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Background: Sphingosine kinase 1 is regulated by oncogenesis.
Results: K-Ras increases SK1 activity leading to increased S1P and decreased ceramide.
Conclusion:Oncogenic K-Ras regulates sphingolipid metabolism through its effect on sphingosine kinase 1.
Significance:This is the first report showing that oncogenicK-Ras regulates sphingolipidmetabolism through SK1 and that this
regulation is independent of phosphorylation at serine 225.

Sphingosine kinase 1 (SK1) is an important enzyme involved
in the production of the bioactive lipid sphingosine 1-phosphate
(S1P). SK1 is overexpressed in many forms of cancer, however,
the contribution of SK1 to cancer progression is still unclear.
One of the best characterized mutations found in several forms
of human cancer is an activating pointmutation in theRas onco-
gene,whichdisrupts itsGTPase activity and leads to stimulation
of theMEK/ERK pathway. Because SK1 activity and subcellular
localization have been shown to be regulated by ERK, wewished
to investigate the effect of oncogenic Ras, a potent activator of
the Raf/MEK/ERK pathway, on the activity of SK1 and sphingo-
lipid metabolism. Using HEK293T cells transiently transfected
with theK-RasG12Voncogene andbothwild type and Sphk1�/�

mouse embryonic fibroblasts stably infected with retroviral
K-RasG12V, we found that K-RasG12V increases the produc-
tion of S1P and decreases the production of ceramide in a SK1-
dependentmanner. In addition, we found that expression of the
K-RasG12Voncogene leads to plasmamembrane localization of
SK1 and a reduction in cytosolic levels of SK1. This effect is
likely mediated by the Raf/MEK/ERK pathway as constitutively
active B-Raf orMEK1 are able to activate SK1, but constitutively
activeAkt1 is not.We believe this research has important impli-
cations for how sphingolipidsmay be contributing to oncogenic
transformation and provide some of the first evidence for onco-
genes inducing specific changes in sphingolipid metabolism
through SK1 regulation.

Sphingolipids are an important class of membrane constitu-
ents that have structural and signaling roles in eukaryotic cells.

For approximately two decades, ceramide, sphingosine, and
sphingosine 1-phosphate (S1P)2 have been recognized as bio-
active lipids that regulate proliferation, survival, and cellular
differentiation. An increased cellular level of ceramide and
sphingosine often correlate with, and can be the cause of, the
induction of apoptosis, differentiation, or senescence (1, 2).
S1P, on the other hand, promotes proliferation and survival,
regulates migration, and promotes angiogenesis (3, 4). S1P can
regulate cell fate through intracellular mechanisms that are
beginning to be elucidated (5–9). In addition, S1P can be
released from cells to exert autocrine and paracrine effects on
nearby cells expressing any of the five S1P-specific G-protein
coupled receptors (8). Based on many studies, a model has
emerged that proposes that the relative level of ceramide,
sphingosine, and S1P can determine cell fate (10).
S1P is generated within cells by the sphingosine kinase (SK)

family members that utilize ATP to phosphorylate the long
chain base sphingosine. The genomes of all eukaryotic species
examined to date contain two SK family members encoded by
two distinct genes. In humans these enzymes are referred to as
SK1 and SK2. SK1 is the better characterized SK and is thought
to be primarily responsible for the extracellular release of S1P;
however, SK2 may also contribute to the extracellular level of
S1P in vivo (11). SK1 is regulated bymany extracellular agonists
including growth factors and cytokines (3, 7, 12). Activation of
SK1 in response to TNF-� and PMA is thought to require phos-
phorylation of SK1 at serine 225 by the MAP kinases ERK1/2
(13). In addition, recent studies have suggested that the myris-
toylated calcium-binding protein, CIB1, plays a role in regulat-
ing the membrane translocation of SK1 (14).
Several studies have identified a connection between SK1

expression in tumors and patient survival. Although not defin-
itively established, changes in the level of the bioactive sphin-
golipids ceramide and S1Pmay contribute to the progression of
cancers (15–20). For example, overexpression of SK1 is suffi-
cient to lead to many properties of transformation such as
anchorage independent growth and survival during serum star-
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vation (21, 22). It has also been suggested that SK1 is a down-
stream target of the H-Ras oncogene, however, what effect this
has on sphingolipid metabolism and its implications have not
yet been explored (23).
Mutations in the K-Ras oncogene are among the most fre-

quent mutations that occur in cancer. Although closely related
to the H-Ras family member, K-Ras differs in its subcellular
localization, post-translational modifications, and is the more
commonly mutated isoform in human cancers (24). During
growth factor stimulation, Ras family members exchange GTP
for a boundGDPmolecule and are consequently able to bind to
various downstream effectors such as Raf, PI3 kinase, and other
binding partners that have been less studied. Intrinsic GTPase
activity in the Ras proteins leads to a self-limiting activation
state. Single nucleotide changes in codons 12, 13, or 61 can
result in Ras proteins that are defective in their ability to hydro-
lyze GTP and therefore remain in their active state in the
absence of growth factor stimulation. Importantly, the expres-
sion of a mutant K-Ras construct such as K-RasG12V is suffi-
cient to inducemany of the phenotypic alterations that occur in
human cancer.
In this study we set out to determine the effects of oncogenic

K-Ras on sphingolipid regulation. We demonstrate that K-Ras
regulates levels of bioactive sphingolipids through activation of
SK1. Moreover we show that K-Ras activation of SK1 is inde-
pendent of its phosphorylation at serine 225, but occurs in an
ERK-dependent manner.

EXPERIMENTAL PROCEDURES

Generation of Immortalized Mouse Embryonic Fibroblasts—
Mouse embryonic fibroblasts (MEFs) were generated from
Sphk1�/� mice littermates in a C57BL/6J/129Sv background
(11). Primary MEFs were harvested from embryonic day
12–13.5 embryos. Briefly, pregnant female mice were anesthe-
tized using inhaled halothane prior to cervical spine disloca-
tion. An abdominal incision was made to expose the pregnant
uterus. The uterus was opened up and embryos were separated
into 10-cm Petri dishes. Fetal membranes were removed from
the mice embryos using forceps and scissors. Separated
embryos had their heads and livers removed to avoid neural
stem cell and hematological stem cell contamination and to
obtain DNA for genotyping. Embryos were subsequently incu-
bated at 37 °C in the presence of 0.25% trypsin/EDTA (Invitro-
gen) for 5 min in a humidified incubator. Trypsinized embryos
were homogenized by pipetting up and down until a viscous
fluid was obtained with few tissue clumps remaining. Homog-
enized embryos were allowed to sediment for 5 min, and cells
sedimenting in the lower phase were collected and plated in
fresh DMEM (Invitrogen) containing 10% FBS (HyClone,
Logan, UT). Passage 2–3 primary Sphk1�/� and Sphk1�/�

MEFs were immortalized by retroviral infection with pBabe-
hygro DN p53. Stable MEFs expressing DN p53 were selected
with 150 �g/ml of hygromycin for 14 days.
Sphingosine Kinase Assay—Cells were harvested in SK1 buffer

containing 20 mM Tris-HCl, pH 7.4, 1 mM EDTA, 0.5 mM deoxy-
pyridoxine, 15 mM NaF, 1 mM �-mercaptoethanol, 1 mM sodium
orthovanadate, 40mM �-glycerophosphate, 0.4 mM phenylmeth-
ylsulfonyl fluoride, 10% glycerol, and complete protease inhib-

itors. 0.1%TritonX-100was added for SK1 activity, and 1MKCl
was added for SK2 activity. MEFs were sonicated twice for 30 s
and protein concentrations were determined by BCA assay
(Pierce location), 30 �g of sample protein was incubated in 90
�l of reaction mixture with 100 mM sphingosine delivered in 4
mg/ml of fatty acid-free bovine serum albumin, [32P]ATP (5
�Ci, 1 mM dissolved in 10 mM MgCl2), and SK1 buffer for 30
min at of 37 °C. The reaction was terminated by the addition of
10 �l of 1 N HCl and 400 �l of chloroform/methanol/HCl (100:
200:1, v/v/v). Subsequently, 120 �l of chloroform and 120 �l of
2 M KCl were added, and samples were centrifuged at 3000 � g
for 5 min. Then, 200 �l of the organic phase was transferred to
new glass tubes and dried. Samples were resuspended in 40 ml
of chloroform/methanol/HCl (100:100:1, v/v/v). 20 �l of resus-
pended samples were then resolved on silica thin layer chroma-
tography plates using 1-butanol/methanol/acetic acid/water
(8:2:1:2, v/v/v/v) as a solvent system and visualized by autora-
diography. The radioactive spots corresponding to S1P were
scraped from the plates and counted for radioactivity in a scin-
tillation counter. Background values were determined in nega-
tive controls in which sphingosine was not added to the reac-
tion mixture.
Sphingolipidomic Analysis and C17-Sphingosine Labeling—

Adherent cells were washed twice with cold PBS and then col-
lected in cold PBS. A small aliquot was taken for protein con-
centration determination. Samples were then immediately
snap-frozen in a dry ice/methanol bath and frozen at �80 °C
prior to submission for sphingolipidomic analysis. Lipids were
extracted twice using a 2ml of ethyl acetate/propan-2-ol/water
(60:30:10, by volume) solvent system, dried under a stream of
nitrogen, and re-suspended into 150 �l of 1 mM ammonium
formate in 0.2% formic acid in methanol. Sphingolipid mass
levels were determined by electrospray ionization-mass spec-
trometry (ESI/MS/MS). Analysis of ceramides, sphingoid
bases, and sphingomyelins was performed on a Thermo Finni-
gan TSQ 7000 triple quadrupole mass spectrometer, operating
in a multiple reaction-monitoring positive ionization mode, as
described previously (25, 26). For C17-sphingosine labeling, 1
�M C17 sphingosine (1 mM stock in ethanol) was added to the
medium for 30min. Cells were washed two times with PBS and
collected in PBS. An aliquot was taken for protein concentra-
tion determination and snap-frozen in dry ice/methanol and
stored at �80 °C until analysis. Analysis was performed as
described previously (27).
Real Time Quantitative PCR—RNA was homogenized and

extracted from cultured cells or mouse tissue using QIAShred-
der and RNeasy kits (Qiagen, Valencia, CA), respectively.
cDNA was synthesized from 1.0 mg of RNA using Oligo(dT)
primers (Invitrogen) using SuperScript II Reverse Transcrip-
tase (Invitrogen) according to the manufacturer’s instructions.
The standard RT-PCR included 12.5 ml of SYBR Green (Bio-
Rad), 0.5 ml of 10 mM forward primer, 0.5 ml of 10 mM reverse
primer, and 1.0 ml of cDNA adjusted to a final volume of 25.0
ml per well. The RT-PCR was performed using an iCycler (Bio-
Rad) as follows: 3 min at 95 °C, followed by cycles (n � 40)
consisting of a 10-s melt at 95 °C, a 45-s annealing step at 60 °C,
and an extension step of 45 s at 68 °C. All reactions were per-
formed in triplicate. Primers were designed using Beacon
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Primer Design Software and purchased from Integrated DNA
Technologies (Coralville, IA). Primers user for real-time PCR
are as follows: forward human SK1, 5�-CTGGCAGCTTCCT-
TGAACCAT-3�; reverse human SK1, 5�-TGTGCAGAGACA-
GCAGGTTCA-3�; forward human SK2, 5�-CCAGTGTTGG-
AGAGCTGAAGGT-3�; reverse human SK2, 5�-GTCCATTC-
ATCTGCTGGTCCTC-3�; forward human �-actin, 5�-ATTG-
GCAATGAGCGGTTCC-3�; reverse human �-actin, 5�-
GGTAGTTTCGTGGATGCCACA-3�. Threshold cycle (Ct)
values for target genes were normalized to the reference gene
using QGene software (Bio-Rad) to determine mean normal-
ized expression.
Immunoblotting—Protein samples were separated on 4–20%

gradient gels (Criterion; Bio-Rad) at 60 to 100 V before trans-
ferring to nitrocellulose membrane in Tris glycine buffer (100
V, 30min, 4 °C).Membranes were blocked in 5%milk dissolved
in PBS containing 0.1% Tween (PBST) for 30 min. Blots were
probedwith primary antibody in 5% drymilk dissolved in PBST
overnight at 4 °C. Membranes were washed four times with
0.1% PBST. Membranes were subsequently probed with horse-
radish peroxidase-conjugated secondary antibody 1:5000
mouse, goat, or rabbit in 5% nonfat dry milk PBST for 1 h at
room temperature. Blots were washed four times with PBST.
Proteins were visualized by enhanced chemiluminescence
(Pierce).
Subcellular Fractionation—Whole cell lysates were fraction-

ated into cytosolic and membrane components as previously
described (28). Briefly, cells were washed in PBS and collected
in a SK activity fractionation buffer containing 20 mM Tris, pH
7.5, 10 mM EDTA, 2 mM EGTA, 250 mM sucrose, 1 mM phen-
ylmethylsulfonyl fluoride, 1mM dithiothreitol, 5mMNaF, 1mM

Na3VO4, and 0.5 mM 4-deoxypyridoxine. Samples were soni-
cated 3 times for 30 s. Unbroken cells were separated by centri-
fuging at 1,000 � g and collecting the supernatant. The super-
natant of disrupted cells was subject to centrifugation at
100,000 � g for 1 h. The supernatant was separated, and the
pellet was resuspended in SK activity fractionation buffer as
above, but also containing 0.8% Triton X-100.
Immunofluorescence and Confocal Microscopy—MEFs were

seeded in 35-mm glass bottomMatTek confocal dishes. Media
was aspirated and washed twice with 2 ml of PBS. MEFs were
fixed with 3.7% formaldehyde in PBS for 20 min at room tem-
perature followed by two washes with 2 ml of PBS. Fixed cells
were permeabilized with 0.1% Triton X-100 for 10min at room
temperature. Samples were blocked with 2% human serum for
30 min. Samples were then stained with monoclonal M2 anti-
FLAG antibody (1:1000) (Sigma) in 2% human serum for 2 h.
Dishes were washed 4 times with 2 ml of PBS. Alexa Fluor
488-conjugated anti-mouse antibody (1:1000) (Abnova, Little-
ton, CA) was added in 2% human serum and incubated at room
temperature for 1 h. Dishes were washed 4 times with PBS.
Following washes with PBS, MatTek dishes were stored at 4 °C
prior to image collection. Fixed and stained samples were
viewed on an LSM 510 Meta Confocal Microscope (Carl Zeiss,
Thornwood, NY). Each microscopic image is representative of
10–20 fields over three experiments, and all images were taken
at the equatorial plane of the cell. Raw data images were
cropped in Adobe Photoshop CS2� for publication.

Statistical Analysis—GraphPad Prism software was used for
all statistical analysis. Comparisons between two groups were
analyzed by Student’s t test. A Bonferroni correction was per-
formed to correct for multiple comparisons.

RESULTS

Oncogenic K-RasG12V Decreases C16-Ceramide and Increases
S1P Levels in Cells—First, we set out to determine whether the
expression of oncogenic K-RasG12V could regulate bioactive
sphingolipid levels or alter sphingolipid metabolism. To test
this, we transfected HEK293T cells with K-RasG12V or empty
vector and quantified the amount of S1P, ceramide, and dihy-
droceramide using a modified Bligh and Dyer extraction fol-
lowed by HPLC-tandem mass spectrometry analysis. The
results showed that HEK293T cells expressing oncogenic
K-RasG12V had a 2-fold increase in endogenous S1P (Fig. 1A)
and a 30% decrease in the level of endogenous C16-ceramide
(Fig. 1B) when compared with vector-transfected cells. Inter-
estingly, the very long chain C24 and C24:1 ceramide were not
altered by the expression of K-RasG12V in a statistically signif-
icant manner (Fig. 1B). Sphingosine levels were not statistically
different between the vector-transfected cells and K-RasG12V-
transfected cells (Fig. 1C). Altogether, these data suggest that
oncogenic K-Ras modulates bioactive sphingolipid levels
toward a pro-proliferative profile through an increase in S1P
and a decrease in ceramide levels.
K-RasG12V Enhances the Production of Both Intracellular

and Extracellular Sphingosine 1-Phosphate and Decreases Cer-
amide Production—Next we wanted to probe how the onco-
gene K-RasG12V regulates sphingolipid metabolism to alter
the levels of these two bioactive sphingolipids. We and others
have established a method for evaluating sphingolipid metabo-
lism using a natural but very low abundance sphingosine con-
taining only 17 carbons as a label (C17-sphingosine) (27). Vec-
tor or K-RasG12V-transfected HEK293T were labeled with 1
mM C17-sphingosine for 30 min. Cells and media were col-
lected and ceramide, sphingosine, and sphingosine 1-phos-
phate containing the C17-sphingosine backbone were quanti-
fied in each sample using tandemmass spectrometry coupled to
HPLC. We found that K-RasG12V-transfected cells had a
�1.8-fold increase in both intracellular and extracellular C17-

FIGURE 1. Oncogenic K-RasG12V increases intracellular S1P and de-
creases C16-ceramide. HEK293T cells were transfected with empty vector or
K-RasG12V. 48 h post-transfection cells were collected and analyzed for (A)
S1P, (B) ceramide, and (C) sphingosine content using HPLC coupled tandem
mass spectrometry (n � 6). Error bars represent S.D. *, denotes p � 0.05.
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S1P (supplemental Figs. S1A and S2B, respectively), suggesting
that K-RasG12V expression leads to an increase in S1P produc-
tion with subsequent release. In addition, K-RasG12V-trans-
fected cells had a decreased amount of the C17-sphingosine
label incorporated into all ceramide species (supplemental Fig.
S1B), suggesting that the presence of K-RasG12V leads to pref-
erential incorporation of sphingosine into S1P rather than cer-
amide. Interestingly, the level of intracellular C17-sphingosine
was increased when oncogenic K-RasG12V was expressed
(supplemental Fig. S1C). The increase in intracellular C17-
sphingosine is unlikely to be due to an increase in uptake of
exogenous C17-sphingosine label because the extracellular lev-
els of C17-sphingosine (supplemental Fig. S2A) were similar in
the vector-transfected cells. Rather, it is possible that the
increase in C17-sphingosine may be due to its increased phos-
phorylation/dephosphorylation by activation of SK, which
would be consistent with reports in the literature on activation
of SK by H-Ras (23).
Oncogenic K-RasG12V Regulates Sphingosine Kinase 1

Activity—As mentioned above, previous reports have sug-
gested a link between SK activity and oncogenic H-Ras (23).
Therefore, we next elected to test if oncogenic K-RasG12V
affected SK1 and/or SK2 activity. HEK293T cells were trans-
fected with either empty vector (pcDNA3) or oncogenic
K-RasG12V, and SK activity was measured. As early as 48 h
post-transfection, it was observed that expression of oncogenic
K-RasG12V increased SK1 activity by �2.6-fold over vector-
transfected cells, but had no effect on SK2 activity (Fig. 2A).
To confirm that SK1, and not SK2, was necessary for the

change in SK activity observed with oncogenic K-RasG12V,
we infected WT or Sphk1�/� MEFs with either retrovi-
ruses expressing empty vector or oncogenic K-RasG12V.
K-RasG12V-infected WT MEFs had a �1.7-fold increase in
SK1 activity over vector-infected cells. This effect was not
observed in Sphk1�/�MEFs suggesting that the observed effect
was not due to background SK2 activity (Fig. 2C).
Activation of SK1 is often accompanied by a translocation of

SK1 from the cytosolic compartment to the membrane com-
partment (21, 28). Therefore, we wanted to test if the presence
of oncogenic K-RasG12V alters the relative amount of SK1
activity present in themembrane and cytosolic subcellular frac-
tions. Vector and K-RasG12V-transfected HEK293T cells were
harvested, and cytosolic and membrane fractions were
obtained as described under “Experimental Procedures.” The
fractionswere normalized to equal protein andwere assayed for
SK1 activity in the presence of 0.5% Triton X-100. The results
showed that in HEK293T cells expression of K-RasG12V led to
an �3.5-fold increase in cytosolic SK1 activity and �4.3-fold
increase inmembrane SK1 activity when comparedwith empty
vector expression alone (Fig. 2B). The results also showed that
in MEFs, SK1 activity increased in the cytosolic and mem-
brane fractions by �1.6- and �1.9-fold, respectively, when
K-RasG12Vwas expressed (Fig. 2D). This profile of SK1 activa-
tion by K-RasG12V appears to be similar to what occurs by
other known SK activators (13, 28, 29).
SK1 Message Is Not Up-regulated by K-RasG12V—Increases

in SK1 mRNA have been reported in many human cancers,
however, no relationship between oncogenic Ras and SK1mes-

sage levels in cancer has been shown (30). In addition, SK1 has
been demonstrated to be transcriptionally regulated in
response to PMA through the AP-2 and Sp1 transcription fac-
tors (31). In addition, v-Src has been shown to regulate AU-rich
proteins to alter SK1mRNA stability (32). Therefore, it became
important to evaluate if oncogenic Ras could also regulate SK1
message levels. RNA was collected from HEK293T cells 48 h
after being transfectedwith either empty vector or K-RasG12V.
Expression of SK1 and SK2 were quantified using quantitative
real time PCR. Actin-specific primers were used as standards to
normalize the samples. The results showed that neither SK1
nor SK2mRNA levels in the K-RasG12V-transfected cells were
significantly different from those in vector-transfected cells
(Fig. 3). This suggests that the increase in SK1 activity in
response to oncogenic K-RasG12V is likely to be independent
of transcription or message stabilization.
K-RasG12VAlters Sphingosine Incorporation fromCeramide

to S1P in a SK1-dependent Manner—To assess whether or not
SK1 was necessary for changes in sphingolipid metabolism
observed with oncogenic K-RasG12V, we infected WT,
Sphk1�/�, and Sphk2�/� MEFs with either retroviruses

FIGURE 2. Oncogenic K-RasG12V increases SK1 activity, but not SK2 activ-
ity. A, HEK293T cells were transfected with either empty pcDNA3 (vector) or
pcDNA3 expressing K-RasG12V. 48 h post-transfection cells were collected
and assayed for sphingosine kinase activity in the presence of either 0.5%
Triton X-100 (SK1 activity on the left) or 1 M KCl (SK2 activity on the right).
B, HEK293T cells were transfected with empty vector or oncogenic
K-RasG12V. 48 h post-transfection cells were sonicated followed by centrifu-
gation at 1,000 � g. Supernatants were collected and centrifuged at
100,000 � g for 60 min. Both the pellet (membrane) and supernatant (cytosol)
were collected and an SK1 assay was performed (n � 6). Error bars represent
S.D. *, denotes p � 0.05. C, immortalized WT or Sphk1�/� mouse embryonic
fibroblasts were infected with either empty pBABE retroviral vector or retro-
virus expressing K-RasG12V. Infected cells were selected with puromycin.
After 1 week of selection, MEFs were passaged and lysates were collected. An
SK1 assay was performed as described under “Experimental Procedures.”
Error bars represent S.D. *, denotes p � 0.01 (n � 6). D, WT MEFs were infected
with retrovirus expressing either empty vector or K-RasG12V. Stable retrovi-
rus-infected cells were selected for with puromycin. MEFs were grown in 10%
FBS and collected in PBS. Cells were sonicated followed by centrifugation at
1,000 � g. Supernatants were collected and centrifuged at 100,000 � g for 60
min. Both the pellet (membrane) and supernatant (cytosol) were collected
and an SK1 assay was performed (n � 6). Error bars represent S.D. *, denotes
p � 0.05. NS, not statistically significant.
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expressing empty vector or oncogenic K-RasG12V. MEFs were
labeled with C17-sphingosine for 30 min and their C17-labeled
sphingolipid content was analyzed. Oncogenic K-RasG12V
increased the amount of label incorporated into C17-S1P by
�1.5-fold in the WT and Sphk2�/� MEFs, but not the
Sphk1�/� MEFs suggesting that oncogenic K-RasG12V
requires SK1 for the increase in S1P produced (Fig. 4A). In
addition, the Sphk1�/� and Sphk2�/� MEFs had a higher level
of C17 label incorporated into ceramide when compared with
WTMEFs (Fig. 4B). Oncogenic K-RasG12V decreased the level
of C17-ceramide in both theWT and Sphk2�/� MEFs, but not
the Sphk1�/� MEFs. Interestingly, this effect was more dra-
matic in the Sphk2�/� MEFs compared with WT MEFs sug-
gesting that K-RasG12V can reverse the increased incorpora-
tion of sphingosine into ceramide observed at baseline in the
Sphk2�/� MEFs. Therefore, the down-regulation of ceramide
and induction of S1P induced by K-RasG12V appears to be
dependent primarily on SK1.
Requirement for SK1 Activity but Not Phosphorylation for

Mediating the Metabolic Effects of K-RasG12V on Sphingolipid

Metabolism—Because H-Ras has been shown to induce phos-
phorylation of SK1, it became important to determine whether
a similar phosphorylation plays a role in activation of SK1 in
response to K-Ras. For these experiments, Sphk1�/� MEFs
were reconstituted with wild type, phosphorylation-defective
(S225A), or a kinase-dead SK1, and their ability to rescue the
metabolic properties was evaluated. To test this, we developed
retroviral constructs expressing FLAG-SK1, FLAG-SK1S225A,
or FLAG-SK1G82D using a pBABE-Puro plasmid as the vector.
After stable selection, MEFs were labeled with C17-sphingo-
sine for 30 min, and C17-containing sphingolipids were ana-
lyzed in both the cells and media. Overexpression of wild type
SK1 or phosphorylation-defective SK1, but not kinase-dead
SK1, resulted in an increase in extracellular C17-labeled S1P
when K-RasG12V was co-expressed (Fig. 5A). C17-labeled
intracellular S1P was increased in wild type MEFs, but not
Sphk1�/� MEFs when K-RasG12V was expressed. This defect
was reversed with the expression of wild type SK1 or phosphor-
ylation-defective SK1, but not catalytically inactive SK1 (Fig.
5B). In addition, overexpression of wild type or S225A SK1, but
not catalytically inactive SK1 lead to a restoration of
K-RasG12V-dependent decreases in ceramide (Fig. 5C). Alto-

FIGURE 3. Oncogenic K-RasG12V does not increase SK1 or SK2 mRNA
expression. HEK293T cells were plated and transfected with either pcDNA3
(Vector) or pcDNA3 expressing K-RasG12V. 48 h post-transfection cells were
collected for RNA isolation. cDNA was created and real time PCR was per-
formed using SK1, SK2, and �-actin specific primers. Both (A) SK1 and (B) SK2
mRNA levels were normalized to �-actin expression (n � 6). Error bars repre-
sent S.D. NS denotes p � 0.05.

FIGURE 4. Oncogenic K-RasG12V increases S1P production and decreases
ceramide production in a SK1-dependent manner. Wild type, Sphk1�/�, or
Sphk2�/� MEFs were isolated and immortalized with dominant-negative p53.
MEFs were then infected with retroviruses containing either pBABE empty
vector or pBABE expressing K-RasG12V. Vector or K-RasG12V expressing MEFs
were plated in 10-cm dishes and labeled with 1 �M C17-sphingosine for 30
min. The media was aspirated and cells were washed with cold PBS. Lipids
were extracted and C17-labeled sphingolipids were analyzed using LC-MS-
mass spectrometry. A, C17-S1P; B, C17-ceramide. *, denotes statistical signif-
icance compared with vector using Student’s t test; NS denotes not statisti-
cally significant p � 0.05.
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gether, these data suggest that SK1 activity is required for
K-Ras-induced regulation of metabolism of bioactive sphingo-
lipid. Interestingly, however, and in contrast to results with
H-Ras, the current results show that this requirement appears
independent of serine 225 phosphorylation. To test this, we
expressed either retroviral wild type FLAG-SK1 or FLAG-
SK1S225A in Sphk1�/� MEFs. Stable FLAG-SK1 or FLAG-
SK1S225A expressing MEFs were then infected with either
empty vector or K-RasG12V expressing retroviruses. The
results showed that the FLAG-SK1 and FLAG-SK1S225A
expressing cell lines both had similar enzyme activities and that
K-RasG12V expressing cell lines both had an �2–3-fold
increase in SK1 activity compared with vector alone (Fig. 6A).
In addition, the expression of FLAG-SK1 was similar to that of
FLAG-SK1S225A in both vector and K-RasG12V expressing
cell lines (Fig. 6B, top left panel).
K-RasG12V Induces SK1 toLocalize to thePlasmaMembrane—

Previous studies have shown that SK1 localizes to the plasma
membrane in a serine 225-dependent manner. Therefore, it
became important to test if SK1 was being translocated to the
plasma membrane from the cytosolic fraction in response to
oncogenic K-RasG12V and if this also required phosphoryla-
tion of SK1 on Ser-225. The results showed that in both the
FLAG-SK1 and FLAG-SK1S225A expressing MEFs that
K-RasG12V induced an increase in FLAG-SK1 in the mem-
brane fraction (Fig. 6B, upper right panel) and a decrease in the
cytosolic fraction (Fig. 6B, uppermiddle panel) despite the total

level of SK1 remaining the same (Fig. 6B, top left panel).
GAPDH and Na/K-ATPase were used as normalization mark-
ers for cytosolic andmembrane fractions, respectively.We next
wished to visualize which membrane compartment SK1 was
translocating to in response to K-RasG12V. Sphk1�/� MEFs
expressing vector, FLAG-SK1, or FLAG-SK1 S225A with or
without K-RasG12V were fixed and stained for anti-FLAG fol-
lowed by an Alexa 488-conjugated anti-mouse antibody. The
results showed that oncogenic K-RasG12V induced a signifi-
cant increase in the expression of SK1 specifically on the plasma
membrane (Fig. 7). This effect was observed with wild type SK1
(Fig. 7, middle panels), phosphorylation-defective SK1 (Fig. 7,
right panels), or kinase-dead SK1 (not shown). Therefore,
K-Ras appears to activate SK1 by a mechanism involving trans-
location to the plasma membrane even in the absence of SK1
kinase activity or phosphorylation of serine 225.
Requirement for the ERK Pathway, but Not Akt in Activation

of SK1—Two of the major downstream targets of activated
K-RasG12 are Raf and PI3K. Therefore, it became important to
determine the signaling pathway by which oncogenic K-Ras
activates SK1. For these experiments, the effects of constitu-
tively active components of the MAP kinase pathway or acti-
vated Akt can activate SK1. HEK293T cells were transfected
with empty vector, oncogenic K-RasG12V, active B-RafV600E,
constitutively active MEK1-DD, or myristoylated Akt1. The
results showed that the expression of K-RasG12V strongly acti-
vated SK1 (Fig. 8, second lane). In addition transfection of

FIGURE 5. Oncogenic K-RasG12V increases intracellular and extracellular S1P and decreases ceramide in a SK1-dependent manner independent of
serine 225. Sphk1�/� MEFs were infected with retrovirus containing pBABE expressing FLAG-SK1, FLAG-SK1 S225A, or FLAG-SK1G82D. After selection with
puromycin, MEFs were infected with retrovirus containing either pBABE or pBABE expressing K-RasG12V. Vector or K-RasG12V expressing MEFs were plated in
10-cm dishes and labeled with 1 mM C17-sphingosine for 30 min. The media were collected and cells were washed with cold PBS. Lipids were extracted from
both cells and media and C17-labeled sphingolipids were analyzed using LC-MS-mass spectrometry. A, extracellular C17-sphingosine 1-phosphate; B, intra-
cellular C17-S1P; and C, C17-ceramide. *, denotes statistical significance compared with vector using Student’s t test; NS denotes not statistically significant p �
0.05.
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HEK293 cells with either constitutively active B-RafV600E (Fig.
8, third lane) or MEK1-DD also activated SK1 (Fig. 8, fourth
lane), but to a lesser degree than oncogenic K-RasG12V (Fig. 8,
second lane). Myristoylated Akt1 had no effect on SK1 activity,

suggesting that K-RasG12V does not activate SK1 through
Akt1 (Fig. 8, fifth lane).
Activation of SK1 by K-RasG12V Requires ERK—Because

phosphorylation of SK1 at serine 225 was not required for SK1
activation by oncogenic K-Ras, we wanted to test if ERK itself
was required for activation. To address this, HEK293T cells
were transfected with oncogenic K-RasG12V or constitutively
active MEK in conjunction with empty vector, dominant-neg-
ativeMEK, or dominant-negative ERK. The results showed that
the co-expression of dominant-negativeMEK or ERK inhibited
the activation of SK1 by K-RasG12V (Fig. 9). In addition, dom-
inant-negative ERK inhibited the activation of SK1 by a consti-
tutively active MEK1 (Fig. 9). These data suggest that ERK is
indeed required for the activation of SK1 in response to both
oncogenic K-RasG12V and by constitutively active MEK1.
K-RasG12V activated SK1 to a greater extent than MEK1-DD,
suggesting that an additional signaling pathwaymay contribute
to SK1 activation, although to aminor extent as compared with
the MAP kinase pathway.

DISCUSSION

The results from this study show that SK1 is a downstream
effector of oncogenic K-RasG12V and that expression of onco-
genic K-RasG12V influences sphingolipid metabolism primar-
ily through the regulation of SK1. Activation of SK1 by
K-RasG12V leads to an increase in both the intracellular and
extracellular levels of S1P and a decrease in the intracellular
level of ceramide. Using wild type, Sphk1�/�, and Sphk2�/�

MEFswewere able to show that this occurs in a SK1-dependent
manner.
The results from this study clearly show that activation and

translocation of SK1 by oncogenic K-RasG12V is independent
of phosphorylation of SK1 at serine 225 because a SK1 con-
struct containing a serine to alanine mutant at position 225
becomes equally localized to the plasma membrane and is sim-
ilarly activated by oncogenic K-RasG12V. Although the results
show that phosphorylation at serine 225 is not necessary for

FIGURE 6. K-RasG12V activates and induces the membrane localization of
both SK1 and SK1S225A. Sphk1�/� MEFs were infected with retrovirus con-
taining either pBABE expressing FLAG-SK1 or FLAG-SK1 S225A. After selec-
tion with puromycin, MEFs were infected with retrovirus containing either
pBABE or pBABE expressing K-RasG12V. MEFs were plated and collected for
(A) SK1 activity or (B) subcellular fractionation. Whole cell lysates were sepa-
rated into whole cell, soluble, and pellet fractions as described under “Exper-
imental Procedures.” All samples were normalized for total protein. 30 mg of
total protein from each sample was analyzed using SDS-PAGE. Membranes
were probed with anti-FLAG to assess exogenously expressed SK1 localiza-
tion. GAPDH and Na�/K�-ATPase probes were used to assess equal loading
and to determine the quality of the fractionation (n � 3). Error bars represent
S.D. in panel A.

FIGURE 7. Oncogenic K-RasG12V induces SK1 to localize to the plasma
membrane. Sphk1�/� MEFs were infected with retrovirus containing either
pBABE or pBABE expressing FLAG-SK1 or FLAG-SK1 S225A. After selection
with puromycin, vector, FLAG-SK1, or FLAG-SK1S225A expressing MEFs were
infected with retrovirus containing either pBABE or pBABE expressing
K-RasG12V. MEFs were fixed and stained with anti-FLAG antibody followed by
Alexa 488-conjugated secondary antibody for visualization using confocal
microscopy. Representative cells of �90% of the cell populations on each
dish are shown in compilation images (n � 3).

FIGURE 8. Oncogenic K-RasG12V, B-RafV600E, or MEK1-DD increase SK1
activity, but myr-Akt1 does not affect SK1 activity. HEK293T cells were
plated and transfected with vector (pcDNA), K-RasG12V, B-RafV600E, MEK1-
DD, or myristoylated Akt1. 48 h post-transfection cells were collected and
assayed for sphingosine kinase activity in the presence of 0.5% Triton X-100.
Briefly, 30 mg of protein was assayed per sample in the presence of 32P-
labeled 20 mM ATP and 50 mM sphingosine in 0.4% BSA for 30 min at 37 °C.
A, scintillation counter quantification of the S1P band from 6 independent
experiments. Error bars on represent S.D. *, denotes p � 0.01 when compared
with pcDNA. B, representative radiograph. Far left lane (�Sph) is pcDNA with-
out the addition of sphingosine to the reaction.

Oncogene K-Ras Regulation of Bioactive Sphingolipids

31800 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 38 • SEPTEMBER 14, 2012



activation by K-RasG12V, they do show that K-RasG12V-de-
pendent activation of SK1 requires theMAP kinase, ERK1/2, as
both dominant-negative ERK or dominant-negative MEK
inhibited the activation of SK1 byK-RasG12V. In addition, acti-
vation of SK1by constitutively activeMEKwas also inhibited by
a dominant-negative ERK construct. This is in agreement with
previous reports suggesting that ERK2 is required for SK1 acti-
vation in response to TNF-� or PMA treatment (13, 21).
Although myristoylated Akt1 failed to activate SK1 in our sys-
tem, we cannot rule out PI3K as an important regulator of SK1
activity. Early studies involved with biochemical characteriza-
tion of SK1 showed a positive effect of phosphatidylinositol on
purified rat SK1 activity (43). It is unclear if phosphatidylinosi-
tol or phosphatidylinositol polyphosphate have an effect on SK
activity in vivo.
Several studies have explored themechanism of activation of

SK1 in response to different extracellular agonists. In HEK293
cells, TNF-� or PMA activate SK1 in an ERK-dependent man-
ner due to its ability to phosphorylate SK1 at serine 225. Acti-
vation of SK1 in this manner induces the plasma membrane
localization of SK1 leading to an increase in intracellular and
extracellular S1P production (28). In amore recent study, local-
ization of SK1 to the plasma membrane was shown to require
the calcium-binding protein CIB1, suggesting that an acute cal-
cium signal and phosphorylation at serine 225 are both
required for the translocation of SK1 to the plasma membrane
(14). The connection between serine 225 and CIB1-dependent
plasma membrane localization remains unclear because wild
type SK1 and SK1 S225A are able to bind to CIB1 equally well
(14). Therefore, the mechanistic basis by which phosphoryla-
tion of SK1 at serine 225 regulates the activation and plasma
membrane localization of SK1 remains unclear.Onehypothesis
is that phosphorylation of SK1 at serine 225 enhances its affinity
for anionic phospholipids such as phosphatidylserine, which
are abundant at the plasma membrane (35). In this study,
we find that SK1 can localize to the plasma membrane in the
absence of this phosphorylation site suggesting that there are
alternative mechanisms by which SK1 can localize to the

plasma membrane. It is possible that an alternative phosphor-
ylation site exists on SK1, however, there are no alternative
predicted ERK sites on SK1 and therefore ERK may activate
SK1 through an indirect mechanism.
In 2000, Xia et al. (23) showed that oncogenic H-RasG12V

activates SK1 and that a dominant-negative SK1, SK1G82D,
could partially inhibit anchorage independent growth induced
by H-RasG12V. Because K-Ras is the most commonly mutated
isoform of Ras in human cancers, we wanted to test if the onco-
gene K-RasG12V could activate SK1 and to determine the con-
sequences of this activation on regulation of bioactive sphingo-
lipids, the latter being a crucial and unexplored area as a
potential downstream effector of oncogenic Ras. Because SK1
regulates the production of S1P and the catabolismof ceramide,
it has beenhypothesized that SK1may serve as a critical enzyme
for regulating the levels of ceramide and sphingosine 1-phos-
phate; however, this hypothesis has largely been untested in the
context of a direct effect of oncogenes. In this study we found
that the expression of K-RasG12V leads to an increase in S1P
production both intracellularly and in the extracellular envi-
ronment. In addition, we found that intracellular ceramide is
decreased and that the production of ceramide from exogenous
sphingosine is reduced. Interestingly, we found that the level
of sphingomyelin in K-RasG12V-transformed cells is also
decreased, suggesting thatK-RasG12Vmay accelerate sphingo-
myelin catabolism or inhibit the production of sphingomyelin
(data not shown). Because the level of C16-dihydroceramide is
actually increased in transformed cells, it is likely that de novo
synthesis of sphingolipids is not inhibited by K-RasG12V, but
rather catabolism is increased. We cannot, however, rule out
that K-RasG12V also has an inhibitory effect on one or more
ceramide synthase or sphingomyelin synthase. Further explo-
ration into the specific effects the K-RasG12V oncogene has
on a broader selection of sphingolipid metabolizing enzymes
will be required to understand how global sphingolipid
metabolism is affected in cancer cells. Importantly, this is
one of the first studies to identify a mechanism by which the
activation of an oncogene can have a direct influence on
sphingolipid metabolism.
SK1 has been considered a potential therapeutic target for

cancer therapy because it controls the production of the
growth-promoting lipid S1P and the catabolism of the pro-apo-
ptotic lipid ceramide. Therefore, SK1 lies at a critical juncture
in the regulation of sphingolipid metabolism. A clear connec-
tion between oncogenes that become activated through
genomic mutations and an alteration in sphingolipid metabo-
lism has not been previously established. In this study we have
provided amechanism by which an oncogenemay activate SK1
and alter sphingolipid metabolism. This study may have a sig-
nificant impact specifically in types of cancer that commonly
harbor K-Ras mutations such as colon cancer, non-small cell
lung cancer, and pancreatic cancer. Importantly, mice lacking
any functional SK1 alleles are resistant to the formation of
colonic adenocarcinomas and have a decreased formation of
aberrant crypt foci in an azoxymethane chemical carcinogene-
sis model of colon cancer (15). This is important because
colonic adenocarcinomas frequently acquire mutations in the
K-Ras allele. In addition, dietary sphingolipids have been shown

FIGURE 9. Activation of SK1 by K-RasG12V is dependent on ERK. HEK293T
cells were plated in 60-mm dishes. Cells were transfected with empty vector,
K-RasG12V, or constitutively active MEK1-DD along with either empty vector,
DN-MEK, or DN-ERK. 48 h post-transfection cells were collected and assayed
for sphingosine kinase activity in the presence of 0.5% Triton X-100. Briefly, 30
mg of protein was assayed per sample in the presence of 32P-labeled 20 mM

ATP and 50 mM sphingosine in 0.4% BSA for 30 min at 37 °C (n � 3). Error bars
represent S.D. *, denotes p � 0.01 when compared with vector.
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to play an important role in regulating the development of
colon cancer. The presence of an oncogenic K-Ras allele may
affect how colonic epithelial cells respond to exogenous sphin-
golipids.We expect that activation of SK1 by an activatedK-Ras
oncogene may have a significant impact on how cells metabo-
lize extracellular sphingolipids as revealed by ourC17-sphingo-
sine labeling studies. In addition, other oncogenes that activate
the MAP kinase pathway such as B-RafV600E, which com-
monly occurs in melanoma, may have a similar effect on sphin-
golipid metabolism in the skin. Therefore oncogenes that acti-
vate the ERK pathway may also affect sphingolipid metabolism
and alter which bioactive sphingolipids are produced.
Ceramide and S1P have long been regarded as having oppos-

ing effects on cellular proliferation and survival. In addition, the
activity of SK1 has been shown to correlate with the ability of
cancer cells and xenografts to resist chemotherapy (36). Acti-
vation of SK1 by oncogenic K-RasG12V may have important
effects on carcinogenesis through its ability to regulate the lev-
els of the intracellular bioactive lipids, ceramide and S1P. The
activation of SK1 has been shown to protect cells from chemo-
therapeutic agents while inhibition of SK1 induces chemosen-
sitivity to various chemotherapies (37, 38). In addition, S1P has
an important paracrine signaling role because it potently stim-
ulates angiogenesis and potentially lymphangiogenesis (39–
42). Although, VEGF has long been recognized as an important
regulator of tumor angiogenesis, recent studies have shown
that S1P is also an important regulator of angiogenesis in the
tumormicroenvironments. Activation of SK1 and an increased
production of extracellular S1P may be an important mecha-
nism by which tumors with oncogenic K-RasG12V recruit
blood vessels for their growth. Therefore, activation of SK1 by
oncogenic K-RasG12V could have important effects through
the alteration of intracellular sphingolipids and through the
regulation of extracellular S1P.
Also of interest is our observation that SK1 becomes concen-

trated at the plasmamembrane when oncogenic K-RasG12V is
expressed. Previous studies have shown that plasmamembrane
localization correlateswith SK1 activation, although the precise
mechanism by which localization and alteration in activity are
coordinated is unclear (13, 28). Some have proposed that local-
ization of SK1 to the plasmamembrane increases the probabil-
ity that it interacts with anionic phospholipids, which are
known to activate SK1 in vitro (33, 34). Anionic phospholipids
might regulate SK1 activity by inducing a conformational
change in SK1 that increases its catalytic activity, although until
we have a crystal structure the precisemechanismbywhich this
occurs remains unknown.
In summary, we present a mechanism by which an oncogene

can alter sphingolipid metabolism through the regulation of
SK1. Activation of SK1 by K-RasG12V results in an increase in
both intracellular and extracellular S1P, which may have
important effects on cancer cell proliferation or have a signifi-
cant paracrine role in the tumor microenvironment. These
effects may include the promotion of angiogenesis and lymp-
hangiogenesis or through the promotion of inflammation,
among other possible effects (16, 40, 42). This is the first study
to provide a clear mechanism by which an oncogene can have a

dramatic effect on sphingolipid metabolism through the regu-
lation of SK1.
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