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Numerous extracellular stimuli activate SK1 (sphingosine kinase
type 1) to catalyse the production of sphingosine 1-phosphate,
a bioactive lipid that functions as both an extracellular ligand for a
family of G-protein-linked receptors and as a putative intracellular
messenger. Phorbol esters, calcium or immunoglobulin receptors
stimulate SK1 by promoting its translocation to the plasma mem-
brane, which brings it into proximity both to its substrate (i.e.
sphingosine) and to activating acidic phospholipids (e.g. phos-
phatidylserine). To evaluate the consequence of SK translocation,
we generated an SK1-derivative tagged with a myristoylation se-
quence (Myr-SK1) on its N-terminus and overexpressed the con-
struct in 3T3-L1 fibroblasts using recombinant retrovirus.
Myr-SK1 overexpression increased SK activity by more than
50-fold in crude membranes, while only stimulating cytoplasmic
SK activity by 4-fold. In contrast, the overexpression of WT-SK1
(wild-type SK1), as well as that of a construct containing a false

myristoylation sequence (A2-Myr-SK1), markedly increased SK
activity in both membrane and cytoplasmic compartments. Im-
munofluorescence confirmed that Myr-SK1 preferentially local-
ized at the plasma membrane, whereas WT-SK1 and A2-Myr-SK1
partitioned in cytoplasmic/perinuclear cellular regions. Surpris-
ingly, Myr-SK1 overexpression significantly decreased the rates
of cell proliferation by delaying exit from G0/G1 phase. More-
over, expression of Myr-SK1 but not WT-SK1 or A2-Myr-SK1
protected cells from apoptosis induced by serum withdrawal.
Collectively, these findings reveal that altering the subcellular
location of SK1 has marked effects on cell function, with plasma
membrane-associated SK having a potent inhibitory effect on the
G1–S phase transition.

Key words: cell-cycle arrest, cell growth, cell survival, myristoyl-
ation, sphingolipid, sphingosine.

INTRODUCTION

Sphingosine kinases (SKs) catalyse the production of S1P (sphin-
gosine 1-phosphate), a bioactive sphingolipid implicated in the
regulation of cell proliferation, apoptosis, stress fibre formation
and cell migration (reviewed in [1–3]). SK activity has been found
in virtually all the tissues examined, and two mammalian SK
isoforms (SK1 and SK2) have been cloned so far [4,5]. Extra-
cellular agonists, including platelet-derived growth factor [6],
nerve growth factor [7], vitamin D3 [8], acetylcholine [9], tumour
necrosis factor-α [10,11] and the immunoglobulin receptors
FcεR1 [12] and Fcγ R1 [13], stimulate SK1, but the mechanism
underlying its activation remains elusive. However, recent studies
indicate that some of these extracellular agonists promote a
redistribution of SK1 to the plasma membrane [14–16] that could
stimulate the enzyme by bringing it into proximity both to its
membrane-bound substrate, sphingosine, and to acidic phospho-
lipids, which are allosteric activators [17]. Experiments identify-
ing roles for S1P have mainly resulted from studies involving
either the addition of exogenous S1P or the overexpression of
SK. Notably, expressing WT-SK1 (wild-type SK1) in NIH-3T3
or HEK-293 (human embryonic kidney 293) fibroblasts, Jurkat
T-cells or neuronal PC12 cells markedly increases the rates of cell
proliferation and/or protects cells from the apoptosis induced by
either serum withdrawal or ceramide addition [18,19]. Similarly,

in breast adenocarcinoma MCF-7 cells, enforced expression of
SK1 conferred a growth advantage and blocked the cell death
induced by anti-cancer drugs, sphingosine and tumour necrosis
factor α [20]. Interestingly, overexpression of the SK2 isoform in
either NIH-3T3 fibroblasts or HeLa carcinoma cells was shown
to induce apoptosis and suppress cellular proliferation [21]. The
contrasting, isoform-specific effects of SK1 and SK2 in NIH-3T3
fibroblasts suggest that intracellularly generated S1P can induce
different biological processes. In the present study, we sought to
determine whether the intracellular sites where S1P is produced
could dictate its ultimate biological response.

The mechanisms by which S1P elicits its pleiotropic effects
have received considerable attention. A number of S1P ef-
fects result from its ability to activate a family of G-protein-
coupled receptors (S1P1-5, formerly EDG1, EDG3, EDG5, EDG6
and EDG8), which initiate signalling cascades such as MAPK
(mitogen-activated protein kinase) and PI3K-Akt/PKB pathways
(where PI3K stands for phosphoinositide 3-kinase) to regulate cell
growth and survival (reviewed in [22–24]). The route by which
intracellular S1P gets secreted into the extracellular milieu is so
far poorly defined. A substantial body of the literature also sug-
gests that S1P acts as an intracellular messenger to regulate
Ca2+ homoeostasis [9,25–27] and suppress apoptosis [7,8,28–31].
Evidences in support of an intracellular second messenger role for
S1P includes the following: roles for S1P have been identified in
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yeast and plants, although neither express S1P receptors [33,34];
(ii) dihydro-S1P binds to and activates all of the identified S1P
receptors, but does not mimic all the effects of exogenously added
S1P, particularly those relating to survival [35]; and (iii) micro-
injection of S1P into, or photolysis of caged S1P within, mam-
malian cells induces both Ca2+ mobilization [36] and cell pro-
liferation [35].

The idea underlying the present study derives from analogous
work [37] with PI3K, another lipid kinase activated by a broad
array of growth-promoting cellular agonists. PI3K activation in-
volves its translocation to the plasma membrane, where it comes
into proximity to its lipid substrates. To understand the con-
sequences of PI3K translocation, Klippel et al. [37] overexpressed
a myristoylated form of the enzyme in cultured cells, and found
that it markedly enhanced various downstream processes [e.g.
activation of Akt/PKB (protein kinase B) and rac]. In contrast,
overexpressing the WT form of PI3K only weakly stimulated
these events. Noting the similarities between the mechanisms of
activation of these two lipid kinases (i.e. PI3K and SK1), we
reasoned that the addition of a myristoylation sequence to SK1
might similarly augment SK1-dependent responses. Using PCR,
we attached the src-myristoylation sequence [38–40] to the 5′-end
of the cDNA encoding the enzyme, which we subsequently ex-
pressed in 3T3-L1 fibroblasts using recombinant retrovirus. In
the present study, results were obtained using this novel, con-
stitutively membrane-targeted form of the enzyme.

METHODS

Antibodies and reagents

Commercial antibodies recognizing the following proteins were
used in the present study: phosphorylated MAPK (Promega,
Madison, WI, U.S.A.); phosphorylated Akt/PKB (Ser473 site),
PARP [poly(ADP-ribose) polymerase], cyclin D and phosphoryl-
ated cdc2 (Tyr15 site), p53 and phosphorylated retinoblastoma
(Ser807/Ser811 sites) (all obtained from Cell Signaling Techno-
logy, Beverly, MA, U.S.A.); caveolin (Upstate Biotechnology,
Waltham, MA, U.S.A.); active caspase 3 (BD Pharmingen, San
Diego, CA, U.S.A.); and HA (haemagglutinin) and cyclin E (Santa
Cruz Technology, Santa Cruz, CA, U.S.A.). Secondary anti-
mouse and anti-rabbit antibodies conjugated with FITC and Texas
Red respectively were obtained from Jackson Immunoresearch
Laboratories (West Grove, PA, U.S.A.). The antibody recognizing
BrdU (bromodeoxyuridine) was obtained from BD Pharmingen.

We additionally utilized a diacylglycerol kinase assay kit ob-
tained from Amersham Biosciences (San Francisco, CA, U.S.A.)
and a BrdU incorporation detection kit obtained from Roche
Applied Sciences (Indianapolis, IN, U.S.A.). RNase A and
bisbenzidine hydrochloride (Hoechst 33258) were obtained from
Sigma–Aldrich (St. Louis, MO, U.S.A.). Lipids used in the present
study were obtained from Biomol (Plymouth Meeting, PA,
U.S.A.).

Cloning and expression of SK

Human SK1 cDNA was subcloned into the mammalian retroviral
expression vector pLNCX1 as follows. Briefly, using WT-SK1
[18] as a template, we generated a WT-SK1 tagged with an HA
epitope on its C-terminus by PCR utilizing the forward primer
GGGAAGCTTGCCGCCACCATGGAACCAGAATGCCCTCG
and the reverse primer GGGAGATCTTCAAGCGTAATCCGG-
AACATCGTATGGGTATGGTTCTTCTGGAGGTGG. The myr-
istoylated SK1 was generated using the same reverse primer
coupled with a forward primer that additionally included the myr-
istoylation site described by Klippel et al. [37], inserted im-

mediately after the start site (GGGAAGCTTGACCTGGCTAT-
GGGGAGCAGCAAGAGCAAGCCTAAGGACCCTAGCCAG-
CGCGAACCAGAATGCCCTCG). For control experiments, we
alsogeneratedanSK1construct inwhich the myristoylated glycine
residue was mutated to an alanine using the forward primer GG-
GAAGCTTGACCTGGCTATGGCAAGCAGCAAGAGCAAG-
CCTAAGGACCCTAGCCAGCGCGAACCAGAATGCCCT-
CG. The PCR fragments obtained were ligated into the pGEM TA
cloning vector (Promega) and then subcloned into the pLNCXI
retroviral vector (ClonTech Laboratories, Palo Alto, CA, U.S.A.)
using the restriction enzymes HindIII and BglII. Stable 3T3-L1
fibroblasts expressing each of these constructs were generated
using the methods described in [41].

Cell culture

3T3-L1 fibroblasts and human embryonic kidney cells (HEK-
293T) were maintained in high-glucose DMEM (Dulbecco’s
modified Eagle’s medium) supplemented with 10% (v/v) calf
serum. Non-clonal pools of cells expressing the various SK1 con-
structs were periodically selected using G418 (800 µg/ml).

Immunofluorescence

Immunofluorescent detection of the expressed proteins was
conducted using methods we have described previously [42].
Cells were counterstained with Hoechst 33342 to identify nuclei.
The images were acquired using a digital camera and analysed
using Metamorph software (version 4.6; Universal Imaging
Corporation, West Chester, PA, U.S.A.).

Assay of SK activity

SK activity was assessed in both particulate and cytoplasmic
cellular fractions by the method of Olivera et al. [43].

Measurement of S1P, sphingosine and ceramide

Sphingosine, S1P and ceramide levels were quantified using the
method of Edsall et al. [7]. Ceramide levels were quantified as
described by Chavez and Summers [44].

Cell-proliferation analysis

A total of 5000 cells were plated on to 40 mm gelatinized plates in
DMEM containing 10% calf serum. At the indicated times, cells
were washed with PBS, fixed in 70% (v/v) ethanol (20 min) and
stained with crystal violet (0.1 % in PBS for 10 min). The cells
were rinsed thoroughly in water and dried, and the dye incorpor-
ated by the cells was eluted in 0.1 M sodium citrate in 50%
ethanol (pH 4.2). The absorbance A was measured at 540 nm. In
some experiments, cells were trypsinized and counted using a
haemocytometer.

Cell-cycle analysis

Cells were synchronized by serum deprival for 24 h and sub-
sequently incubated with DMEM containing 10% (v/v) FBS
(fetal bovine serum) for another 24 h. Cell-cycle distributions
were assessed using methods described previously [18]. Briefly,
cells were fixed in 70% ethanol and DNA was stained with pro-
pidium iodide. Total DNA content was analysed in each cell line
by flow cytometry (Coulter EPICS V cell sorter; Coulter, Miami,
FL, U.S.A.).

DNA synthesis

Cells were grown on coverslips until they reached 50 % con-
fluence. The cells were then serum-starved for 24 h, after which
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they were supplemented with DMEM containing either 0.1 or
10% FBS. BrdU incorporation was assessed using the BrdU
incorporation detection kit (Roche Applied Sciences) according
to the manufacturer’s instructions. Cells were visualized using
microscopy and those incorporating BrdU (S phase cells) were
counted in at least 25 fields.

Apoptosis analysis

Cells were grown to 80 % confluence in DMEM supplemented
with 10% serum followed by serum starvation for 24 h. Cells were
then serum-deprived for 48 h, and the extent of apoptosis was
assessed by quantifying the sub-G1 fraction. Briefly, cells were
trypsinized in 0.03% trypsin solution, washed with PBS con-
taining 1% BSA, fixed in ice-cold 70% ethanol and stored at
−20 ◦C overnight. Fixed cells were then centrifuged, washed
once with PBS containing 1% BSA, resuspended in 0.5 ml of
PBS/1% BSA, incubated with 1 ml of permeabilization buffer
(192 parts of 0.2 M Na2HPO4 and 8 parts of 0.1 M sodium citrate,
pH 7.8) for 20 min at room temperature (22 ◦C). Cells were then
washed once with 1 ml of PBS/1 % BSA and stained in 1.0 ml of
PBS containing 5 µg/ml propidium iodide and 40 units of RNase
A for at least 20 min. The stained cells were filtered through a
53 µm nylon mesh (Small Parts, Miami Lakes, FL, U.S.A.)
before flow-cytometric analysis. The samples were then analysed
with a Coulter EPICS V cell sorter interfaced to a Cicero data
acquisition and display system (DakoCytomation, Fort Collins,
CO, U.S.A.) using 500 mW power at 488 nm. IRFL (integral red
fluorescence) and LIRFL (log IRFL) were measured above
610 nm. Fluorescence histograms were gated on forward angle
light scattering to exclude the debris and clumped cells. Gating
on peak versus integral fluorescence of the propidium iodide sig-
nal was set to eliminate clumped cells. At least 50000 cells were
counted in an IRFL histogram for better statistical analysis. To
determine the fraction of the population that was undergoing
apoptosis, the sub-G1 region in the DNA histogram was placed
in IRFL and LIRFL histograms. The Cicero program calculates
the number of cells in the selected region. DNA histograms were
analysed with Multicycle® (Phoenix Flow Systems, San Diego,
CA, U.S.A.) software for cell-cycle distribution.

Western blotting

Cellular proteins were resolved by SDS/PAGE and immunoblot-
ted using methods described previously [42].

RESULTS

Generation of 3T3-L1 fibroblasts expressing WT and myristoylated
forms of SK

HA-tagged WT (WT-SK1) and myristoylated (Myr-SK1) forms
of SK1 were prepared by PCR and then packaged into ecotropic
retroviruses that additionally encoded genes providing resistance
to G418. We additionally generated a construct containing a false
myristoylation site (A2-Myr-SK1) in which the second glycine re-
sidue was mutated to an alanine, eliminating acylation. The
retroviruses were used to generate stable 3T3-L1 fibroblast cell
lines expressing each of the constructs. Western-blot analysis
using an anti-HA antibody confirmed that the proteins encoded
by these were translated at similar levels (Figure 1B). Immuno-
fluorescence studies revealed that both WT-SK1 and A2-Myr-
SK1 preferentially localized to the cytoplasm and perinuclear
organelles, whereas Myr-SK1 was predominantly at the plasma
membrane (Figure 1C).

Figure 1 Generation of stable cell lines

3T3-L1 fibroblasts were stably transfected with WT-SK1, myristoylated SK (Myr-SK1) or a myr-
istoylated construct in which the second glycine residue is mutated to an alanine (A2-Myr-SK1).
All were HA-tagged on their C-terminus. A schematic representation of the constructs is shown
in (A). (B) Cell lysates from each of these lines, and a control line infected with an empty retroviral
vector, were resolved by SDS/PAGE, transferred on to nitrocellulose and immunoblotted with
anti-HA antibodies. Proteins were visualized by enhanced chemiluminescence. The blot depicted
is representative of at least three independent experiments. (C) Cells were serum-deprived for 2 h
(upper panels) and then restimulated with 10 % FBS for 30 min (lower panels). Cells were fixed
in paraformaldehyde and the subcellular localization of the expressed constructs was assessed
by immunofluorescence using anti-HA antibodies and Texas Red-conjugated secondary anti-
bodies. Images were captured using a digital camera. The cells depicted are representative of
all cells in the field. Results are representative of five different experiments conducted with at
least three independently prepared sets of cell lines.

Furthermore, we determined the effect of these proteins on
cellular SK activity and S1P levels. First, we quantified SK activity
in cytosolic and particulate fractions obtained from the lysed
3T3-L1 fibroblasts. Briefly, each fraction was incubated with
[γ -32P]ATP and exogenous sphingosine, and the S1P that was
formed thereby was resolved by TLC and detected using a Storm
PhosphorImager (Molecular Dynamics, Sunnyvale, CA, U.S.A.).
Overexpression of each of these proteins increased the SK activity
markedly in a particulate fraction that contained both the plasma
membrane and intracellular organelles. Specifically, WT-SK1
increased membrane-associated SK activity to >150 times that of
vector cells, whereas the Myr-SK1 and A2-Myr-SK1 constructs
increased SK activity to >75 times that of vector cells. In the
cytoplasmic fraction, overexpression of WT-SK1 or A2-Myr-SK1
increased SK activity substantially (i.e. to >50 times of that found
in cells expressing an empty vector), but the Myr-SK did not
(Figure 2). Thus overexpression of each construct had a potent
effect on total cellular SK activity, with WT-SK1 demonstrating
greater activity than either A2-Myr-SK or Myr-SK1 (Figure 2A).
However, while the distribution of SK activity in the vector only,
WT-SK1, and A2-Myr-SK1 were similar, with roughly equal
distributions of the activity between the cytosolic and membrane
fractions, the Myr-SK1 cells demonstrated a markedly different
pattern, with >90% of the activity being membrane-associated
(Figure 2B).
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Figure 2 SK assays

Cytoplasmic and particulate fractions were prepared from the stable cell lines described in
Figure 1. SK was assessed in each by quantifying the incorporation of 32P from [32P]ATP into
exogenous sphingosine. Lipids were extracted, resolved by TLC and detected on a Storm Phos-
phorImager. (A) Results represent the mean fold-increase in activity +−S.E.M. (n = 3). (B) The
relative distribution of total SK activity in each cell line is shown (black, cytoplasmic; white,
particulate).

Despite the significant increase in SK activity, cellular S1P
levels in the WT-SK1, A2-Myr-SK1 and Myr-SK1 lines increased
only slightly (∼2–3-fold) above those found in cells infected with
the empty retroviral vector (Figure 3, top panel). No differences
in S1P levels were observed between the lines. Expression of
any of these SK constructs had no effect on cellular ceramide or
sphingosine levels (Figure 3, middle and bottom panels).

Effect of SK overexpression on cell proliferation

It was shown previously that overexpressing the WT-SK1 accel-
erates significantly the rate of proliferation [45]. As shown in
Figure 4, the WT-SK1 cell line demonstrated slightly enhanced
rates of cell division when compared with cells expressing only
an empty vector. Surprisingly, however, the Myr-SK1 cell line
demonstrated an immediately recognizable slowing down in pro-
liferation rates (Figure 4). Specifically, while vector only cells
demonstrated a doubling time of approx. 26 h, the Myr-SK1
cells doubled in approx. 42 h. To investigate further the effect
of these constructs on cell cycle, we utilized DNA flow cytometry
(FACS) to quantify the distribution of cells in the G1, G2 and S
phases of the cell cycle. After 24 h of serum deprivation, all the
lines were quiescent, with 63–74% of the cells in the G0/G1 phase
(Figure 5A). However, after stimulation with 10% FBS, the var-
ious cell lines demonstrated markedly different cell-cycle
distributions. Specifically, while WT-SK1 facilitated passage into
S and G2 phases during the first 24 h of serum stimulation, Myr-
SK1 decreased the rate of exit from G0/G1 phase (Figure 5B).

Interestingly, the A2-Myr-SK construct, which demonstrated a
subcellular localization similar to WT-SK1 but did not increase
SK activity to the same extent as the WT-SK1 construct, displayed
a phenotype that was intermediate between vector only and WT-
SK1 cells. Specifically, although A2-Myr-SK failed to stimulate
cell proliferation (Figure 4), it did markedly increase the fraction

Figure 3 Intracellular S1P, sphingosine and ceramide levels

S1P (top panel), sphingosine (middle panel) and ceramide (bottom panel) levels were quantified
in lipid extracts from each of the cell lines as described in the text. Results presented are the
mean S1P levels +− S.E.M. (n = 4).

Figure 4 Cell proliferation

The cell lines were plated in gelatinized 6-well plates (∼10000 cells/well), fixed on the indicated
day and the number of cells were quantified using a crystal violet stain. Absorbance values were
normalized on day 0. Results are the mean absorbance values +−S.E.M. (n = 5).
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Figure 5 Analysis of cell-cycle distributions

Cells were synchronized by serum deprivation (A) before being restimulated with 10 % FBS
(B). Cells were fixed in 70 % ethanol and cellular DNA was stained with propidium iodide. Total
DNA content was measured by FACS analysis. Results are representative of three independent
experiments.

of cells in the G2/S phase after 24 h of serum stimulation (Fig-
ure 5). Although it facilitated passage through G1, its effect was
not sufficient to stimulate proliferation in the presence of 10%
FBS. Whether the disparities between the A2-Myr-SK1 and WT-
SK1 constructs are a consequence of their different effects on SK

Figure 6 Measuring DNA synthesis (entry into S phase)

Each of the stable cell lines was synchronized by serum deprivation before restimulating with 0,
0.1 or 10 % FBS for 16 h. DNA synthesis was quantified by measuring the incorporation of BrdU
into DNA by immunofluorescence using anti-BrdU antibodies. Results are the mean number of
cells +− S.E.M. (n = 3) staining positive for BrdU under each condition.

activity, thus implicating a role for S1P turnover in cell-cycle
progression, or are due to an altered distribution in various sub-
cellular organelles will require further investigation.

To confirm that Myr-SK1 expression delayed entry into S
phase, we specifically monitored DNA synthesis by evaluating the
incorporation of BrdU into dividing cells (Figure 6). Removal of
serum from the medium used for bathing the cells for 24 h
eliminated BrdU incorporation into vector cells or Myr-SK1-
expressing cells. However, cells expressing the WT-SK demon-
strated marked accumulation of BrdU in the absence of serum.
This result is consistent with the aforementioned FACS results,
which revealed a 10% increase in the percentage of WT-SK1 cells
in the S and G2 phases after serum withdrawal when compared
with the other cell lines. Addition of a suboptimal amount of FBS
(0.1%) stimulated the entry of the vector cells into the S phase,
but had no effect on the cells expressing Myr-SK1. Although
the vector cells incorporated comparable amounts of BrdU in the
presence of 0.1% serum, the Myr-SK1 cells were completely re-
sistant to the stimulatory effects of the serum. Similarly, in the pre-
sence of 10% serum, close to 20% of the vector and WT-SK1
cells demonstrated incorporated BrdU, but only 5% of the Myr-
SK1 cells were induced to enter the S phase.

Despite considerable efforts, the mechanism underlying the
induction of G1 phase arrest by Myr-SK1 remains unclear. Myr-
SK1 expression had no effect on the ability of insulin or ex-
ogenous S1P to activate either MAPK or Akt/PKB, two critical
regulators of cell growth, proliferation and/or survival (Fig-
ure 7A). Moreover, Myr-SK expression had no effect on the induc-
tion of retinoblastoma protein phosphorylation (Figure 7B).
Lastly, Myr-SK did not affect the expression of the cell-cycle regu-
lators cyclin E, Chk1, p21, p27 or p53, nor did it affect the phos-
phorylation state of cyclin-dependent kinases on Tyr15 (results not
shown).

Effect of SK overexpression on the apoptosis induced
by serum withdrawal

We next addressed whether the cells undergoing G1 phase arrest
were more susceptible or less susceptible to the apoptosis induced
by serum withdrawal. Briefly, each of the aforementioned cell
lines was incubated in serum-free media for several days, with the
amount of apoptosis quantified by determining the sub-G1 fraction
of propidium iodide-stained cells. In the vector, WT-SK1 and A2-
Myr-SK1 cells, approx. 10–20% of the cells underwent apoptosis
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Figure 7 Effects of construct expression on Akt/PKB, MAPK and Rb
phosphorylation

(A) Each of the stable cell lines was serum-deprived for 2 h before stimulating with S1P
(5 µM, 5 min) or insulin (1 µM, 10 min). Cells were lysed, resolved by SDS/PAGE and
immunoblotted with antibodies recognizing phosphorylated Akt/PKB or MAPK. Total Akt/PKB
or MAPK levels were unchanged by construct expression (results not shown). Results presented
are representative of at least six independent experiments. (B) Each of the stable cell lines was
synchronized by serum deprivation before restimulating with 10 % FBS for 16 h. Cells were
lysed, resolved by SDS/PAGE and immunoblotted with antibodies recognizing phosphorylated
retinoblastoma (Rb) protein. Results are representative of three independent experiments.
Expression of the constructs also did not alter Rb phosphorylation at 2, 4, 6 or 8 h after
serum stimulation (results not shown).

Figure 8 Effects of construct expression on the apoptosis induced by serum
withdrawal

Cells were deprived of trophic factors for the amount of time indicated on the x-axis and fixed
in 70 % ethanol. Cellular DNA was stained with propidium iodide, and the percentage of cells
undergoing apoptosis (i.e. present in a sub-G1 fraction) was quantified by FACS analysis.
Results are expressed as mean percentage of cells undergoing apoptosis and represent the
means +− S.E.M. (n = 3).

within 48 h, and more than 40% underwent apoptosis at the end
of 96 h (Figure 8). In contrast, only a small fraction (∼5%) of
the Myr-SK1 cells was apoptotic even after 96 h of serum with-
drawal (Figure 8). Thus the delayed exit from G1 phase was associ-
ated with a profound protection from the induction of apoptosis
induced by serum withdrawal.

DISCUSSION

PKC-dependent [15], MAPK-dependent [16] and Ca2+/cal-
modulin-dependent [14] signalling pathways have been shown

to induce the translocation of SK1 from the cytoplasm to the
plasma membrane. To mimic the effects of SK1 translocation, we
generated an SK1 construct that we constitutively targeted to the
plasma membrane by adding an N-terminal myristoylation se-
quence. Immunofluorescence confirmed that the myristoylated
construct Myr-SK1 preferentially localized to the plasma mem-
brane, whereas the WT form WT-SK1 localized predominantly
to the cytoplasm and perinuclear membrane domains (Figure 1).
Moreover, SK activity assays revealed that overexpressing Myr-
SK1 nearly exclusively stimulated the activity of a particulate
subcellular fraction, whereas the expression of WT-SK in-
creased activity in both particulate and cytoplasmic fractions
(Figure 2). Surprisingly, we observed that cells expressing Myr-
SK1 but not WT-SK1 or a construct tagged with a false myristoyl-
ation sequence (i.e. one lacking the myristoylated residue)
demonstrated markedly decreased rates of cell proliferation (Fig-
ure 4). Flow cytometry performed to assess cell-cycle distributions
(Figure 5) or BrdU incorporation performed to monitor DNA
replication (Figure 6) indicated that cells expressing Myr-SK
demonstrated delayed entry into S phase after serum stimulation.
Moreover, Myr-SK expression protected cells from apoptosis
induced by serum withdrawal (Figure 8).

Overexpression of either SK1 or SK2 has identified roles for
these kinases as either positive or negative regulators of cell pro-
liferation and survival respectively [18–21]. Interestingly, a
robust increase in SK expression has relatively minor effects
on intracellular S1P accumulation. For example, using transient
transfection methodologies to express SK1, researchers increased
intracellular SK activity 1000-fold, but intracellular S1P levels
increased by 4–8-fold only [18]. Similarly, in the studies described
herein, stable expression of WT-SK1, Myr-SK1 or A2-Myr-SK1
using recombinant retrovirus increased intracellular SK activity
by >50-fold, but S1P levels increased only slightly (i.e. 2- to
3-fold; Figure 4). Importantly, since the S1P levels were com-
parable in the three lines, the varying effects of the three con-
structs on cell function are unlikely to result from differences in
absolute S1P levels. Rather, we interpret these findings to sug-
gest that S1P produced in different intracellular domains elicits
markedly different biological responses.

Previous studies in multiple cell types indicate that overex-
pressing SK1 stimulates the G1–S phase transition, while over-
expressing SK2 blocks this step [18–21,46]. Since Myr-SK1, by
inducing G1 phase arrest, recapitulated the effects of SK2, we con-
sidered the possibility that SK1 myristoylation rendered it similar
to SK2. However, the ability of SK2 to induce G1 phase arrest
may result from its ability to localize in the cell nucleus [21]. The
addition of a nuclear localization signal to SK1, which is mainly
expressed in the cytoplasm, transformed it into an enzyme capable
of inducing G1 phase arrest [21]. We saw no evidence that Myr-
SK1 localized to the nucleus, and immunofluorescence studies
indicated that it instead resided primarily in the plasma membrane.
Nonetheless, these two studies demonstrate an intriguingly similar
finding, namely that altering the subcellular distribution of SK1
can modulate its ability to regulate the G1–S phase transition.

The best understood effects of S1P result from its ability to
act as an extracellular agonist for a family of G-protein-linked
receptors. These receptors typically serve mitogenic roles and, in
the cell type used herein, exogenous S1P potently stimulates the
MAPK cascade. As described above, several other studies support
the hypothesis that S1P additionally serves an intracellular sig-
nalling role. Herein, the effects of Myr-SK are unlikely to result
from the overproduction of extracellular S1P. First, we detected
that no S1P secreted into the media using the assay described
herein (results not shown). Secondly, overexpression of any of the
constructs did not mimic the effects of exogenous S1P on MAPK
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or Akt/PKB (Figure 8). Finally, the significantly different effects
of WT-SK versus Myr-SK are difficult to reconcile if their ef-
fects are mediated by a common extracellular mechanism. Thus
we hypothesize that intracellular S1P has the ability to activate in
a selective manner different effectors on the basis of its subcellular
location.

Interestingly, Myr-SK expression additionally provided pro-
tection from apoptosis induced by serum withdrawal. Although
inducers of cell-cycle arrest often trigger apoptosis, some previous
studies indicate that blocking the G1–S phase transition can pre-
vent the apoptosis induced by the withdrawal of trophic factors.
For example, treating neuronal cells with agents that inhibit
cell-cycle progression, including chlorophenylthio-cAMP [47],
N-acetylcysteine [48,49] and the cyclin-dependent kinase inhibi-
tors flavopiridol and olomoucine [50], promote the survival of
neuronal PC12 cells and sympathetic neurons deprived of trophic
support. Similarly, the G1/S blockers mimosine, deferoxamine and
ciclopirox, but not various S and M phase blockers, prevented cell
death induced by the withdrawal of the nerve growth factor [51].

Summary – location, location, location

Previous studies have shown that overexpressing SK intra-
cellularly can have potent effects on cell proliferation and survival.
The findings of the present study indicate that the intracellular
locus of the generated S1P, rather than the total amount produced,
may dictate the cellular response to this sphingolipid metabolite.
Our results provide clues to a potential intracellular role for S1P,
and studies investigating the mechanism for these effects could
have important implications regarding the role of this novel sig-
nalling molecule in basic cell function.

While this paper was under review, Pitson et al. [52] reported
that expression of a myristylated SK1 construct in NIH-3T3 cells
markedly increased S1P production and accelerated cell-cycle
progression. Thus an apparent contrast exists between the findings
in these two papers. Whether these opposing results are a con-
sequence of expressing the constructs in different cell types or
perhaps represent the induction of a negative feedback pathway in
the cell lines described herein will require further examination
in future studies.
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