and products of SK, as well as the localization of
SK itself, is key to understanding how this fascinating enzyme produces its profound
signaling effects.
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The sphingosine kinases (sphingosine kinase-1 and —2) have been implicated in a variety of
physiological functions. Discerning their mechanism of action is complicated because in
addition to producing the potent lipid second messenger sphingosine-1-phoshphate,
sphingosine kinases, both by producing sphingosine-1-phosphate and consuming
sphingosine, have profound effects on sphingolipid metabolism. Sphingosine kinase-1
translocates to the plasma membrane upon agonist stimulation and this translocation is
essential for the pro-oncogenic properties of this enzyme. Many of the enzymes of
sphingolipid metabolism, including the enzymes that degrade sphingosine-1-phosphate, are
membrane-bound with restricted subcellular distributions. In the work describe here we
explore how subcellular localization of sphingosine kinase-1 affects the downstream
metabolism of sphingosine-1-phosphate and the access of sphingosine kinase to its
substrates. We find, surprisingly, that restricting sphingosine kinase to either the plasma
membrane or the endoplasmic reticulum has a negligible effect on the rate of degradation of
the sphingosine-1-phosphate that is produced. This suggests that sphingosine-1-phosphate is
rapidly transported between membranes. However we also find that cytosolic or
endoplasmic-reticulum targeted sphingosine kinase expressed at elevated levels produces
extremely high levels of dihydrosphingosine-1-phosphate. Dihydrosphingosine is a proximal
precursor in ceramide biosynthesis. Our data indicate that sphingosine kinase can divert
substrate from the ceramide de novo synthesis pathway. However plasma membrane-
restricted sphingosine kinase cannot access the pool of dihydrosphingosine. Therefore
whereas sphingosine kinase localization does not affect downstream metabolism of
sphingosine-1-phosphate, localization has an important effect on the pools of substrate to
which this key signaling enzyme has access.
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Figure 1.

A. Sphingosine/ceramide metabolism. Enzymes mediating the illustrated transformations are
listed on the left, names of the products on the right. This figure highlights the biosynthetic
pathway leading to sphingosine phosphate production. Not shown are the pathways that
produce sphingomyelin and glycosphingolipids from ceramide and the degradative pathways
that produce ceramide from sphingomyelin via sphingomyelinases, sphingosine from
sphingosine-1-phosphate via sphingosine-1-phosphate phosphatases, and the degradation of
sphingosine-1-phosphate by sphingosine-1-phosphate lyase. B. Sphingosine kinase
substrates are used for ceramide synthesis. Illustrated are the routes of ceramide synthesis
from the de novo pathway (from the top) and the salvage pathway (from the bottom) and
how sphingosine kinase can potentially divert substrates from these routes of ceramide
synthesis.
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Density gradient fractionation establishes the specific localization of targeted constructs of
sphingosine kinase. Hela cells were fractionated by sucrose density centrifugation as
described in Materials and Methods. Levels of the plasma membrane marker Na+/K+
ATPase (open circles), the endoplasmic reticulum marker Calnexin (filled triangles), and the
expressed constructs (filled circles) was determined by immunoblotting and quantitation by
densitometry. A. Lck-SK. B. Ch5-SK. (Adapted from Supplementary Figure 1 of (Siow, D.

L. etal., 2010) ).
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Figure 3.

Chemical inhibitors of sphingosine-1-phosphate degradation enhance the acute production
of sphingosine-1-phosphate independent of the site of sphingosine kinase localization. Hela
cells were either unttransfected (panel A), or transfected with wild type sphingosine kinase
(panel B), or sphingosine kinase localized to the plasma membrane (Lck-SK, panel C) or the
endoplasmic reticulum (Cb5-SK, panel D). Sphingosine-1-phosphate production in intact
cells was measured as described (Siow, D. L. and Wattenberg, B. W., 2007) in the presence
or absence of a cocktail of inhibitors of phosphatases (10mM sodium fluoride, 1mM sodium
orthovanadate) and the S1P lyase (4-deoxypyridoxine (0.5mM). Data are the means +
standard deviation of triplicate measurements and are representative of at least three
independent experiments. Significance, as determined by a two-tailed, unpaired Student’s t
test was (*) p<0.05, (**)p<0.01, and (***)p<0.001.
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Figure 4.

SiRNA efficiently depletes mRNA of the S1P-specific phosphatase SPP1 and S1P-specific
lyase and enhances S1P production. Hela cells were transfected with either a control
(scrambled) siRNA or siRNA directed against SPP1 or S1P lyase as described in Materials
and Methods. Panel A. At the indicated times total RNA was isolated and mRNA levels
were measured by real-time PCR using Tagman primers as described in Materials and
Methods. Expression was normalized to ribosomal 18S RNA and levels were normalized to
levels in the control sample. The comparative CT method was used (2~ 2ACT), Data are the
means + standard deviation of triplicate measurements and are representative of at least
three independent experiments. Panel B. Hela cells were transfected either with a control,
scrambled siRNA oligonucleotide (filled bars), or siRNAs directed against SPP1, SPP2, and
S1P lyase in combination (hatched bars). S1P production was measured in intact cells after
the indicated times of incubation after SIRNA transfection using 33P-ATP as described in
Materials and Methods.
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Figure 5.

Localization of S1P production does not strongly affect access of S1P to degradative
enzymes. HelLa cells were depleted of the S1P lyase (SPL), the S1P-specific phosphatases
(SPP), a combination of both (SPL+SPP) by siRNA transfection as described in Materials
and Methods. Cells were either untransfected (Panel A), transfected with wild-type SK
(Panel B), transfected with the plasma membrane targeted SK (Panel C) or transfected with
the ER-targeted SK (Panel D). 24 hours later the rate of S1P production was measured for
90 minutes as described in Materials and Methods. Total protein was used to normalize lipid
values. Shown are values plus or minus standard deviation of 4 samples per data point.
These results are representative of at least 3 independent determinations. Significance, as
determined by a two-tailed, unpaired Student’s t test was (*) p<0.05, (**)p=<0.01, and
(***)p=<0.001. (Modified from Figure 9 of (Siow, D. L. et al., 2010)).
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Figure 6.

Model of role of sphingosine-1-phosphate phosphatase in directing sphingosine-1-phosphate
into a recycling compartment. As demonstrated in Figure 5, we find that depletion of
sphingosine-1-phosphate phosphatases reduces the accumulation of S1P in an acute
measurement of S1P production. We speculate that dephosphorylation of S1P directs the
resulting sphingosine into a compartment in which it can be re-phosphorylated by
sphingosine kinase. This compartment directs S1P away from S1P lyase. Depletion of the
S1P phosphatases therefore subjects S1P to S1P lyase degradation. This model is supported
by the observation that depleting the S1P lyase completely reverses the effects of S1P
phosphatase depletion (Figure 5).
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Figure 7.
Inhibition of S1P degradation preferentially enhances the secretion of S1P. The S1P specific

phosphatases and lyase were depleted in combination by siRNA treatment as described in
Figure 5. Membrane-localized constructs of SK were then expressed for 24 hours and the
acute production of S1P was measured for 100 minutes at 37°C. Cell supernatants,
containing secreted S1P, were measured separately from S1P in the cell monolayers. S1P
accumulation was increased in both intracellular and extracellular compartments, as
expected (Panel A). Quantitation of the percentage of S1P secreted (Panel B) demonstrated
that secreted S1P was preferentially protected by siRNA depletion of the degradative
enzymes. Shown are means plus or minus standard deviation of 4 samples. Data shown are
representative of 3 independent experiments. In panel B the percentage secretion was
determined by the formula % secreted=(secreted/(cell associated + secreted)) x 100).

Adv Enzyme Regul. Author manuscript; available in PMC 2012 January 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Siow et al.

Numbers above the bars depicts the percentage increase in secretion resulting from
phosphatase and lyase depletion.
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Figure 8.

Non-specific lipid phosphatases preferentially degrade a plasma membrane produced pool of
sphingosine-1-phosphate. A. Real-time PCR establishes that all three isoforms of the non-
specific lipid phosphatases (LPP’s) are present in Hek293 and Hela cells). Real time PCR
was performed as described in Materials and Methods. B. siRNA depletion of lipid
phosphatases depletes S1P phosphatase activity in cell extracts. Lysates were prepared from
cells transfected with siRNA directed against the indicated enzymes, or a combination (“All
PPs”). S1P phosphatase activity was measured as described in Materials and Methods. C.
Depleting LPP’s enhances S1P accumulation when S1P is produced at the plasma
membrane. Cells were depleted of the S1P lyase, SPPs, LPPs, a combination of the SPPs
and the LPPs (“All PPs”) and a combination of the lyase, SPPs, and LPPs (“Combo”),
transfected with cytsolic, plasma membrane, or ER-targeted forms of SK, and then S1P
production was measured in intact cells by incorporation of 33P from 33P-ATP as described
in Materials and Methods. The data is normalized to the values for scrambled siRNAs at the
same concentration. The data for cytosolic SK is pooled data for endogenous SK and wild-
type SK, and for ER-targeted SK the data is pooled for two ER-targeted forms, Cb5 and
PL16. Means plus and minus standard deviations are shown.
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Figure 9.

Dihydrosphingosine phosphate is produced at high levels by overexpression of cytosolic and
ER-targeted, but not PM-targeted, forms of SK. The indicated SK constructs were
transfected into HeLa cells and 24 hours later lipids were extracted and analyzed by mass
spectroscopy as described in Materials and Methods. All lipid levels are normalized to total
phospholipid content. Panel A. S1P (filled bars) and dihydro S1P (grey bars). Panel B.
Sphingosine (filled bars) and dihydrosphingosine (grey bars). Panel C. Total ceramides.
Ceramides (filled bars) and dihydroceramides (grey bars). Determinations are the mean plus
or minus standard deviations of 3 independent experiments. Statistical significance of
measurements differing from the vector control was determined by a two-tailed Student’s t
Test. (*) p<0.05, (**)p<0.01 (Modified from Figure 3 of (Siow, D. L. et al., 2010)).
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Figure 10.

Reconstitution of (dihydro)ceramide biosynthesis from 3H-serine and palmitoyl CoA using
crude membranes. Total Hela cell membranes were incubated with 3H-serine, palmitoyl
CoA and co-factors for 60 minutes, then extracted and analyzed by thin layer
chromatography as described in Materials and Methods. The (dihydro)ceramide spot was
visualized by iodine staining and scraped into scintillation vials. Shown are the total counts
incorporated into the ceramide region of the TLC plate. Incubations also included control
cytosol (“Control””) cytosol from cells overexpressing sphingosine kinase (“SK”) or the
serine-palmitoyl transferase inhibitor myriocin (40uM). Shown are means plus or minus
standard deviation of triplicate assays.
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