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Abstract Sphingosine kinase 1 (SK1) produces sphin-
gosine-1-phosphate (S1P), a potent signaling lipid. The sub-
cellular localization of SK1 can dictate its signaling function.
Here, we use artificial targeting of SKI to either the plasma
membrane (PM) or the endoplasmic reticulum (ER) to test
the effects of compartmentalization of SK1 on substrate uti-
lization and downstream metabolism of S1P. Expression of
untargeted or ER-targeted SKI1, but surprisingly not PM-
targeted SKI1, results in a dramatic increase in the phosphor-
ylation of dihydrosphingosine, a metabolic precursor in de
novo ceramide synthesis. Conversely, knockdown of endog-
enous SKI diminishes both dihydrosphingosine-1-phosphate
and S1P levels. We tested the effects of SKI localization on
degradation of S1P by depletion of the ER-localized S1P
phosphatases and lyase. Remarkably, S1P produced at the
PM was degraded to the same extent as that produced in the
ER. This indicates that there is an efficient mechanism for
the transport of S1P from the PM to the ER. In acute label-
ing experiments, we find that S1P degradation is primarily
driven by lyase cleavage of S1P. Counterintuitively, when
S1P-specific phosphatases are depleted, acute labeling of
S1P is significantly reduced, indicative of a phosphatase-
dependent recycling process.lil We conclude that the local-
ization of SKI influences the substrate pools that it has
access to and that S1P can rapidly translocate from the site
where it is synthesized to other intracellular sites.—Siow,
D. L., C. D. Anderson, E. V. Berdyshev, A. Skobeleva, S. M.
Pitson, and B. W. Wattenberg. Intracellular localization of
sphingosine kinase 1 alters access to substrate pools but
does not affect the degradative fate of sphingosine-1-phos-
phate. J. Lipid Res. 2010. 51: 2546-2559.
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Sphingosine-1-phosphate (S1P) has emerged as a potent
bioactive lipid with established roles in essential cellular
processes such as vascular maturity, cell proliferation, traf-
ficking of immune cells, cytoskeletal rearrangement, in-
vasion, and angiogenesis (1-3). Key to such diversity of
functions lies in the ability of SIP to act as both an intracel-
lular effector molecule and an extracellular ligand for a
family of five G protein-coupled receptors, SIPR, 5 (4-7).
S1P made within the cell can be secreted from the cell
where it binds S1PRs in an autocrine or paracrine fashion,
triggering a wide range of cellular responses, including
proliferation, enhanced extracellular matrix assembly,
stimulation of adherens junctions, formation of stress fi-
bers, and inhibition of apoptosis induced by either cer-
amide or growth factor withdrawal (8-11).

Like many signaling molecules, basal levels of S1P are
tightly controlled by balancing synthesis with degradation.
S1P is generated by the ATP-dependent phosphorylation
of sphingosine catalyzed by sphingosine kinase (SK), of
which there are two mammalian isoforms: SK1 and SK2.
After being produced by SK, there are several possible
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fates for S1P (1). As stated above, one fate of S1P is secre-
tion from the cell. Additionally, S1P can be dephosphory-
lated by a number of lipid phosphatases or irreversibly
cleaved by an S1P-specific lyase into hexadecenal and phos-
phoethanolamine, both of which can be incorporated into
the cellular lipid pool (2, 12-16). Cleavage of SIP by the
lyase is the only way for cellular sphingolipids to exit the
metabolic pathway. As sphingosine kinase is responsible for
producing S1P, this effectively places SK1 in a unique posi-
tion to control the flux of sphingolipids in cells. Controlling
the flux of sphingolipids in this fashion establishes a possi-
ble housekeeping function for this enzyme that is consistent
with the high basal activity of SK1 (17).

In addition to a high basal activity, SK1 has been shown
to be further activated in response to numerous external
stimuli. Agonists that can activate SK1 include platelet-
derived growth factor (PDGF), vascular endothelial growth
factor (VEGF), tumor necrosis factor-a (TNF-a), phorbol
ester (PMA), and cyclic AMP (11, 18-22). When activated
by agonists, SK1 translocates from internal sites to the
plasma membrane (PM), and an increase in enzyme activ-
ity leads to higher intracellular and extracellular levels of
S1P (23, 24). Previous work from our laboratory showed
that translocation of SKI to the PM is dependent on phos-
phorylation of SKI by ERK1/2 and that this translocation
event is essential for mediating prosurvival, proprolifera-
tive signaling by SK1 (24, 25). Recently, calcium and inte-
grin binding protein 1 (CIB1), a calmodulin-related protein
that responds to changes in intracellular calcium, has been
identified as the protein responsible for mediating the
agonist-induced translocation of SKI to the PM following
treatment of Hela cells with either phorbol ester or TNF-o
(26). SKI, and its product SI1P, have both been linked
to calcium mobilization in a number of systems that could
provide the molecular trigger needed to activate CIB1
(27, 28).

The current study investigates the role that intracellu-
lar localization of SK1 might have in regulating the switch
between the housekeeping and signaling tasks of this lipid
kinase. Currently, it is not known if the translocation of
SKI1 to the PM following agonist stimulation serves to
place S1P production closer to specific effector molecules
or to remove S1P production away from the endoplasmic
reticulum (ER)-bound degradative enzymes. Addition-
ally, little is known about the substrate pools available to
SK1. Sphingosine kinase can utilize either sphingosine,
derived from ceramide degradation, or dihydrosphin-
gosine, a product of de novo sphingolipid synthesis. Intra-
cellular localization of SKI could potentially alter which
product is made, S1P or dihydroS1P, based on substrate
availability, and this could profoundly alter signaling events

(29, 30).

MATERIALS AND METHODS

Materials

Lipids. D-erythro[?—3H]sphingosine was from American Radio-
labeled Chemicals (St. Louis, MO). All other lipids were from
Avanti Polar Lipids (Alabaster, AL).

Sphingosine kinase 1 localization and sphingolipid metabolism

Antibodies. Anti-Na' /K" ATPase (o subunit) was from Sigma-
Aldrich (St. Louis, MO). Anti-calnexin was from BD Transduc-
tion Laboratories (San Jose, CA). Anti-KDEL was from Stressgen
(Ann Arbor, MI). Anti-human SK1 (SP1621) was from ECM Bio-
sciences (Versailles, KY). Anti-S1P lyase (sc-67368) and ant-LDH-A
(sc-27230) were from Santa Cruz Biotechnology (Santa Cruz,
CA). Alexa Fluor® 488 goat anti-mouse IgM and Alexa Fluor®
594 goat anti-rabbit IgM were from Molecular Probes (Eugene,
OR). Polyclonal anti-Tom 20 was prepared in our laboratory.

Antisense oligonucleotides. Silencer® predesigned siRNAs
(#118700; #118701) targeting human S1P lyase (SGPLI1, Entrez
Gene ID #8879) and negative control #3 siRNA (AM4615) were
from Applied Biosystems (Foster City, CA). The following func-
tionally validated siRNA oligos were from Qiagen (Valencia, CA):
#5102659300 and #S102659307 targeting human S1P phos-
phatase 1 (SGPP1, Entrez Gene ID #81537); #5100716975 and
#S5104320771 targeting human S1P phosphatase 2 (SGPP2,
Entrez Gene ID # 130367).

Gene expression assays and PCR supplies. Taqman® gene
expression assays designed for SGPL1 (Hs00900722_ml),
SGPP1 (Hs00229266_m1), SGPP2 (Hs00544786_m1), SPHK1
(Hs00184211_m1), and SPHK2 (Hs00219999_m1l), along with
High Capacity cDNA reverse transcription kit, RNase inhibi-
tor, MicroAmp® optical 96-well reaction plates, eukaryotic 18S
rRNA endogenous control (#4319413E, VIC/MGB probe),
and Tagman® universal PCR master mix were from Applied Bio-
systems (Foster City, CA). Phase Lock Gel™ (5 PRIME, 2 ml)
tubes were from Fisher Scientific (Pittsburgh, PA). TRIzol® reagent
was from Invitrogen (Eugene, OR).

Miscellaneous.  [y-""P]Adenosine 5’-triphosphate was from
Perkin Elmer (Waltham, MA). Digitonin, PMA (phorbol
myristate 13-acetate), adenosine 5-triphosphate, and parafor-
maldehyde were from Sigma-Aldrich (St. Louis, MO). Lipo-
fectamine™ 2000 and Lipofectamine™ RNAIMAX were from
Invitrogen (Eugene, OR). ECL plus (GE Biosciences) Western
blotting reagent, Whatman Silica Gel 60A thin layer chromatog-
raphy plates, Kimble borosilicate glass tubes, and Agilent glass
HPLC vials were from VWR International (Arlington Heights,
IL). High-glucose Dulbecco’s Modification of Eagle’s-Medium
(DMEM), L-glutamine, G418, and penicillin-streptomycin were
from Mediatech (Herndon, VA). All organic solvents were from
Fisher Scientific (Pittsburgh, PA). Complete protease inhibitor
cocktail (25x tablets) was from Roche Applied Science (India-
napolis, IN). Fluorescence mounting media was from Dako
(Hamburg, Germany).

Methods

Plasmids and subcloning. Wild-type human sphingosine kinase
1 (hSK1"™) was prepared as described previously (31). The phos-
phorylation-deficient mutant of hSK1, hSK1%#%%* and the catalyti-
cally inactive mutant, hSKlGBZD, were made using site-directed
mutagenesis of the hSK1" template per the manufacturer’s pro-
tocol (QuikChange Site-Directed Mutagenesis Kit, Stratagene).
The membrane-targeted constructs Lck and PL16 were made as
described previously (24, 32). A second ER-targeted construct
was made by subcloning the 35-amino acid carboxyl terminus of
the ER-specific isoform of rat hepatic cytochrome b5 (33) onto
the linker sequence at the C terminus of hSK1"™. The resulting
fusion protein is referred to as Cbb. Sequences of all plasmid

DNA constructs were verified prior to use.

Cell culture and transfection. Hel.a (human cervical carcinoma;
ATCC CCL-2.2) and Hek293 (human embryonic kidney; ATCC
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CRL-1573) cells were maintained at 37°C and 5% CO, in high-
glucose DMEM containing fetal bovine serum (10%), L-glutamine
(2 mM), penicillin (50 IU/ml), and streptomycin (50 pg/ml).
All experiments were conducted with cells between passages 2
and 30. Transient transfections of all plasmid DNA were carried
out using Lipofectamine™ 2000 (Invitrogen) per manufacturer’s
protocol.

siRNA knockdown of degradative enzymes. Hel.a or Hek293 cells
were plated in 24-well culture dishes in Penn/Strep-free media
overnight. Transient transfections of cells with gene-specific
small interfering RNA (siRNA) oligos were carried out using 10
nM siRNA duplexes and Lipofectamine™ RNAIMAX (Invitro-
gen) per manufacturer’s protocol. Either 24 or 48 h posttransfec-
tion with siRNA duplexes, cells were cotransfected with 0.4 pg
plasmid DNA for each hSK1 construct using Lipofectamine™
2000 as recommended.

Total RNA isolation and reverse transcription. Total RNA was iso-
lated using TRIzol® and phase-lock gels (5 PRIME) per manufac-
turer’s protocol. Resulting RNA was quantitated with a NanoDrop
1000 (Thermo Scientific). Prior to performing PCR studies, sin-
gle strand ¢cDNA was prepared from 1 pg total RNA using the
High Capacity cDNA Reverse Transcription Kit (Applied Biosys-
tems) according to the manufacturer’s instructions.

Real-time PCR analysis. Quantitative real-time multiplex PCR
was performed using the ABI Prism 7300 system (Applied Bio-
systems) according to the manufacturer’s instructions. TagMan®
Gene Expression Assays were used for all genes to be quanti-
tated and eukaryotic 18S rRNA (ABI #4319413E, VIC/MGB
probe) was used as the endogenous control. Essentially, cDNA
equivalent to 10 ng of total RNA from experimental samples
was used for each PCR reaction performed in duplicate using
96-well optical plates (MicroAMP®, ABI). Standard thermal
cycler conditions were used. Analysis of results and fold
differences were determined using 7300 SDS v1.3.1 software
and the comparative CT method. Fold change was calculated
from the AAC; values with the formula (27AACT), and data are
presented as relative to mRNA expression in scrambled siRNA-
transfected cells.

Western blot analyses. For expression levels of recombinant
and endogenous proteins, cells were lysed using multiple passes
through a 26-gauge needle in lysis buffer [150 mM NaCl, 10%
(v/v) glycerol, 50 mM Tris-HCl (pH 7.4), 0.05% (v/v) Triton
X-100, 1 mM DTT, 2 mM Na;VO, 10 mM NaF, 1 mM EDTA (pH
7.0), and 1x complete protease inhibitor (Roche)]. Total protein
concentration was determined using Coomassie Plus Bradford
Assay Reagent (Pierce). Proteins were separated by SDS-PAGE
electrophoresis, then transferred to PVDF membranes. Mem-
branes were blocked overnight with 5% nonfat dry milk and then
incubated with primary antibodies diluted in blocking buffer for
1 h at RT. After washing, membranes were incubated with HRP-
conjugated secondary antibodies for 1 h at RT. Blots were visual-
ized using ECL plus reagent (GE Biosciences) and then exposed
to film. For Western blot analysis of sucrose gradient fractions,
aliquots of each fraction were removed and mixed with equal
volumes of 2x Laemmli sample buffer, then separated by
SDS-PAGE. Resultant films were scanned and analyzed with
ImageQuant software.

Immunofluorescence.  Sterilized glass cover slips (Fisher, 12
mm) were coated in fibronectin and placed in a 24-well culture
dish prior to plating cells in complete medium overnight. Cells
were transfected with 1 pg plasmid DNA using FuGENE 6®
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(Roche) per manufacturer’s protocol and incubated overnight at
37°C in 5% CO,. Paraformaldehyde fixation, Triton-X100 per-
meabilization, and subsequent staining was performed as previ-
ously described (34). For methanol fixation, media was removed
and cells were washed with 1x PBS followed by addition of ice-
cold MeOH and incubated at —20°C for 5 min. MeOH was re-
placed with ice-cold MeOH/acetone (50:50, v/v) and the plate
was returned to —20°C for 5 min. MeOH/acetone was removed,
and cells were washed three times with cold 1x PBS. All anti-
bodies for methanol-fixed cells were diluted in 3% BSA without
detergent. Immunofluorescence was analyzed under oil immer-
sion using the 100x objective of an Olympus BX51WI confocal
microscope. Images are presented as representative Z-stacks or
individual confocal slices.

Total membrane preparation. Cells were harvested with trypsin
and then pelleted by centrifugation at 1500 rpm for 5 min at 4°C.
Total membranes and alkaline extractions were performed ex-
actly as previously described (35).

Sucrose gradient fractionation. All fractionation experiments
started with 10 cm dishes of either untransfected Hel.a cells or
cells transfected with hSK1 constructs. Cells were harvested with
trypsin and broken using nitrogen cavitation to preserve mem-
brane integrity. Total membranes were collected with centrifu-
gation as described above. Total protein concentration was
determined using Bradford assay. Total membranes (900 pl)
were layered on top of a discontinuous sucrose gradient prepared
as follows in a 12 ml tube (Beckman #344059): at bottom 1.0 ml
60%, 1.8 ml 44%, 1.8 ml 42%, 1.8 ml 40%, 1.8 ml 38%, 1.8 ml
34%, 1.0 ml 32%. All sucrose solutions were prepared as w/w
with sucrose/resuspension buffer (256 mM Tris, 250 mM Sucrose,
1 mM EDTA) with 1x protease inhibitor cocktail (Roche). Sam-
ples were centrifuged using an SW41 rotor spun at 37,000 rpm
for, typically, 2.5 h at 4°C. The gradients depicted in supplemen-
tary Fig. II were centrifuged for 1 h. Fractions (1 ml) were col-
lected from the top of each gradient, placed in 1.5 ml microfuge
tubes, vortexed, and placed on ice. Density of all fractions was
determined using a refractometer.

SK1 activity assays. In vitro and in situ enzyme activity assays
for hSKI1 were performed as previously described (32). When
combining the in situ enzyme assay with siRNA knockdown of
gene expression, Hel.a cells were plated in 24-well culture dishes
in Penn/Strep-free medium overnight. Transfections with gene-
specific siRNA oligos were performed as described above 24-48 h
prior to cotransfection with hSK1 constructs.

Lipid extraction and measurement of radiolabel incorporated
into SIP. At the end of each in situ enzyme assay, reactions were
terminated, and cells were harvested using acidic methanol as
described previously (32). Cellular lipids were extracted using a
modified version of the method by Bligh and Dyer (36). Samples
were dried under nitrogen and then resuspended in chloroform,
spotted onto TLC plates (Whatman, Silica gel 60), and resolved
using 1l-butanol/water/acetic acid (3:1:1, v/v). Resolved lipids
were visualized with phosphor screens processed on a Typhoon
scanner using ImageQuant software. Radiolabeled S1P was
located based on comigration with prepared standards. Known
quantities of radiolabeled ATP were spotted onto TLC plates to
generate standard curves used to calculate levels of PP_ATP in-
corporated into S1P.

In vitro phosphohydrolase activity assay. Phosphohydrolase
activity was determined with a modification of a previously
described method (87).



Liquid chromatography tandem mass spectrometry. 'To measure
steady-state levels of sphingolipids in HeLa cells, liquid chro-
matography tandem mass spectrometry (LC/MS/MS) was
employed exactly as described previously (38). Analysis of
sphingoid bases, sphingoid base-1-phosphates, and ceramides
was carried out using an API4000 triple quadrupole mass spec-
trometer with turbo-V ion source (Applied Biosystems, Foster,
City, CA) interfaced with an automated Agilent 1100 series lig-
uid chromatograph and autosampler (Agilent Technologies,
Wilmington, DE).

Statistical analysis. Triplicate or quadruplicate samples were
measured per independent experiment. Statistical significance
of the data was assessed with the two-tailed unpaired Student’s
ttest; *P < 0.05, **P < 0.01, ***P < (0.001.

RESULTS AND DISCUSSION

Constitutive localization of recombinant hSK1

Translocation of SK1 from internal sites to the PM fol-
lowing agonist stimulation has previously been reported
(24, 25, 39). We wanted to test the influence that subcel-
lular localization of SK1 has on the immediate metabolism
of its product, S1P. To this end, we designed constructs of
hSK1 that are constitutively targeted to, and tethered at,
specific intracellular membranes. In the absence of ago-
nist activation, SK1 is proposed to be cytosolic and to en-
counter its substrates in the context of the ER membrane.
To mimic the interaction of SK1 with the ER, we designed
two targeted constructs, hSK1-PL16 and hSKI1-Cbb. Both
of these recombinant enzymes contain sequences in the C
terminus that act as both an ER-specific targeting signal
and a membrane anchoring motif (32, 33). To mimic the
agonist-induced translocation of SK1 to the PM, we uti-
lized an SKI construct that contains the myristoylation/
palmitoylation motif of Lck tyrosine kinase (10 amino ac-
ids at the N-terminus). This construct has previously been
used to show that membrane localization of SK1, in the
absence of phosphorylation by ERK1/2, is sufficient to
drive oncogenic signaling (24). Characteristics of the SK1
constructs used in this study are summarized in Table 1.

The intracellular localization of these recombinant hSK1
constructs was verified by two separate methods. First, using
confocal microscopy, colocalization of each construct with
specific intracellular markers was assessed (Fig. 1). The
PM-targeted construct Lck colocalized very well with the o
subunit of ATPase, a known PM marker (Fig. 1A, bottom
panels). Additionally, the ER-targeted constructs PL16 and

Cbb colocalized well with the ER marker, KDEL immunore-
activity (Fig. 1B, bottom panels). In contrast, wild-type hSK1
and the phosphorylation-deficient mutant S225A show a
diffuse, cytosolic distribution that did not overlay well with
either a-ATPase (Fig. 1A, upper panels) or o-KDEL (Fig.
1B, upper panels). This is in agreement with the current
notion, based on the lack of an obvious membrane anchor-
ing sequence, that SK1 is a soluble protein that can readily
move about the cytosol (17).

To further verify the intracellular localization of our re-
combinant SKI1 constructs, we conducted sucrose density
gradient centrifugation studies. Total membranes from
Hela cells that were transiently transfected with each con-
struct were fractionated on discontinuous sucrose gradi-
ents as described in “Methods.” Fractions were collected
from each gradient, and Western blot analysis for various
membrane markers was performed (supplementary Fig. I).
Densitometry measurements for each band were recorded
and used to generate distribution curves for each intracel-
lular marker. Profiles for each SK1 construct were gener-
ated by overlaying the distribution curves (supplementary
Fig. IB-F). Similar profiles were seen for the two cytosolic
constructs SKwt and S225A (supplementary Fig. 1B, C).
This distribution is bimodal and complex. These con-
structs closely overlap with the ER marker in the dense
portion of the gradient. Reactivity is also seen in the top-
most fraction, consistent with a cytosolic distribution, but
also codistributes with the less dense plasma membrane
marker. The ER-targeted constructs Cb5 and PL16 had
similar profiles to each other and displayed a distribution
profile almost identical to the ER marker protein calnexin
(supplementary Fig. ID, E). The PM-targeted construct
Lck exhibited a distribution profile that mimicked the PM
marker protein ATPase (supplementary Fig. IF). To clarify
the PM localization of Lck-SK, we modified the gradient
conditions to produce a Na'/K" ATPase distribution with
a single peak, well separated from the ER marker (sup-
plementary Fig. IIA). This modification demonstrated
unambiguously that Lck-SK is predominantly plasma mem-
brane-targeted while retaining the localization profile of
the ER-targeted construct Cb5 (supplementary Fig. IIB).

The distribution of endogenous SK1 was determined by
conducting in vitro enzyme assays on aliquots of equal vol-
ume from each gradient fraction and overlaying these re-
sults with the distribution of various intracellular markers
(Fig. 2). The enhanced scale of this fractionation (to allow
measurement of the low endogenous SK1 activity) slightly

TABLE 1. Summary of hSKI constructucts
Sequence Predicted Correct by Correct by

Construct Targeting Sequence Placement Localization Microscopy Fractionation
hSK1™ None — Cytosol Yes Yes
hSK1S225A None — Cytosol Yes Yes

(phosphorylation deficient mutant)
hSK1G82D None — Cytosol Yes Yes

(catalytically inactive mutant)
Lck-hSK1 Myristoylation / palmitoylation motif N-terminal PM Yes Yes

(from Lck tyrosine kinase)

hSKI-PL16 Polyleucine (16 leucine residues) C-terminal ER Yes Yes
hSKI1-Cbb ER-specific Cytochrome b5 carboxyl terminus C-terminal ER Yes Yes

Sphingosine kinase 1 localization and sphingolipid metabolism
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Fig. 1.

fected with recombinant hSK1"; the phosphorylation-deficient mutant hSK1'

Intracellular localization of recombinant hSK1 constructs as assessed by confocal microscopy. HeLa cells were transiently trans-

S24 the plasma membrane-targeted construct Lck; or the

endoplasmic reticulum-targeted constructs PLL16 and Cbb, as described. Cells were immunostained with o-FLAG antibody (green) for de-
tection of transfected constructs in conjunction with antibodies for specific intracellular markers (red). Immunofluorescence was analyzed
by confocal microscopy, and images are presented as representative Z-stacks or individual confocal slices. Merged images (yellow) represent
the amount of colocalization of each hSK1 construct with the specified intracellular marker. A: Immunostaining for the plasma membrane
marker, the a subunit of ATPase. B: Immunostaining for endoplasmic reticulum as assessed by a-KDEL immunoreactivity. Abbreviations:

HelLa, human cervical carcinoma; SK1, sphingosine kinase 1.

altered the distribution of markers relative to that in sup-
plementary Fig. I. This was most notable with the plasma
membrane marker Na“ /K" ATPase, which in this fraction-
ation exhibited a single peak. The cytosolic marker lactate
dehydrogenase (LDH) was added to this distribution pro-
file to aid in the characterization of endogenous SK1 local-
ization. Conditions that favor SK1 over SK2 were used for
the in vitro enzyme assay to ensure that accurate localiza-
tion of SK1 was being assessed. The endogenous SKI activ-
ity cofractionated with the cytosolic enzyme LDH. This
confirms that the majority of endogenous sphingosine ki-
nase is not stably associated with intracellular membranes.
Interestingly, when a total membrane fraction is prepared
(supplementary Fig. IIIB), a considerable amount of en-
zyme activity sediments with the total membrane fraction.
This finding indicates that although endogenous SK1 has
membrane association, it is labile to the conditions em-
ployed in sucrose density fractionation. In contrast to the
overexpressed wild-type enzyme, there was little overlap of
endogenous SK1 activity with either the ER or PM mark-
ers. These data suggest that high levels of SK1 expression
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may force or accentuate a stable association with intracel-
lular membranes, particularly the ER.

Membrane-targeted hSKI1 constructs are intrinsic
membrane proteins and are active

Next, we tested whether the targeted hSKI constructs
were anchored to intracellular membranes as intrinsic
membrane proteins and whether anchoring altered en-
zyme activity. HeLa cells were transiently transfected with
each of the SK1 constructs, and total membranes were har-
vested by centrifugation as described. Once harvested,
membrane pellets were divided into equal aliquots and
subjected to either alkaline treatment (supplementary Fig.
IITA) or in vitro enzyme activity assays (supplementary Fig.
IIIB). Alkaline treatment is an established method of dis-
tinguishing peripheral membrane proteins from proteins
that are inserted into the membrane (40). Following al-
kaline treatment, equal volumes of each aliquot were
separated by SDS-PAGE, and Western blot analysis was
performed to detect the presence of SKI, calnexin and
Tom20 (integral membrane proteins), and LDH (cytosolic
protein). None of the membrane-targeted SKI1 constructs
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Fig. 2. Localization of endogenous SKI1 in HeLa cells as assessed
by sucrose density gradient fractionation. Total membranes from
nontransfected Hel.a cells were fractionated on a discontinuous
sucrose density gradient as detailed in “Methods.” For intracellular
markers (left axis), equal volumes of each fraction were resolved
using SDS-PAGE and immunoblotted with antibodies specific for
intracellular markers (a-ATPase for plasma membrane (PM), open
circles; a-calnexin for endoplasmic reticulum (ER), filled triangles;
o-LDH for cytosol, open triangles). For SK1 localization, in vitro en-
zyme activity assays (filled circles, right axis) were performed using 10
pl aliquots from each fraction. Abbreviations: HeLa, human cervical
carcinoma; LDH, lactate dehydrogenase; SK1, sphingosine kinase 1.

had detectable levels of protein in the cytosolic fraction,
and the membrane-associated portion of each construct was
resistant to alkaline extraction (supplementary Fig. IIIA). In
contrast, most of the wild-type SK1 was detected in the cy-
tosolic fraction (80% of total), and the remaining enzyme
associated with the membrane fraction was completely sus-
ceptible to alkaline treatment. These results, combined with
the SKI1 activity measurements (supplementary Fig. IIIB),
indicate that the membrane-targeted SK1 constructs have
been successfully anchored to intracellular membrane loca-
tions without any loss of enzyme activity.

Effects of SKI localization on steady-state levels of
sphingolipids

Most of the enzymes mediating the biosynthesis of
substrates used by sphingosine kinase, as well as the
enzymes responsible for the downstream metabolism of
sphingosine-1-phosphate (S1P phosphatases and SI1P
lyase), are localized to the endoplasmic reticulum (13, 14,
16, 41). To test whether constitutive localization of SK1 to
distinct intracellular membranes would affect steady-state
levels of sphingolipids, HeLa cells were transiently trans-
fected with our targeted constructs for 24 h prior to harvest-
ing and extraction of total cellular lipids. Samples were then
subjected to liquid chromatography tandem mass spectrom-
etry (LC/MS/MS) as previously described (38). Steady-state
levels were measured for the sphingoid base phosphates,
S1P and dihydroSIP (Fig. 3A); their precursor substrate lip-
ids, sphingosine and dihydrosphingosine (Fig. 3B); and a
panel of 12 ceramide species and 7 dihydroceramide spe-
cies (Fig. 3C). All lipid values were normalized to total phos-
pholipid levels. For each transfectant, SKI1 activity levels
were verified using in vitro enzyme activity assays (Table 2).
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Fig. 3. Cells overexpressing hSK1 constructs have altered steady-
state levels of sphingoid base lipids. Hela cells were transiently
transfected with empty vector, hSK1", hSK1%%%* hSK1°*", or one
of the membrane-targeted forms of hSKI. 24 h after transfection,
cells were harvested and cellular lipids were extracted. Samples
were subjected to LC/MS/MS as described. Results are expressed
as fmol sphingolipid/nmol total phospholipid. Data are means +
SEM (n = 3) of independent experiments. Statistical analysis
was performed using an unpaired Student’s ttest; *P < 0.05,
##P < 0.01. A: Steady-state levels of phosphorylated sphingosine
(S1P; black bars), and phosphorylated dihydrosphingosine
(dihydro-S1P; gray bars). B: Steady-state levels of the precursor
lipids sphingosine (black bars) and dihydrosphingosine (gray
bars). C: Steady-state levels of total ceramides (black bars) and
total dihydroceramides (gray bars). Abbreviations: HeLa, human
cervical carcinoma; SK1, sphingosine kinase 1.

Surprisingly, overexpression of active SK1 led to greater
increases in steady-state levels of dihydrosphingosine-1-
phosphate (dihydroS1P) than in levels of SI1P (Fig. 3A).
These results for wild-type SKI1 are in agreement with a

2551



TABLE 2. SKI activity for LC/MS/MS samples

Specific activity Specific activity

Construct  (pmol/min/pg protein) Construct (pmol/min/pg protein)
Vector 0.09 £ 0.01 PL16 14.90 + 0.33
SK-wt 18.38 + 0.87 Cbb 32.68 +0.73
S225A 21.65 + 0.25 Lck 6.98 +0.12
G82D 0.06 + 0.01 Lck(S225A) 6.82 + 0.47

recent study in human lung epithelial cells by Berdyshev
et al. (42). It is notable that the increase in dihydro-S1P
levels found for wild-type sphingosine kinase is mimicked
by targeting sphingosine kinase to the endoplasmic reticu-
lum (Fig. 3A, PL16 and Cbb). This suggests that unanchored
sphingosine kinase, at least when expressed at high levels,
maintains a functional association with the endoplasmic
reticulum, the site of dihydrosphingosine synthesis. The
utilization of dihydrosphingosine, an obligate precursor
of de novo ceramide synthesis, points to a function of
sphingosine kinase in controlling ceramide biosynthesis.
This is supported by observations, reported here as well as
previously, demonstrating that genetic knockdown of sphin-
gosine kinase reduces dihydrosphingosine-1-phosphate
production and enhances ceramide de novo biosynthesis
(see below) (Fig. 4A-C) (42, 43). Importantly, the signifi-
cant increases in steady-state levels of dihydroS1P are not
accompanied by significant decreases in the precursor
lipid dihydrosphingosine (Fig. 3B) or total ceramides (Fig.
3C), as might be expected. This suggests that a compensa-
tory increase in dihydrosphingosine synthesis balances the
high level of dihydrosphingosine consumption by SKI.
Remarkably, targeting SK1 to the PM (Lck and Lck-SA)
drastically reduced the magnitude of increase seen in the
steady-state levels of dihydroS1P (Fig. 3A). We confirmed
that this was not due to differences in the intrinsic ability
of these constructs to utilize sphingosine and dihydrosphin-
gosine as substrates (supplementary Fig. IVA). These re-

sults suggest that intracellular pools of dihydrosphingosine
are not accessible to SK1 that is localized to the PM, and
they could point to an unexplored consequence of the PM
translocation of SK1 that has been shown to follow agonist
stimulation. Because S1P and dihydroS1P have recently
been shown to exert opposite signaling effects in certain
cell systems (29, 30), the implications of our results war-
rant further study.

To complement the observations of the effects of SK
overexpression on S1P and dihydroSIP level, we examined
the effects of knocking down endogenous SKI1 on sphin-
golipid levels (Fig. 4). SK1 knockdown reduces levels of
both SI1P and dihydroS1P (Fig. 4A) and increases levels of
sphingosine and ceramides (Fig. 4B, C). This finding mir-
rors the results of a similar knockdown in lung endothelial
cells (44), and it confirms that both sphingosine and dihy-
drosphingosine are substrates for SK1. In this data set, the
levels of dihydroS1P in the control cells were elevated rela-
tive to levels of S1P, contrary to the data presented in Fig.
3A and levels commonly found by other investigators in
various cell types. This presumably is a result of relatively
high levels of dihydrosphingosine found in these cultures
(compare Fig. 3B, vector with Fig. 4B, scramble). The un-
derlying reason for this difference is unclear. The data
presented here and by other groups (42, 43) demonstrat-
ing that depletion of SKI enhances ceramide levels sug-
gests that SKI may control de novo synthesis of ceramide
by controlling the flux of the precursor dihydrosphin-
gosine into the biosynthetic pathway. As noted previously
(42), the increase in dihydroS1P is far greater than can be
accounted for by the steady-state decrease in dihydrosphin-
gosine. Clearly there must be an accompanying increase in
dihydrosphingosine de novo synthesis. Weissman et al.
(45) have recently identified the Orm proteins as regula-
tors of serine-palmitoyl transferase (SPT), the initiating step
in the de novo sphingolipid pathway. It will be interesting
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Fig. 4. Changes in sphingolipid mass levels resulting from knockdown of SK1. HeLa cells were transfected with siRNA against SK1 for 48 h.
Cellular lipids were then extracted for sphingolipid analysis using LC/MS/MS as described. Data are means + SD of four replicates. Statistical
analysis was performed using an unpaired Student’s ttest comparing the samples treated with scrambled oligonucleotides to the indicated
siRNA. #P < 0.05, **P < 0.01. A: Sphingosine-1-phosphate (black bars) and dihydrosphingosine-1-phosphate (gray bars). B: Sphingosine
(black bars) and dihydrosphingosine (gray bars). C: Total ceramides (black bars) and total dihydroceramides (gray bars). Statistical analysis
was performed using an unpaired Student’s ttest comparing the samples treated with scrambled oligonucleotides to the indicated siRNA.
*P< 0.05, **P = 0.01. Abbreviations: HeLLa, human cervical carcinoma; siRNA, small interfering RNA; SK1, sphingosine kinase 1.
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to determine if Orm protein regulation of SPT is respond-
ing to the depletion of dihydrosphingosine by sphingosine
kinase action.

Inhibition of enzymes that degrade S1P

S1P can be degraded through either a dephosphoryla-
tion event or an irreversible cleavage event, or it can be
secreted from the cell where it acts as a ligand for a family
of G protein-coupled receptors (1). There are three known
families of enzymes that utilize S1P and dihydroSIP as sub-
strates. The first is an S1P-specific lyase (SPL), the second
is an S1P-specific group of phosphatases (SPP1 and SPP2),
and the third is the broad-specificity family of lipid phos-
phate phosphohydrolases (LPP) (2, 12, 13, 15, 41, 46).

S1P lyase and S1P-specific phosphatases 1 and 2 are known
to be integral membrane proteins that reside at the ER.
We therefore wished to test whether localization of sphin-
gosine kinase specifically to the site of SIP degradation
(ER) would accelerate degradation of newly made SI1P
and whether localization of SK1 away from the degradative
enzymes (to the PM) would render SIP generated at the
PM refractory to degradation.

To make this measurement, we combined siRNA-medi-
ated depletion of the degradative enzymes with the tar-
geted localization of S1P production. Initially, we used
quantitative PCR to measure endogenous levels of mRNA
for the lyase (SPL) and the S1P-specific phosphatases,
SPP1 and SPP2, in Hek293 and HelLa cells (Fig. 5A).
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knockdown of SPL and SPP1 at the mRNA and protein levels. A: Endogenous mRNA levels. Hek293 (black) and Hel.a (gray) cells were
grown to confluency, and then total RNA was isolated. Additionally, subconfluent HeLa cells were either treated with PMA (300 nM, gray
hashed) for 4 h or transiently transfected with hSK1" for 24 h (gray lattice) prior to RNA isolation. cDNA generated from 1 p.g of total RNA
was used to perform real-time RT-PCR. Data are means of ACy (Cr gene — Gy 18S) values + SD for six independent RNA isolations. B: siRNA
knockdown of SPL and SPP1/2 mRNA. HeLa cells were transfected with scrambled siRNA oligos (Scr), gene-specific oligos for SIP lyase
(SPL), S1P-specific phosphatases (SPP), or a combination of oligos for both SPL and SPPs (All) for 48 h. Total RNA was isolated and real-
time RT-PCR was performed. Data are relative expression levels of each gene compared with cells transfected with scrambled siRNAs deter-
mined by the AAC; method. C: Western blot analysis of total membranes (50 pg/lane) from HelLa cells transfected with scrambled oligos
[(—) siRNA] or SPL-specific oligos [ (+) siRNA]. Endogenous hSPL is approximately 64 kDa as indicated. The asterisk (¥) indicates non-
specific protein bands. D: Phosphohydrolase activity assay for total membranes (50 pg) from HelLa cells transfected with gene-specific
siRNAs for SPP1/2. PP_S1P was used as the substrate as described. Data are means + SD for n = 4 samples and are representative of two
independent experiments. Statistical significance compared with NT HeLa cells was determined by a two-tailed, unpaired Student’s ttest.
##*P < 0.001. Abbreviations: Hek293, human embryonic kidney; HelLa, human cervical carcinoma; PMA, phorbol ester; siRNA, small
interfering RNA; SK1, sphingosine kinase 1.
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Endogenous levels of mRNA for SPL and SPP1 were read-
ily detectable in unstimulated Hek293 and HeLa cells.
SPP2 mRNA levels could be detected in Hek293 cells but
were not detectable in Hel.a cells unless the cells were ei-
ther stimulated with PMA or transfected with recombinant
SK1 prior to RNA isolation (Fig. 5A, hashed bars). Given
the fact that most of our experiments would involve the
use of recombinant SK1, we targeted both SPP1 and SPP2
for our inhibition studies.

We utilized commercially available siRNA oligonucleotides
as described in “Materials.” Specific knockdown of each gene
was verified by quantitative PCR and by protein expression or
enzyme activity. As seen in Fig. 5B, when SPP1/2 were inhib-
ited (SPPs), the lyase expression level (SPL) was not affected,
and when the lyase was inhibited, no effect was seen on SPP1
expression. SPP2 expression was undetectable under these
conditions (data not shown). For S1P lyase, Western blot
analysis shows a significant reduction in detectable protein
levels after 48 h of siRNA treatment (Fig. 5C). For SPP1/2
inhibition, phosphohydrolase activity was reduced by almost
70% following 48 h of siRNA treatment (Fig. 5D). Collec-
tively, these results show an effective inhibition of both the
lyase- and SPP-mediated degradative pathways at the mRNA
and protein levels in HeLa cells.

A
£ 200 etk
3 s
o 1
2 160 T T
o
E2
©
g il okeok /
2 /
o 9T /
o
o
© 0 T f
Scramble SPL SPPs SPL+ SPPs
B 40
% 32+
< * *%
G241 _
E 7
16 +
o fokk /
@ /
I 8+
(3} /
: . ﬁ .
Scramble SPL SPPs SPL+ SPPs

Effects of sphingosine-1-phosphate lyase and
phosphatase knockdowns on acute S1P production

To assess the relative contributions made by each of the
degradative pathways on the metabolism of localized pools
of S1P, we combined selective siRNA-mediated inhibition of
degradation with a robust and sensitive in situ enzyme assay
developed in our laboratory (32). This assay allowed us to
preserve the intracellular localization of S1P production and
degradation through the use of intact monolayers of cells.

We chose to initially characterize this system with the
plasma membrane-targeted form of SKI, Lck-SK (Fig. 6).
Newly produced SIP was labeled by using either PPATP
(Fig. 6A, C) or f%H-sphingosine (Fig. 6B, D) as substrates,
and all reactions were terminated at 100 min except for the
time course study depicted in Fig. 6C. As expected, when
lyase expression was inhibited (SPL), levels of newly pro-
duced S1P were significantly increased over the levels seen
when scrambled siRNAs were used (Fig. 6A-C). This result was
identical when using either P_ATP or 3H—sphingosine asa
substrate. For subsequent experiments, we utilized “P-ATP
labeling because of its ease of use and sensitivity. The time-
course of this reaction (Fig. 6C) illustrates that the enhanced
accumulation of sphingosine-1-phosphate observed with
lyase knockdown becomes apparent as early as 40 min after

C

4000 + —@— scramble siRNA
- g SPL SIRNA >
D --0-- SPP1/2 siRNA Y
b -~ SPL/SPPs siRNA 4
E a000 4 {— s si 3
5 g
=]
E
— 2000 +
o
-
@
[« = B
& 1000
3]
2
& °7
0 20 40 60 80 100
Time (minutes)
=75
°
H
= 60 +
g
L4 T
[] —
= /
2] 4
330
o
2 /
=
S 151
@
T
® 0 r ¢

Scramble SPL SPPs SPL+ SPPs

Fig. 6. Effects of siRNA-mediated inhibition of degradative enzymes on acute production of S1P. HeLa cells were transfected with gene-
specific siRNAs for either lyase (SPL), the S1P-specific phosphatases (SPP), or both in combination (SPL+SPP). Following siRNA treat-
ment, cells were transiently transfected with the PM-targeted construct Lck. 24 h after transfection, in situ enzyme assays were performed
using either *P_ATP (A and C) or 3H-sphingosime (B and D) to label newly produced S1P. A-B, D: Reactions were quenched at 100 min,
lipids were extracted and resolved using TLC. C: A time course was performed, and reactions were quenched at indicated times. Data are
means * SD for triplicate measurements and are representative of at least two independent experiments. Statistical significance compared
with scrambled siRNA treatment was determined by the use of two-tailed, unpaired Student’s ttest; *P < 0.05, **P < 0.01, ***P < 0.001.
Abbreviations: HeLa, human cervical carcinoma; PM, plasma membrane; siRNA, small interfering RNA; SK1, sphingosine kinase 1.
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starting the assay. Surprisingly, knockdown of the S1P-
specific phosphatases (SPPs) profoundly inhibits the accu-
mulation of newly produced S1P rather than enhancing its
accumulation (Figs. 6, 7, 8). The marked reduction in S1P
production induced by knocking down SPP1/2 is depen-
dent on degradation of S1P by the SIP lyase. SIP lyase
knockdown completely reverses the effect of SPP1/2 knock-
down, and yields levels of S1P similar to that of SIP lyase
knockdown alone. These results are reflected in both the
time-course experiment depicted in Fig. 6C as well as the
single, 100-min time point studies depicted in Figs. 6-8.

Localization of SK1 does not markedly affect degradation
of S1P

To further explore the specific effects that intracellular
localization of SKI has on the degradative fate of acutely
produced S1P, we used multiple sets of HeLa cells that
each received identical siRNA treatments. Following siRNA
treatment, cells were transfected with either empty vector
(Fig. 7A) or recombinant hSK1 constructs (Fig. 7B-E) for
24 h prior to conducting in situ enzyme assays as described.
As seen in Fig. 7, the degradative fate of newly made S1P
in this system is not significantly altered by the intracellu-
lar localization of its production. When lyase expression is
inhibited (SPL), accumulation of newly produced SIP is
significantly increased compared with scrambled siRNAs,
with only small variations in the extent of this increase for
each construct. In general, for each independent experi-
ment we conducted, S1P levels were further increased when
both the lyase and phosphatase pathways were knocked

down (SPL+SPPs). This is well exemplified by vector and
Lck transfected cells (Fig. 7A, C, respectively). In stark con-
trast to these results, when SPP1 and SPP2 expression levels
are knocked down, levels of newly produced S1P are signif-
icantly decreased as compared with scrambled controls. As
with the lyase inhibition, this effect does not seem to be
dependent on the intracellular localization of SKI1 and is
seen consistently for all experiments (Fig. 7, SPPs).

SPP1 and SPP2 knockdown does not inhibit SKI1 activity

Because the levels of newly made SI1P were reduced
when SPP1 and SPP2 were both inhibited, it was important
to confirm that siRNA-mediated inhibition of these en-
zymes was not affecting SK1 activity. To address this issue,
we set up separate 24-well plates of HeLa cells that were
transfected exactly the same for siRNAs to inhibit the
degradative enzymes, followed by transfection with the
ER-targeted SK1 construct Cbb. Twenty-four h after trans-
fection with Cbb, one plate was used for a standard in situ
assay as described above (Fig. 8A), and the other plate was
used for an in vitro kinase assay (Fig. 8B). Even though the
in situ assay still results in a significant decrease in S1P
levels after SPP1 and SPP2 are knocked down (Fig. 8A,
SPPs), the in vitro assay results clearly show that SKI activ-
ity has not been impaired in this system (Fig. 8B, SPPs).

Previous studies demonstrated that SPP knockdown
resulted in a modest increase in S1P accumulation in lung
endothelial cells (43). This conflicts with our observation
that in acute labeling studies, SIP production is dimin-
ished. We therefore also measured the effects of SPL. and
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Fig. 7.

Intracellular localization of hSK1 does not markedly affect degradation of S1P. HeLa cells were transfected with gene-specific

siRNAs for the lyase (SPL), the S1P-specific phosphatases (SPP), or both in combination (SPL+SPP). Following siRNA treatment, cells were
transiently transfected with either empty vector (A) or the recombinant hSK1 constructs as indicated (B-E). 24 h after transfection with
constructs, in situ enzyme assays were carried out for 100 min as described. Lipid values were normalized to total protein and data are
means + SD for n = 4 samples and are representative of at least three independent experiments. Statistical significance compared with
scrambled siRNA treatment was determined by the use of a two-tailed, unpaired Student’s ttest; *P < 0.05, **P < 0.01, ***P < 0.001.
Abbreviations: HeLa, human cervical carcinoma; siRNA, small interfering RNA; SK1, sphingosine kinase 1.
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Fig. 8. siRNA-mediated knockdown of SPPs does not inhibit SK1
activity. Two 24-well plates of HeLa cells were transfected with gene-
specific siRNAs for the lyase (SPL), the S1P-specific phosphatases
(SPP), or both in combination (SPL+SPP). Following siRNA treat-
ment, cells were transiently transfected with hSKI-Cb5. A: 24 h
after SK1 transfection, one 24-well plate was used for an in situ
enzyme assay as previously described. Data are means + SD for n =
4 samples. Statistical significance compared with scrambled siRNA
treatment was determined by the use of a two-tailed, unpaired Stu-
dent’s ttest; **¥*P < (0.001. B: The second 24-well plate was used to
conduct an in vitro kinase assay using TX-100 in the assay buffer as
described. Data are means + SD for n = 6 samples and are represen-
tative of at least two independent experiments. Abbreviations:
HeLa, human cervical carcinoma; siRNA, small interfering RNA;
SK1, sphingosine kinase 1.

SPP knockdown on mass levels of sphingolipids under the
same conditions used for the acute labeling experiments
in cells ectopically expressing wild-type SK (Fig. 9) to com-
pare with the acute labeling data using overexpressed SK
constructs. Consistent with previously reported results
(43), we found that knockdown of SPP1/2 slightly in-
creased S1P levels (Fig. 9A). SPL knockdown also increased
S1P and dihydroS1P levels and synergized with SPP1/2
knockdown (Fig. 9A). Sphingosine and dihydrosphingosine
levels were only slightly affected by these knockdowns
(Fig. 9B). Total ceramide levels were also slightly increased
by SPL knockdown (Fig. 9C). Similar results were seen with
untransfected cells (supplementary Fig. V). The compari-
son of the acute labeling studies and the steady-state accu-
mulation measurements may be reconciled by considering
that steady-state labeling can be strongly influenced by the
turnover of labeled pools. We speculate that there is a rap-
idly turned over, and thus highly labeled, recycled pool of
S1P that depends on SPP1/2 for turnover.
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Fig. 9. Changes in sphingolipid mass levels resulting from knock-
down of sphingosine-l1-phosphate lyase and sphingosine-1-phos-
phatases 1 and 2 in cells overexpressing recombinant SK1™. HelLa
cells were transfected with siRNA oligos against the indicated genes
for 24 h prior to transfection with wild-type SKI. Cellular lipids were
extracted for sphingolipid analysis using LC/MS/MS as described.
Data are means + SD of four replicates. Statistical analysis was per-
formed using an unpaired Student’s ttest compared with samples
treated with scrambled siRNAs. *P< 0.05, **P<= 0.01. A: Sphingosine-
1-phosphate (black bars) and dihydrosphingosine-1-phosphate (gray
bars). B: Sphingosine (black bars) and dihydrosphingosine (gray
bars). C: Total ceramides (black bars) and total dihydroceramides
(gray bars). Abbreviations: HelLa, human cervical carcinoma; siRNA,
small interfering RNA; SK1, sphingosine kinase 1.

This set of experiments has yielded two surprising re-
sults. First, we fully expected localization of sphingosine
kinase to impact on the downstream metabolism of sphin-
gosine-1-phosphate given the distinct localization of the



lyase and phosphatases to the endoplasmic reticulum.
However, we can detect no difference in the degradative
fate of sphingosine-1-phosphate generated by a plasma
membrane localized SK1 construct (Lck) with the fate of
sphingosine-1-phosphate made by an SKI1 construct local-
ized to the endoplasmic reticulum (Cb5 and PL16). This
result implies that sphingosine-l1-phosphate can rapidly
move between membrane compartments. Intracellular
transport of sphingosine-1-phosphate is a completely un-
explored area. Second, we find that depletion of the
sphingosine-1-phosphate phosphatases (SPPs) diminishes
accumulation of SIP in a sphingosine-1-phosphate lyase-
dependent fashion. Although this appears counterintui-
tive, there is considerable evidence that sphingosine, the
product of phosphatase activity on sphingosine-1-phos-
phate, is compartmentalized. For example, the utilization
of exogenous sphingosine in the salvage pathway of cer-
amide production requires the combined activities of
sphingosine kinase and sphingosine-1-phosphate phos-
phatases in both yeast and mammalian cells (27, 47). Our
results suggest a similar recycling pathway exists for newly
synthesized sphingosine-1-phosphate. In such a scenario,
rapid dephosphorylation of SI1P by SPP1 and/or SPP2
keeps the resultant sphingosine in close proximity to SK1
for rephosphorylation. In the absence of SPP1 and SPP2,
the S1P is able to escape the protected pool and is quickly
degraded by the SIP-specific lyase. Further experiments
will be needed to validate this theory and to elucidate pos-
sible mechanisms.

CONCLUSIONS

Data presented here establish several new points regard-
ing sphingosine kinase 1 metabolism. First, we show that
cytosolic and ER-targeted SK1 are able to draw dihydrosphin-
gosine from the sphingolipid biosynthetic pathway to pro-
duce dihydrosphingosine-1-phosphate, confirming earlier
results for the cytosolic enzyme (42). This result fits well
with a proposed housekeeping role for SK1, whereby basal
SK1 activity acts to provide a means for sphingoid bases to
be removed from the sphingolipid metabolic network. Ad-
ditionally, as dihydrosphingosine is the direct precursor
for ceramide biosynthesis, this ability of cytosolic and ER-
targeted SKI1 to preferentially utilize dihydrosphingosine
as a substrate could have major implications for maintain-
ing cellular levels of ceramide, a known proapoptotic lipid.

Furthermore, we show that localization of SKI to the
plasma membrane blocks the ability of SK1 to utilize dihy-
drosphingosine, suggesting that intracellular pools of di-
hydrosphingosine are not accessible to PM-targeted SKI.
As the plasma membrane is the site of translocation for
SK1 following stimulation of cells with multiple agonists,
the inability of SK1 to access dihydrosphingosine while at
the PM could point to an unexplored consequence of
translocating SK1 to the PM. As S1P and dihydroS1P have
been shown to exert opposite signaling effects in certain
cell systems (29, 30), having distinct intracellular pools of
the substrate lipids sphingosine and dihydrosphingosine

Sphingosine kinase 1 localization and sphingolipid metabolism

would create yet another level of complexity regarding
regulation of SKI. Substrate compartmentalization as a
means of SKI regulation has not been studied.

In contrast to the biosynthetic differences discussed
above, our results show no significant variations in the
degradative fate of newly made SIP when SKI was local-
ized to distinct intracellular membranes. We found that
when SIP lyase was inhibited using siRNAs, the S1P made
at the plasma membrane accumulated to the same extent
as the SIP that was made at the endoplasmic reticulum
compared with the scrambled siRNA control cells. This
was a surprise to us as we expected any newly made S1P
that was produced at the plasma membrane to be com-
pletely protected from degradation by the lyase pathway.
This result implies that S1P can move rapidly (our assays
were all complete by 100 min) between intracellular mem-
brane sites, either on its own or with the help of a trans-
port protein. We further show that this degradation is
mostly driven by lyase cleavage of S1P. When S1P-specific
phosphatases are inhibited by siRNAs, the degradation is
significantly enhanced. This result suggests that the con-
certed actions of SKI and S1P-specific phosphatases work
to create intracellular pools of SIP that are protected from
access by the lyase. In the absence of phosphatase activity,
these pools of SIP are completely accessible to degrada-
tion. This model is driven by strong evidence that in both
yeast and mammalian cells, SK and SPP are known to act
in concert to deliver sphingosine into a metabolically dis-
tinct recycling pool (47, 48).

The concept of compartmentalization of enzymes
and lipid pools is yet another layer of complexity in sphin-
golipid metabolism that is poorly understood. Collec-
tively, our results offer new insights into the role that
intracellular localization of sphingosine kinase 1 plays in
the regulation of this lipid enzyme, and how differential
localization of SK1 might be a way for the enzyme to
switch from a housekeeping enzyme to a kinase with sig-
naling roles.H
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