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Sphingosine kinase 1 (SK1) is an important regulator of cellu-
lar signaling that has been implicated in a broad range of cellular
processes. Cell exposure to a wide array of growth factors, cyto-
kines, and other cell agonists can result in a rapid and transient
increase in SK activity via an activating phosphorylation. We
have previously identified extracellular signal-regulated kinases
1 and 2 (ERK1/2) as the kinases responsible for the phosphoryl-
ation of human SK1 at Ser225, but the corresponding phospha-
tase targeting this phosphorylation has remained undefined.
Here, we provide data to support a role for protein phosphatase
2A (PP2A) in the deactivation of SK1 through dephosphoryla-
tion of phospho-Ser225. The catalytic subunit of PP2A (PP2Ac)
was found to interact with SK1 using both GST-pulldown and
coimmunoprecipitation analyses. Coexpression of PP2Ac with
SK1 resulted in reduced Ser225 phosphorylation of SK1 in
human embryonic kidney (HEK293) cells. In vitro phosphatase
assays showed that PP2Ac dephosphorylated both recombinant
SK1 and a phosphopeptide based on the phospho-Ser225 region
of SK1. Finally, both basal and tumor necrosis factor-�-stimu-
lated cellular SK1 activity were regulated bymolecular manipu-
lation of PP2Ac activity. Thus, PP2A appears to function as an
endogenous regulator of SK1 phosphorylation.

Sphingosine kinase 1 (SK1)2 has emerged as a critical regula-
tor of cellular signaling through the generation of the bioactive
phospholipid, sphingosine 1-phosphate (S1P). S1P has been
implicated in a broad range of cellular processes, including cell
proliferation, apoptosis, calcium homeostasis, angiogenesis,
and vascular maturation (1). This diverse range of actions of
S1P may be due in part to the ability of this lipid mediator to

function as both an intracellular secondmessenger and a ligand
for cell surface receptors (2).
Cellular S1P levels are largely controlled by the actions of

sphingosine kinases, which catalyze the formation of S1P from
sphingosine (3). Although low cellular levels of S1P are present
under basal conditions, growth factor and other agonist stimu-
lation of cells can result in a rapid and transient increase in S1P
levels as a direct consequence of SK1 activation (4). Thus, the
activation state of SK1 is critical in the control of cellular S1P
levels and the cellular effects of this bioactive phospholipid.
A basal level of SK activity has been proposed to play a

“housekeeping” role in maintaining relatively low levels of
sphingosine and ceramide in the cell (5). In contrast, agonist
stimulation can result in a rapid and transient increase in SK1
activity, as a result of an activating phosphorylation. We have
previously identified extracellular signal-regulated kinases 1
and 2 (ERK1/2) as the kinases responsible for this phosphoryl-
ation, which occurs at Ser225 in human SK1 (6). Interestingly,
this phosphorylation results not only in increased SK1 activity,
but is also crucial for agonist-induced translocation of SK1
from the cytosol to the plasma membrane (6), and subsequent
oncogenic signaling by this enzyme (7).
Phosphorylation of cellular proteins is a reversible process

and the transient activation/phosphorylation of SK1 (6, 8) sug-
gests that levels of SK1 phosphorylation at Ser225 are governed
by the competing actions of the protein kinases and protein
phosphatases that mediate SK1 phosphorylation and dephos-
phorylation, respectively. As noted above, we have previously
identified ERK1/2 as the protein kinases responsible for phos-
phorylation of SK1 at Ser225 (6). Despite its likely importance in
the regulation of SK1, and SK1-mediated cell signaling, the pro-
tein phosphatase responsible for dephosphorylation of this res-
idue has, however, remained undefined. In this study we report
that protein phosphatase 2A (PP2A) deactivates SK1 through
dephosphorylation of phospho-Ser225.

EXPERIMENTAL PROCEDURES

Materials—Protein Phosphatase 1 (PP1) purified from rabbit
skeletal muscle was obtained from New England Biolabs
(Ipswich,MA). Protein phosphatase 2A1 (PP2A1) purified from
bovine kidney, okadaic acid, human recombinant protein phos-
phatase inhibitor-2 (I-2), and fostriecin were obtained from
Calbiochem. Monoclonal anti-FLAG (M2) antibody, anti-HA
antibody and p-nitrophenyl phosphate were obtained from
Sigma. Anti-His antibody was obtained from Santa Cruz Bio-
technology (Santa Cruz, CA). Anti-PP2A antibody, recognizing
the PP2A catalytic subunit, was obtained from Upstate/Milli-
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pore (Temecula, CA). Mouse monoclonal antibody (DM1A) to
�-tubulin was obtained from Abcam (Cambridge, UK). The
phosphopeptide based on the SK1 phospho-Ser225 region
(phospho-SK1 peptide) was synthesized by Auspep (Victoria,
Australia) and had the sequence CGSKTPApSPVVVQQ,
where pS denotes phospho-Ser. Protein G-Sepharose was
obtained from Invitrogen (Carlsbad, CA), and recombinant
human tumor necrosis factor-� (TNF�) was from R&D Sys-
tems (Minneapolis, MN).
Generation of Expression Constructs—The generation of

mammalian expression vectors for FLAG-epitope-tagged wild-
type human SK1 and a truncated version of SK1 (SK1�CT) lack-
ing 17 residues (368–384) at the C terminus have been previ-
ously described (9).
Human PP2A catalytic subunit (PP2Ac) cDNA (GenBankTM

accession number NM_002715) was amplified by Pfu DNA
polymerase chain reaction from placenta cDNAwith the oligo-
nucleotide primers 5�-TAGAATTCCAATGGACGAGAAGG-
TGTTCAC-3� and 5�-TAGGTACCTTACAGGAAGTAGTC-
TGGGGT-3�. The resultant product was cloned into
pCMV(HA) (Clontech Laboratories Inc., Mountain View, CA)
with EcoRI and KpnI to allow expression of N-terminal hemag-
glutinin (HA)-tagged PP2Ac inmammalian cells. To generate a
glutathione S-transferase (GST)-PP2Ac fusion protein in bac-
teria, PP2Ac was also subcloned into pGEX4T2 (GE Health-
care, Piscataway, NJ) following digestion with EcoRI and NotI.
Humanprotein phosphatase 4 catalytic subunit (PP4c) (Gen-

BankTM accession number BC001416) was amplified by Pfu
DNA polymerase chain reaction from placenta cDNA with the
oligonucleotide primers 5�-TAGAATTCCCATGGCGGAGA-
TCAGCG-3� and 5�-TAGAATTCTCACAGGAAGTAGTCG-
GCC-3�. The resultant product was cloned into pCMV(HA)
and pGEX4T2, with EcoRI for mammalian and bacterial
expression, respectively.
The HA-tagged catalytically inactive versions of PP2Ac (10)

and PP4c (11) (PP2AcR89A (humanprotein phosphatase 2A cat-
alytic subunit with Arg89 3 Ala mutation) and PP4cR236L
(human protein phosphatase 4 catalytic subunit with Arg2363
Leumutation), respectively) were generated byQuikChangeTM
mutagenesis using the primers 5�-GGAGATTATGTTGACG-
CCGGCTATTATTCAGTTGAA-3�, 5�-TTCAACTGAATA-
ATAGCCGGCGTCAACATAATCTCC-3� and 5�-CGCAGC-
CAATGACATCGATATGATCTGCCTTGCCCACCAACT-
GGT-3�, 5�-ACCAGTTGGTGGGCAAGGCAGATCATATC-
GATGTCATTGGCTGCG-3�, respectively. DNA sequencing
verified the integrity and orientation of all cloned cDNAs.
Cell Culture and Transfection—Human embryonic kidney

(HEK293) cells were cultured in Dulbecco’s modified Eagle’s
medium (GIBCO� Invitrogen), containing 10% bovine calf
serum (JRH Biosciences, Lenexa, KS), 2 mM glutamine, 0.2%
(w/v) sodium bicarbonate, 1 mM HEPES, penicillin (1.2
mg/ml), and streptomycin (1.6 mg/ml). Cells were tran-
siently transfected using LipofectamineTM 2000 Transfec-
tion Reagent (Invitrogen) according to the manufacturer’s
instructions. Transfected cells were harvested and lysed 24 h
post-transfection.
For immunoprecipitations, transfected cells were lysed by

sonication in a BioruptorTM (Diagenode, NY) (4 � 25 s pulses

with 25 s breaks, 200watts) in extraction buffer composed of 50
mM Tris/HCl buffer (pH 7.4) containing 150 mM NaCl, 10%
glycerol, 0.05% Triton X-100, 1 mM dithiothreitol, 2 mM
Na3VO4, 10mMNaF, 10mM �-glycerophosphate, 1mM EDTA,
and protease inhibitors (CompleteTM, Roche Applied Sci-
ences). Where samples were used for coimmunoprecipitation,
transfected cells were lysed in extraction buffer containing no
dithiothreitol, and drawn 5 times through a 26.5-gauge needle
rather than being sonicated. All lysates were clarified by cen-
trifugation (17,000 � g, 15 min, 4 °C) prior to subsequent anal-
yses. Lysates for use in in vitro phosphatase assays were pre-
pared in a modified format, as described in detail below.
Preparation of GST Fusion Proteins and Pulldown Analyses—

GST fusion proteins were prepared and purified as described
previously (12), except that after growth and induction with
isopropyl 1-thio-�-D-galactopyranoside, bacteria were lysed
in phosphate-buffered saline supplemented with protease
inhibitors (CompleteTM). For pulldown analyses, 2 �g of
each fusion protein immobilized on glutathione-Sepharose
(GE Healthcare, Piscataway, NJ) was incubated with 1 �g of
recombinant His-tagged SK1 protein (13) in extraction
buffer for 1.5 h at 4 °C with constant mixing. Protein com-
plexes were then washed three times in extraction buffer and
bound SK1 resolved by SDS-PAGE and visualized by immu-
noblotting via its His epitope.
Coimmunoprecipitation and Immunoblotting—For coim-

munoprecipitation analyses, lysates from transfected cells were
incubated in the presence of the appropriate antibody (anti-
FLAG or anti-HA) with mixing for 1.5 h at 4 °C, prior to addi-
tion of protein G-Sepharose and further incubation with mix-
ing (1 h, 4 °C). Immunocomplexes were washed three times in
extraction buffer prior to SDS-PAGE, transfer of the proteins to
nitrocellulose and immunoblotting. Following incubation with
primary antibodies and horseradish peroxidase-conjugated
anti-mouse or anti-rabbit IgG (Pierce) as appropriate, an
enhanced chemiluminescence kit (ECL, Amersham Bio-
sciences) was used for detection.
In Vitro Phosphatase Assays—Phosphorylase b was 32P-la-

beled by phosphorylase kinase to form 32P-phosphorylase a as
previously described (14). This labeled phosphorylase a was
then used as a substrate to standardize the activities of the com-
mercial PP1 and PP2A phosphatases via scintillation counting
of 32P released, such that 1 unit of each protein phosphatase
could be included in subsequent experiments. A unit of phos-
phatase activity is defined as the amount of enzyme required to
release 1 nmol of 32P/min from [32P]phosphorylase a.

Assays to detect endogenous phosphatase activity were per-
formed as previously described (15). Briefly, whole cell extracts
from cells overexpressing SK1 were incubated at 37 °C in phos-
phatase buffer (50 mM Tris/HCl (pH 7.0), 5 mM MnCl2, 5 mM
MgCl2, 0.1 mM EDTA, 5 mM dithiothreitol, 0.025% Tween 20)
in a 10-�l total reaction volume. Phosphatase inhibitors (1 �M
I-2, 1.6 �M fostriecin) were added, as specified in individual
experiments. Control reactions were carried out in the pres-
ence of the relevant vehicle solutions. Reactions were termi-
nated by the addition of 5� Laemmli sample buffer with boil-
ing, and then subjected to SDS-PAGE. Dephosphorylation of
SK1 was quantitated by immunoblotting with antibodies rec-
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ognizing phospho-Ser225 of SK1 (6), with total SK1 levels
assessed by anti-FLAG antibodies.
Where overexpressed phosphatases were immunoprecipi-

tated prior to use in in vitro phosphatase assays, transfected
HEK293 cells were lysed by sonication in modified extraction
buffer containing 50 mM Tris/HCl (pH 7.4), 150 mMNaCl, 10%
(v/v) glycerol, 1 mM dithiothreitol, 0.05% (v/v) Triton X-100,
and CompleteTM protease inhibitors. Lysates were clarified by
centrifugation (17,000 � g, 15 min, 4 °C), and overexpressed
phosphatases were immunoprecipitated with anti-HA anti-
body and protein G-Sepharose. Immunoprecipitation com-
plexeswerewashed three times inwash buffer (50mMTris/HCl
(pH 7.4), 150 mM NaCl, 10% (v/v) glycerol) prior to use in in
vitro phosphatase assays with either p-nitrophenyl phosphate
(0.9 mg/ml) or phospho-SK1 peptide (625 �M) substrates, as
per the manufacturer’s protocols for Ser/Thr assay kit 1
(Upstate Biotechnology Inc., Waltham, MA) and as described
previously (16).
Sphingosine Kinase Assays—Sphingosine kinase activity

was routinely determined using D-erythro-sphingosine and
[�-32P]ATP as substrates, as described previously (9). A unit of
sphingosine kinase activity is defined as the amount of enzyme
required to produce 1 pmol of S1P/min.
siRNA Silencing—The siGENOME SMART pool (M-003598)

targeting human PP2A catalytic subunit, � isoforms (NM_
002715) was purchased from Dharmacon (Thermo Fisher Sci-
entific, Lafayette, CO). The Stealth universal negative control
siRNA reagent and transfection reagents (LipofectamineTM
2000 and LipofectamineTM RNAiMAX) were purchased from
Invitrogen. For transfection of siRNA into HEK293 cells, Lipo-
fectamineTM RNAiMAX was used according to the manufac-
turer’s guidelines. For cotransfection of plasmid DNA and
siRNA into HEK293 cells, LipofectamineTM 2000 was used
according to the manufacturer’s guidelines. siRNAs were used
at a final concentration of 10 nM. Cells were harvested 72–96 h
post-transfection and lysed as described above.
Cell Fractionation—For analyses of soluble versusmembrane

localization of SK1, cells were lysed first by sonication as
described above, but in extraction buffer containing no Triton
X-100. These whole cell extracts were then clarified by centrif-
ugation (17,000 � g, 15 min, 4 °C) yielding the supernatant as
the soluble fraction. The cell pellets were then sonicated as
above in extraction buffer containing 1% (v/v) Triton X-100,
and clarified as above, yielding the supernatant as the mem-
brane fraction.

RESULTS

PP2A-family Phosphatases Dephosphorylate SK1—A num-
ber of growth factors and cytokines induce a rapid and transient
activation of SK1 (4). In the case of TNF�, we have previously
shown that this correlated with the rapid phosphorylation and
subsequent rapid dephosphorylation of SK1 at Ser225 (6).
Because this dephosphorylation and deactivation of SK1 sug-
gested the importance of a protein phosphatase in SK1 regula-
tion, we sought to establish the identity of this enzyme. To do
this, we initially exploited the observation that overexpression
of SK1 in HEK293 cells results in the detectable phosphoryla-
tion of this protein at Ser225 (6). Assay conditions were then

established to follow SK1 dephosphorylation in vitro due to
endogenous protein phosphatase activity. Specifically, lysates
were prepared from cells overexpressing SK1 and incubated
under conditions that permitted phosphatase activity. Immu-
noblot analysis with an antibody that specifically detects phos-
pho-Ser225 of SK1 (6) revealed a noticeable decrease in phos-
pho-SK1 levels over time, while levels of total SK1 protein
remained unchanged (Fig. 1A).
Human Ser/Thr-specific phosphatases can be grouped into

five broad classes, comprising the PP1, PP2/4/6, PP3, PP5, and
PP7 subfamilies (17). However, the PP1 and PP2/4/6 subclasses
have been reported to contributemost of the Ser/Thr phospha-
tase activity in cells (18). PP2A is by far the best-characterized
member within the PP2/4/6 subclass, given that its catalytic,
structural, and regulatory subunits have been sequenced and
identified, and its susceptibility to inhibition by compounds
such as okadaic acid and fostriecin is well known (19). Although
the related PP4 and PP6 proteins are known to be similarly
susceptible to active site inhibitors (20, 21), considerably less is
known about their component subunits.
Using the conditions we established to follow SK1 dephos-

phorylation, we assessed the relative contributions to this
activity from endogenous PP1- and PP2A-family phospha-
tases, given that these are known to constitute the majority
of cellular phosphatase activity. In order to distinguish
between these phosphatase subclasses, we included I-2 and
fostriecin in the assay, which are selective inhibitors of the

FIGURE 1. Endogenous PP2A-family phosphatases regulate phospho-
SK1 levels. A, whole cell extracts from cells overexpressing SK1 were incu-
bated at 37 °C for the indicated times. Dephosphorylation of SK1 was
assessed by immunoblotting with an antibody recognizing phospho-SK1
(upper panel), and total SK1 levels were confirmed by immunoblotting with
anti-FLAG antibodies (lower panel). B, as in A, but reactions were incubated for
120 min the presence of fostriecin (1.6 �M) or I-2 (1 �M), to assess the relative
contributions from PP2A- and PP1-family phosphatases, respectively. Results
are representative of three independent experiments. The dividing lines indi-
cate where lanes have been spliced to simplify viewing, but results in each
panel are from a single experiment.
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PP1- and PP2A-family phosphatases, respectively. Fostriecin
displayed noticeable inhibition of SK1 dephosphorylation
under these conditions, whereas I-2 showed no such effect
(Fig. 1B), supporting a role for the PP2A-family phospha-
tases, but not PP1-family phosphatases, in regulating levels
of phospho-SK1.
Direct Association of PP2Ac and Recombinant SK1—The

previous assays demonstrated that PP2A activity reduced phos-
pho-SK1 levels in cell lysates, but did not demonstrate a direct
interaction between the proteins. To address whether PP2A
exerted direct or indirect effects on phospho-SK1 levels, we
prepared the catalytic subunit of PP2A as a GST fusion protein
(GST-PP2Ac) and used this in pulldown analyses with purified
recombinant human SK1 generated in insect cells (13). We
found that this purified recombinant SK1 specifically associ-
ated with GST-PP2Ac, but not GST alone (Fig. 2), indicating a
direct interaction between PP2Ac and SK1.
To reinforce the role of PP2A in SK1 dephosphorylation, we

examined the ability of commercial preparations of PP1 and
PP2A to dephosphorylate purified recombinant SK1 (13),
which is known to be phosphorylated at Ser225 (22). Immuno-
blotting to detect levels of phospho-SK1 indicated that PP2A
treatment resulted in substantial SK1 dephosphorylation,
while, in contrast, PP1 had no effect on phospho-SK1 levels
(Fig. 3A). Furthermore, PP2A-treated recombinant SK1 dem-
onstrated reduced catalytic activity in vitro (Fig. 3B). This is
consistent with observations that phosphorylation of SK1 at
Ser225 correlates with an increase in the activity of the protein
(6), and thus dephosphorylation of this site results in reduced
SK1 activity.
Coimmunoprecipitation of PP2Ac and SK1—The GST

pulldown analysis above indicated that protein complexes of

SK1 and PP2Ac could form in vitro. Next, we investigated
whether similar protein complexes could form within cells
by performing coimmunoprecipitation analysis using lysates
from HEK293 cells coexpressing HA-tagged PP2Ac and
FLAG-tagged SK1. We found that PP2Ac could be detected
in SK1 immunoprecipitates (Fig. 4A), and additionally, SK1
was detected in equivalent PP2Ac immunoprecipitates (Fig.
4B). These results indicated that the catalytic subunit of
PP2A could interact with SK1 protein not only in vitro, but
also in a more physiologically relevant cellular context.
Role of the Pro-rich C Terminus of SK1 in Regulation by

PP2Ac—Thus far, ourdata indicated adirect interactionbetween
SK1 and PP2Ac, but did not highlight the binding interface(s)
between these proteins. It seemedmost likely that the PP2A cata-
lytic subunitwould interactwith thephospho-Ser225motif of SK1,
given that its activity was directed toward this region of the pro-
tein. However, it seemed likely that other regions of the protein
might also participate in the interaction, given previous reports of
the interactions of the related PP2A-family member, PP4, and its
substrates. The PP4 substrate hematopoietic progenitor kinase 1,
an upstream activating kinase in the pathway leading to c-Jun
N-terminal kinase activation, binds PP4c through a Pro-rich
region in itsCterminus (23).BecauseSK1alsopossessesaPro-rich
C-terminal region (13),we sought to investigate its significance for

FIGURE 2. Direct association of SK1 with PP2Ac. Purified recombinant SK1
(1 �g) was included in GST-pulldown assays with either GST alone or GST-
PP2Ac (2 �g). Samples were subjected to SDS-PAGE analysis and bound SK1
was detected via its His tag by immunoblotting with an anti-His antibody
(upper panel). Coomassie Blue staining was used to confirm the amounts of
GST and GST-PP2Ac in each pulldown (lower panel). Results are representative
of three independent experiments. The dividing lines indicate where lanes
have been spliced to simplify viewing, but results in each panel are from a
single experiment.

FIGURE 3. PP2A, but not PP1, promoted dephosphorylation of SK1 in
vitro. A, purified recombinant SK1 (1 �g) was incubated at 37 °C for 30 min
in phosphatase buffer with 1 unit of commercial PP2A or PP1. 32P-labeled
phosphorylase a was used as a control substrate to standardize the activ-
ities of the commercial PP1 and PP2A phosphatases. One unit of phospha-
tase activity is defined as the amount required to release 1nmol of 32P/
minute from phosphorylase a. Dephosphorylation of SK1 was assessed by
immunoblotting with an antibody recognizing phospho-SK1 (upper
panel) and total SK1 levels were confirmed by immunoblotting with an
anti-His antibody (lower panel). B, relative catalytic activity of SK1 in the
untreated versus PP2A-treated extract. Data are mean (�S.D.) from three
independent experiments.
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the SK1-PP2Ac interaction. For these studies, HEK293 cells were
cotransfected with PP2Ac and a truncated version of SK1, lacking
the 17 extreme C-terminal residues, which constitutes the Pro-
rich region (SK1�CT) (Fig. 5A).We found that while PP2Ac coim-
munoprecipitated with both SK1 and SK1�CT, the amount of
PP2Ac detected in SK1�CT immunoprecipitates was substantially
reduced (Fig. 5B). This prompted us to examine whether this
reduced interaction with PP2Ac also had implications for the lev-
els of phosphorylated SK1�CT in cells. We found that similar to
wildtype SK1, coexpression of PP2Ac reduced levels of SK1�CT

phosphorylated at Ser225 (Fig. 5C). Strikingly, however, in the
absence of PP2A coexpression, the basal levels of Ser225 phospho-
rylation were found to be considerably higher for SK1�CT com-
paredwithwild-type SK1 (Fig. 5C). In light of the reduced amount
of PP2Ac detected in SK1�CT immunoprecipitates (Fig. 5B), it is
possible that this could result froma reduced ability of thismutant
to interact with endogenous PP2A. Taken together, these results
suggest that while the Pro-rich C terminus of SK1 is not essential
for the interactionwithPP2Ac, itmay contribute to both the affin-
ity of the PP2Ac-SK1 interaction and also the ability of PP2Ac to
dephosphorylate SK1 at Ser225.
Implications of PP2A Activity for Cellular Phospho-SK1

Levels—Thus far, our overexpression studies strongly suggested
that PP2A regulated cellular levels of phospho-SK1.We next per-
formed complementary experiments using a catalytically inactive

form of PP2A, given that the use of such a dominant-negative is a
morephysiological tool thanoverexpressionof an active phospha-
tase. Thus, we cotransfected HEK293 cells with SK1 and catalyti-
cally inactive forms of either PP2Ac, or the related PP4c
(PP2AcR89A or PP4cR236L, respectively). Immunoblotting analysis
on these cell lysates for phospho-SK1 indicated that PP2AcR89A
expression resulted in hyperphosphorylation of SK1 compared
with the control cells (Fig. 6A). In contrast, coexpression of
PP4cR236L had no effect on cellular phospho-SK1 levels (Fig. 6A).
This again supported a role for PP2A in the regulation of SK1
phosphorylation, rather than its related family members, such as
PP4. To further confirm this finding, we expressed PP2Ac and the
related PP4c in HEK293 cells, immunoprecipitated the active
phosphatases, and assessed their activities toward a phos-
phopeptide substrate based on the phospho-Ser225 region of
SK1 (phospho-SK1 peptide) using an in vitro assay measuring
phosphate release. PP2Ac dephosphorylated the phospho-SK1
peptide, whereas PP4c had no noticeable activity toward the
substrate (Fig. 6B), despite both protein phosphatases display-

FIGURE 4. Coimmunoprecipitation of SK1 and PP2Ac. A, HEK293 cells were
transfected with empty vector (EV), or vector encoding HA-tagged PP2Ac, in
the presence or absence of FLAG-tagged SK1 plasmid. Cell lysates were
immunoprecipitated with anti-FLAG antibody to capture SK1 and coimmu-
noprecipitated PP2Ac was detected by immunoblotting with anti-HA anti-
body (upper panel). The lower panel indicates the presence of equal amounts
of immunoprecipitated SK1. B, lysates were prepared as in A, but immunopre-
cipitated with anti-HA antibody to capture PP2Ac, and the associated SK1 was
detected by immunoblotting with anti-FLAG antibody (upper panel). The
lower panel indicates the presence of equal amounts of immunoprecipitated
PP2Ac. Results are representative of three independent experiments. The
dividing lines indicate where lanes have been spliced to simplify viewing, but
results in each panel are from a single experiment performed on the same
day. Detected immunoglobulin heavy chain (IgGH) from the immunoprecipi-
tating antibody is indicated.

FIGURE 5. Role of the Pro-rich C terminus of SK1 in regulation by PP2Ac.
A, comparison of the SK1 and SK1�CT sequences, indicating the Pro-rich C-ter-
minal region that is not present in SK1�CT. B, HEK293 cells were transfected
with vectors encoding either FLAG-tagged SK1 or SK1�CT, with either vector
encoding HA-tagged PP2Ac or the corresponding empty vector (EV). Cell
lysates were immunoprecipitated with anti-FLAG antibody to capture SK1/
SK1�CT and the presence of associated PP2Ac was detected by immunoblot-
ting with anti-HA antibody (upper panel). The bracket in the lower panel indi-
cates the presence of equal amounts of immunoprecipitated SK1/SK1�CT.
C, HEK293 cells were transfected as in B, and cell lysates were immunoblotted
with an antibody recognizing phospho-SK1 (upper panel). Total SK1/SK1�CT

and PP2Ac expression levels were confirmed by immunoblotting with anti-
FLAG and anti-HA antibodies, respectively (lower panel). Results are repre-
sentative of three independent experiments. The dividing lines indicate
where lanes have been spliced to simplify viewing, but results in each panel
are from a single experiment performed on the same day. Detected immuno-
globulin heavy chain (IgGH) from the immunoprecipitating antibody is
indicated.
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ing activity against a generic substrate, p-nitrophenyl phos-
phate (Fig. 6B). Notably, even when 3.5-fold more PP4c was
used in these assays, dephosphorylation of the phospho-SK1
peptide substrate remained undetectable, while activity toward
the pNPP substrate increased proportionately (data not
shown). Thus, it appeared that PP2Ac, but not the related PP4c,
had the ability to directly dephosphorylate the phospho-SK1
peptide. These results were in keepingwith the above coexpres-
sion studies, and provided further evidence supporting a role
for PP2A, rather than the related PP4, in regulating cellular
levels of phospho-SK1.

PP2A Mediates Deactivation of SK1 following TNF�
Stimulation—Although our findings indicated a role for PP2A
activity in SK1 regulation, all cellular experiments thus far
relied on ectopic expression of SK1 and PP2Ac. We next chose
to investigate the potential for PP2A to participate in the regu-
lation of SK1 phosphorylation in amore physiological setting. It
has been previously shown that endogenous SK1 activity and
phospho-SK1 levels are transiently elevated in response to
TNF� stimulation, peaking at 10 min and rapidly decreasing
thereafter (6, 8, 24). Because total SK1 levels remained constant
during this time (6), it appeared likely that PP2A may be
responsible for this deactivation process. To examine this, we
transfectedHEK293 cells with either PP2Ac, or the catalytically
inactive PP2Ac mutant (PP2AcR89A), prior to stimulating cells
with TNF� and assessing endogenous SK1 activity in the cell
lysates. As expected, empty vector control cells showed a tran-
sient increase in SK1 activity, peaking at 10 min and returning
to baseline by 20–40 min (Fig. 7). Cells overexpressing wild-
type PP2Ac showed a similar transient increase in SK1 activ-
ity, but the increase in TNF�-induced SK1 activity was
markedly reduced (Fig. 7). Strikingly, cells transfected with
catalytically inactive PP2AcR89A showed an elevated level of
basal SK1 activity, and the TNF�-stimulated SK1 activity
peaked at 10 min, but remained at elevated levels at 20–40
min (Fig. 7). Together these findings indicated that PP2A
activity could indeed regulate endogenous SK1, and pro-
vided further support for PP2A as an endogenous regulator
of SK1 dephosphorylation and deactivation.
Silencing PP2Ac Expression Increases SK1 Phosphorylation,

Activity, andMembrane Localization—To further examine the
role of PP2A in SK1 regulation, we used siRNA directed toward
the PP2A catalytic subunit to investigate the effects on SK1

FIGURE 6. Regulation of cellular phospho-SK1 levels by PP2A. A, HEK293
cells were transfected with vectors encoding FLAG-tagged SK1 and
HA-tagged catalytically inactive mutants of PP2Ac or PP4c (PP2AcR89A or
PP4cR236L, respectively), or the corresponding empty vector (EV). Cell lysates
were immunoblotted with an antibody recognizing phospho-SK1 (upper
panel). Total SK1 and phosphatase expression levels were confirmed by
immunoblotting with anti-FLAG and anti-HA antibodies, respectively (lower
panel). Results are representative of three independent experiments.
B, HEK293 cells were transfected with vectors encoding HA-tagged PP4c or
PP2Ac and the phosphatases immunoprecipitated from cell lysates using an
anti-HA antibody. Immunoprecipitations with no primary antibody were
used as negative controls. Immunoprecipitated phosphatases present in the
phosphatase assays were detected by immunoblotting with an anti-HA anti-
body (representative blot, upper panel). Immunoprecipitated phosphatases
were incubated with either phospho-SK1 peptide for 30 min, and reactions
were terminated with Malachite Green stop solution prior to reading the
absorbance at 620 nm (middle panel), or incubated with p-nitrophenyl phos-
phate for 45 min prior to reading the absorbance at 405 nm (lower panel). Data
are expressed as the phosphate release, relative to the negative controls.
Data for the phospho-SK1 peptide substrate are mean (�S.E.) from three
independent experiments, and data for the p-nitrophenyl phosphate sub-
strate are mean (�range) from two independent experiments. All analyses in
each experiment were performed in duplicate. The dividing lines indicate
where lanes have been spliced to simplify viewing, but results in each panel
are from a single experiment.

FIGURE 7. PP2A mediates deactivation of endogenous SK1 activity fol-
lowing TNF� stimulation. HEK293 cells were transfected with vectors
encoding HA-tagged PP2Ac (E), catalytically-inactive PP2AcR89A (�), or the
corresponding empty vector (EV) (F). The cells were stimulated with TNF� (2
ng/ml) 24 h after transfection, for 0, 10, 20, or 40 min, harvested and analyzed
for endogenous SK1 activity. Data are mean (�range) of duplicate determi-
nations from a single experiment, and are representative of results obtained
in two independent experiments.
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phosphorylation, activity and the proportion of SK1 detected at
cellular membranes. We first used overexpression of PP2Ac
and SK1, to assess knockdown of PP2Ac expression by the
siRNA, and because relatively low levels of endogenous SK1
expression hinder the detection of endogenous phospho-SK1.
Thus, HEK293 cells were cotransfected with vectors encoding
SK1, PP2Ac, and either PP2Ac siRNA or the equivalent control
siRNA. Immunoblotting of the cell lysates indicated that
reduced PP2Ac expression resulted in a marked increase in
phospho-SK1 without altering levels of total SK1 (Fig. 8A). We
next assessed the effects of silencing endogenous PP2Ac
expression on endogenous SK1 activity in cells. PP2Ac siRNA
markedly reduced endogenous PP2Ac expression, which
resulted in an approximate 2-fold increase in endogenous SK1
activity relative to cells transfected with the control siRNA (Fig.
8B). Notably, this increase in SK1 activity was similar to the
effect of overexpressing the catalytically inactive PP2AcR89A
mutant (Fig. 7).
Because phosphorylation of SK1 regulates its association

with the plasma membrane (6, 22) we then further assessed
whether silencing PP2Ac expression altered the proportion of
soluble- versusmembrane-localized SK1. Immunoblot analysis
of soluble and membrane fractions from cells cotransfected
with SK1 and either the control or PP2Ac siRNA demonstrated
an increased amount of total SK1 in the membrane fraction
following PP2Ac silencing (Fig. 8C). Furthermore, although
PP2Ac silencing increased phospho-SK1 levels in thewhole cell
extracts, the proportion of membrane-bound phospho-SK1

was also substantially increased (Fig. 8C). Thus, endogenous
PP2A activity appears important for SK1 phosphorylation,
activity, and subcellular localization, further supporting an
important role for PP2A as an endogenous regulator of SK1.

DISCUSSION

SK1 has been implicated in tumorigenesis, and we have pre-
viously demonstrated that phosphorylation of SK1 at Ser225 by
ERK1/2 is essential for its oncogenic potential (7). However,
phosphorylation status is often a balance between protein
kinase and protein phosphatase activity, and to date, the corre-
sponding Ser/Thr phosphatase responsible for dephosphoryla-
tion of SK1 has remained undefined. Here, we show through
various lines of evidence that PP2A is the phosphatase respon-
sible for SK1 dephosphorylation and deactivation.
SK1 and PP2A have been separately implicated in the regu-

lation of cell survival, proliferation, and tumor formation, but
our current work highlights an important link between these
proteins. This is especially true when considering therapeutic
strategies to combat oncogenesis and tumor formation. SK1
expression is elevated in several naturally occurring tumors (25,
26) and specific SK inhibitors have been reported to signifi-
cantly reduce tumor growth in vivo in mice (25) and sensitize
many tumor cells to chemotherapeutics (27). PP2A has also
been implicated in the control of cell growth and is targeted by
viral proteins that promote tumorigenesis (19, 28–30). Addi-
tionally, studies have indicated a decreased expression of selec-
tive PP2A subunits (A�, A�, and B�/B56�) in lung, colorectal,
breast, and brain cancer and various cancer cell lines (31), and
also shown that reduced expression of the PP2A catalytic sub-
unit in prostate cancer significantly correlatedwith tumor stage
(32). When considered separately, either elevated SK1 expres-
sion and activity, or decreased PP2A function, biases cells
toward the pro-survival, pro-proliferative phenotype charac-
teristic of tumors. However, in light of our current observations
that PP2A functions as a regulator of SK1, it is feasible that the
interplay between these proteins could contribute to disease
pathogenesis.
The actions of PP2A are likely to be complex, given its

ability to interact with a broad range of transcription factors,
cell cycle regulators, and protein kinases (19). Furthermore,
its physiological role is somewhat confounding, given that it
can oppose the pro-growth signals associated with Ser/Thr
phosphorylation (33–35), but also promote cell growth and
survival (18, 36). This apparent discrepancy could be resolved
by considering that specific PP2A holoenzymes in distinct sub-
cellular locations have restricted substrate specificity and thus
mediate specific subsets of cellular effects, along with the fact
that PP2A activity can result in activation of some substrates
and inactivation of others (35, 37–40). The importance of sub-
cellular localization for PP2A activity is highlighted by studies
in ovarian cancer cells, where cytosolic PP2A was observed to
translocate to the plasma membrane in response to the gona-
dotropin-releasing hormone antagonist, cetrorelix, and con-
tribute to the induction of apoptosis in these cells (41). Further-
more, membrane-associated PP2A had a lower Km for
substrate, whereas cytosolic PP2A had a higher maximal veloc-
ity (42, 43). Thus, in future studies it will be of interest to deter-

FIGURE 8. Silencing PP2Ac expression increases SK1 phosphorylation,
activity and the proportion of membrane-localized SK1. A, HEK293 cells
were transfected with vectors encoding FLAG-tagged SK1 and HA-tagged
PP2Ac, in the presence of siRNA targeting the PP2A catalytic subunit (�) or a
negative control siRNA (�). Total SK1 and PP2Ac expression levels in the cell
lysates were assessed by immunoblotting with anti-FLAG and anti-HA anti-
bodies, respectively (upper panel) and levels of phosphorylated SK1 were
assessed using an antibody recognizing phospho-SK1 (lower panel). Results
are representative of triplicate transfections. B, HEK293 cells were transfected
with either siRNA targeting the PP2A catalytic subunit (�), or a negative con-
trol siRNA (�). Cell lysates were immunoblotted with an antibody recogniz-
ing the PP2A catalytic subunit (upper panel), and equal protein loading was
confirmed using an antibody recognizing �-tubulin (middle panel). Results
are representative of triplicate transfections. The lower panel shows the mean
(�range) for duplicate determinations of endogenous SK1 activity measured
in the cell lysates and is representative of duplicate transfections. C, HEK293
cells were transfected with a vector encoding FLAG-tagged SK1, in the pres-
ence of siRNA targeting the PP2A catalytic subunit (�) or a negative control
siRNA (�). Whole cell extracts (W), soluble fractions (S), and membrane-en-
riched fractions (M) were prepared from the transfected cells, which were
then assessed for levels of total SK1 (upper panel) and phospho-SK1 (lower
panel), by immunoblotting with anti-FLAG and anti-phospho-SK1 antibodies,
respectively. Results are representative of three experiments. The dividing
lines indicate where lanes have been spliced to simplify viewing, but results in
each panel are from a single experiment.
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mine whether PP2A regulates SK1 at multiple cellular loca-
tions. This is particularly relevant in light of our previous
findings showing that phosphorylation of SK1 results in its
translocation from the cytoplasm to the plasma membrane (6)
and that this drives its oncogenic signaling (7).
SK1 plays a critical role in regulating the dynamic balance

between prosurvival S1P and its proapoptotic precursors,
sphingosine, and ceramide, a “sphingolipid rheostat” that con-
trols cell fate (44). Notably, ceramide has been reported to acti-
vate heterotrimeric PP2A (45), which has been implicated in
promoting apoptosis via dephosphorylation of Bcl2 (46, 47) and
Bad (48). Given that the “sphingolipid rheostat” is likely to be
tightly regulated, our current findings that PP2A dephospho-
rylates and deactivates SK1 appear somewhat counterintuitive.
Tight regulation of the “sphingolipid rheostat” may imply that
high levels of cellular ceramide should enhance, rather than
reduce, its metabolism. We could speculate, however, that this
may be a mechanism to enhance apoptotic efficiency, with the
ceramide-stimulated PP2Aactivity deactivating SK1 as part of a
positive feedback mechanism. This would shift the “sphingo-
lipid rheostat” away from S1P and even further toward cera-
mide and cell death.
FTY720 (2-amino-2-[2-(4-octylphenyl)ethyl]-1,3-propanediol

hydrochloride) is an immunomodulator that is structurally sim-
ilar to sphingosine, and like ceramide, can also activate PP2A.
Although FTY720 can be phosphorylated by sphingosine
kinase 2 (49, 50) to form an S1P analog with activity at Gi pro-
tein-coupled S1P receptors (51, 52), these events are not
required for PP2A activation. FTY720 can activate purified
PP2A via a direct interaction (53) and activate cellular PP2A to
effectively antagonize leukemogenesis in both in vitro and in
vivodiseasemodels (53, 54).Notably, FTY720may also contrib-
ute to leukemia therapy via direct inhibition of SK1 (54). Again,
the results of our current study allow us to hypothesize that
PP2A-mediated deactivation of SK1 may also contribute to the
antitumor effects of FTY720.
In summary, this study has identified PP2A as an important

regulator of SK1. Further characterization of the interaction
between these proteinsmight facilitate the discovery of specific
drugs targeting the cellular effects of this protein-protein inter-
action. Furthermore, clarification of the roles that these pro-
teins play in tumorigenesis may assist in the development of
more effective therapeutic strategies to treat disease.
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