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Sphingolipid metabolites regulate cell fate by acting on spe-
cific cellular targets. Although the influence of sphingolipids in
cellular signaling has been well recognized, the exact molecular
targets and how these targets influence cellular signalingmech-
anisms remain poorly understood. Toward this goal, we used
affinity chromatography coupled with proteomics technol-
ogy and identified acidic leucine-rich nuclear phosphopro-
tein-32A (ANP32A), an inhibitor of protein phosphatase 2A
(PP2A) as a direct target of sphingosine, N,N�-dimethyl
sphingosine (DMS) and phytosphingosine but not dihy-
drosphingosine or sphingosine 1-phosphate. Treatment of
human umbilical vein endothelial cells (HUVEC) with DMS,
which is not phosphorylated by sphingosine kinases, led to
the activation of PP2A activity. Suppression of ANP32A with
siRNA enhanced basal and DMS-activated PP2A activity sug-
gesting that the sphingoid base binds to and relieves the
inhibitory action of ANP32A on the PP2A complex. Indeed,
DMS relieved the ANP32A-mediated inhibition of PP2A
enzyme complex in vitro. Interestingly, DMS treatment
induced the p38 stress-activated protein kinase (SAPK) and
expression of cyclooxygenase (COX)-2 transcript and pro-
tein. Knockdown of ANP32A expression further induced p38
SAPK and COX-2. These data identify ANP32A as a novel
molecular target of sphingoid bases that regulates cellular
signaling events and inflammatory gene expression.

Sphingomyelin, amajor phospholipid inmembranes, is metab-
olized into bioactive lipids such as ceramide, sphingosine, and
sphingosine 1-phosphate (S1P)2 (1). S1P regulates cell migration,

survival, andmorphogenesis by binding and activating G protein-
coupled S1P receptors (2, 3). In contrast, sphingosine and cera-
mide, which are produced intracellularly from the sphingomyeli-
nase pathway, induce cell death and inhibit cell proliferation (4, 5).
However, the mechanism of action of sphingolipids in the intra-
cellular environment is poorly understood.
Sphingosine inhibits cell growth, regulates gene expression and

induces apoptosis in a variety of mammalian cell lines (6, 7). In
addition, it may inhibit tumor cell proliferation in vivo (8). More-
over, sphingoid bases has been shown to regulate gene expression;
for example the inhibition of transcription of the CYP17 gene(9).
In Saccharomyces cerevesiae, the sphingoid base (phytosphin-
gosine) regulates actin organization, endocytosis, translation, and
heat shock response (10, 11). Although treatment of cells with a
sphingoidbase regulates kinases andphosphatases (12), direct tar-
gets of sphingosine and how such molecules influence down-
stream cellular changes are poorly understood.
In this study, we searched for novel sphingosine-interacting

proteins.We found that two proteins of the acidic, leucine-rich
nuclear phosphoprotein-32 family (ANP32), ANP32A (a.k.a.
pp32, PHAPI) and ANP32B (a.k.a APRIL), bind to sphingoid
bases with high affinity and specificity. ANP32A binding by
sphingoid base resulted in the activation of PP2A phosphatase
activity, which up-regulated p38 SAPK and cyclooxygenase
(COX)-2 expression in human endothelial cells. These data
identify ANP32A as a novel intracellular target of sphingosine
action in the regulation of cellular signaling and expression of
inducible genes such as COX-2.

EXPERIMENTAL PROCEDURES

Materials—Sphingolipids and phospholipids were purchased
from Avanti Polar Lipids or Matreya Inc. Aminopropylsilica
was purchased from Silicycle (Quebec City, Canada). Antibod-
ies were purchased from the indicated companies; GST,
GAPDH, and �-actin antibodies (Sigma), histone 2B (Epitom-

* This work was supported, in whole or in part, by National Institutes of Health
Grants HL67330 and CA77839 (to T. H.), CA113890 (to X. J.), and HL83187
(to R. B.).

□S The on-line version of this article (available at http://www.jbc.org) contains
supplemental Fig. S1.

1 To whom correspondence should be addressed. E-mail: tih2002@med.
cornell.edu.

2 The abbreviations used are: S1P, sphingosine 1-phosphate; ANP32A/B, acidic
leucine-rich nuclear phosphoprotein A/B; Anx-1, annexin-I; BSPO, biotinyl-
sphingosine; Cer, ceramide; DHS, dihydrosphingosine; DMS, N,N�-dimethyl
sphingosine; HUVEC, human umbilical vein endothelial cells; IL-1�, interleu-

kin-1�; PC, phosphatidylcholine; PHAPI, putative HLA class II-associated pro-
tein I; Phy, phytosphingosine; PP2A, protein phosphatase 2A; SAPK, stress-
activated protein kinase; siRNA, small interfering RNA; SPO, sphingosine; BS1P,
biotinyl sphingosine1-phosphate.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 285, NO. 35, pp. 26825–26831, August 27, 2010
© 2010 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

AUGUST 27, 2010 • VOLUME 285 • NUMBER 35 JOURNAL OF BIOLOGICAL CHEMISTRY 26825

http://www.jbc.org/cgi/content/full/M110.147058/DC1


ics) phospho-p38 antibody (Cell Signaling), ANP32A, and p38
antibodies (Santa Cruz Biotechnologies), annexin I antibody
(Transduction Labs). COX-2 antibody and PGE2 EIA kit was
purchased from the Cayman Chemical Company and purified
PP2A dimer was fromMillipore.
Cell Culture and Extract Preparation—293T cells were cul-

tured in DMEM supplemented with 10% FBS and antibiotics.
HUVECswere cultured as described (13). Confluent cultures of
cells were extracted with Buffer A (50 mM Tris, pH 8.0, 2 mM

EDTA pH 9.0, 20 mM CHAPS, 10 mM NaF, 1.5 mM semicarbi-
zide, 0.5 mM MgCl2, 1% Triton X-100) for 1 h. Supernatant
(20,000 � g) was aliquoted and stored at �80 °C.
Identification of Sphingosine-binding Proteins—Total cell

extracts (2 mg/ml) were added to streptavidin membrane spot-
ted with the indicated amounts of biotinyl sphingosine (BSPO)
or biotinyl sphingosine1-phosphate (BS1P) (Avanti Polar Lip-
ids) and incubated for 1 h at 4 °C. Membranes were washed in
Buffer A, and eluate was separated on a 10% SDS-PAGE gel,
were stained with mass spectrometry compatible silver stain.
The bands of interest were excised, and the gel pieces were
washed and digested in situ with trypsin. Peptides thus gener-
ated were injected into a nanocapillary reverse-phase HPLC
coupled to a nanoelectrospray ionization source of Ther-
moFinnigan LTQ quadrupole ion trap mass spectrometer
(Finnigan LTQ, Thermo Finnigan, San Jose, CA).MS/MS spec-
tra were searched against a local copy of the non-redundant
human protein data base (56,709 entries, November 30, 2004
release version) from the NCI, National Institutes of Health,
Advanced Biomedical Computing Center using the SEQUEST
algorithm (SEQUEST-PVM version 27 (revision 0)) (14).
SEQUEST parameters were as follows: all the filtering thresh-
olds were off; mass tolerance of 1.5 Da for precursor ions and
0.5 Da for fragment ions; full tryptic constraint allowing one
missed cleavage; and allowing oxidization (�16 Da) of methio-
nine. The database search results were processed using the
INTERACT program (15) and filtered with the following crite-
ria: Xcorr cutoff values of 1.9, 2.2, and 3.7 for 1�, 2�, and 3�
peptides, respectively; �Cn cutoff value of � 0.1.
Protein Binding to Sphingosine-coupled Silica Beads—GST

fusion proteins were purified by glutathione-Sepharose 4B
(Amersham Biosciences) affinity chromatography using the
Sarkosyl extraction method (16). Annexin I was purified as
described (17).
The alkyl chain of the D-erythro-sphingosine backbone was

tethered to aminopropyl silica gel by coupling a fully protected,
activatedw-carboxyl analogof sphingosine to the aminogroups of
3-aminopropylsilica. The key transformations were the following
sequence of reactions: addition of 1-(dec-9-ynyloxy)-4-methoxy-
benzene to (S)-Garner aldehyde, hydrolysis of the acetonide with
Amberlyst ion-exchange resin, reduction of the triple bond with
Red-Al, protection of the 1,3-diol as methoxymethyl (MOM)
ethers, selective hydrolysis of the 4-methoxyphenyl ether, andoxi-
dationof the terminal hydroxyl group to the correspondingw-car-
boxylic acid. After the protected sphingosine w-carboxyl deriva-
tive was converted to its p-nitrophenyl ester, reaction with
3-aminopropylsilica in dichloromethane provided the desired
amido-tethered sphingosine on silica. The excess amino groups of
aminopropylsilica were endcapped with acetic anhydride. The

MOM and Boc-protecting groups on sphingosine were removed
with bromotrimethylsilane. The silica bonded to the sphingosine
ligand contained �0.37mmol of ligand per g.
Sphingosine-coupled silica beads were incubated with 0.05

�g to 0.5 �g GST-ANP32B, GST-ANP32A, or annexin in 1 ml
of buffer A. Beads were washed three times with 1 ml of Buffer
A, eluted with SDS sample buffer, and separated on a 10% SDS-
PAGE gel. Immunoblot analysis was performed with the GST
antibody (1:10,000) or annexin I antibody (1:1,000).
Preparation of Liposomes and Protein Binding Assay—Phos-

phatidylcholine (950 �mol) and sphingolipids (50 �mol) were
mixed together as solutions in choloroform, dried under argon,
and resuspended in 1ml of Buffer B (10mMHEPES pH 7.2, 5 mM

MgCl2, 100mMKCl, and10mMNaCl) to a final concentrationof 1
mM. Lipid mixtures were vortexed and subjected to 4 freeze
(�80 °C) and thaw (25 °C) cycles, andwere subsequently extruded
(�13) througha0.1�mnucleopore filter at55 °C.Liposomeswere
quantitated using a phosphorus analysis, which detects the con-
tent of PC (18), and analyzed by FACS. Liposomes were stored at
room temperature for up to 2 weeks.
GST-ANP32A (0.5 �g) was incubated with 250 �M lipo-

somes in 1 ml of Buffer B for 10 min and centrifuged at
100,000� g. The liposome pellet was resuspended in SDS sam-
ple buffer, and analyzed on an SDS-PAGE gel. Immunoblot
analysis was performed using a 1:10,000 dilution of a polyclonal
ANP32A antibody.
PP2A Activity Assay—APP2A assay kit (Upstate Biotechnol-

ogy) was used to detect PP2A activity according to the manu-
facturer’s instructions. In brief, HUVEC cell lysates were
immunoprecipitated withmonoclonal anti-PP2A antibody and
placed in a PP2A assay (19). PP2A activity ranged from 15.7 to
36.3 units/mg/min and is represented as fold stimulation rela-
tive to control. In vitro PP2A assays were done using a radioac-
tive enzyme assay as described below. Dephosphorylation reac-
tions contained 25 mM Tris-HCI, pH 7.4, 1 mM DTT, 10 mM

MgCl2. 0.005 units of purified PP2A (Millipore), 0–120 nM
ANP32A purified protein, and 100,000 cpm [32P] histone sub-
strate in a final volume of 0.05 ml. Assays utilizing [32P]phos-
phohistone as substrate also contained 0.2 fmol/ml histone. All
lipid solutions were prepared fresh and dissolved in 10% etha-
nol to a concentration of 0–25 �M immediately prior to addi-
tion to assays. Five microliter aliquots were added to reactions
giving 0–2.5 �M lipid and a final ethanol concentration of 1%.
Reactions were run for 10 min at 30 °C. Reactions were termi-
nated by addition of 0.1 ml of 20% TCA and 20 �g of BSA.
Released [32P04] was quantitated by scintillation counting after
removal of 0.1�l of supernatant. PP2A activity ranged from262
to 324 units/mg/min and is represented relative to control.
Inhibition ofGeneExpression by siRNA—The siRNAsof human

ANP32A (catalogue number sc-43856) and siRNA-A (catalogue
number sc-37007) were purchased from Santa Cruz Biotechnol-
ogy. Transfection of siRNA (80 nM was performed using Oligo-
fectamine reagent as described by themanufacturer.
RNA Extraction and Real-time PCR—Total RNA was iso-

lated, and qRT-PCR was performed as described (20).
PGE2 Assay—PGE2 concentrations in HUVEC cell media

were measured by EIA following the manufacturer’s protocol.
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Statistical Analysis—Results are reported as means � S.D.
or� S.E. Statistical significance for parametric data were deter-
mined using an unpaired t test for experiments comprising two

groups. KD calculations were performed using GraphPad
Prism. *, p � 0.05; **, p � 0.01 (two-tailed t test).

RESULTS

Identification of Sphingosine-binding Proteins—To identify
novel sphingosine-binding proteins, human embryonic kidney
(HEK)293T whole cell lysates were incubated with BSPO
immobilized on a streptavidin membrane. BS1P immobilized
on the streptavidinmembrane was used as a specificity control.
Proteins associated with sphingosine were eluted, separated by
SDS-PAGE, and silver stained. Amajor band at�30 kDa bound
specifically to BSPO and not to BS1P (Fig. 1A). The gel region
corresponding to the �30-kDa band was excised, trypsizined,
and analyzed by liquid chromatography tandem mass spec-
trometry (LC-MS/MS). The resulting MS/MS spectra were
searched against the non-redundant human data base using
SEQUEST algorithm. We identified two closely related pro-
teins of the acidic leucine-rich nuclear phosphoprotein family
ANP32A (also known as pp32 or PHAPI) and ANP32B (also
known as PHAPII or APRIL)(Fig. 1B). These data suggest that
ANP32A and APRIL are sphingosine-binding proteins.
Specificity of Binding of ANP32A and ANP32B to Sphingo-

lipid Metabolites—To assess the specificity of binding of
ANP32A and ANP32B to sphingolipids, we used recombinant
GST fusion proteins ANP32A andANP32B (21). Upon increas-
ing concentration of GST-ANP32A and GST-ANP32B, there
is an increased specific and saturatable binding to sphingo-
sine (Fig. 2A). Purified GST and annexin I, a phosphatidyl-
serine-binding protein failed to bind to sphingosine. The
apparent affinity (Kd) of GST-ANP32A and GST-ANP32B to
sphingosine is 26.46 � 5.44 nM and 23.66 � 15.00 nM, respec-
tively. We further performed a binding assay using a 293T

whole cell lysate with sphingosine
beads and control beads. Results
indicate that the binding of endoge-
nous ANP32A from 293T cells is
specific to sphingosine beads and
not to control beads (Fig. 2B).
Next we tested if ANP32A:sphin-

gosine interactionwould occur when
the lipid is incorporated into lipo-
somes. We prepared liposomes com-
posed of various sphingolipids, and
tested them in an in vitro binding
reaction with GST-ANP32A. The
bound material was sedimented by
ultracentrifugation and detected
by immunoblot analysis. We found
that ANP32A binds to liposomes
containing PC/DMS, PC/sphingo-
sine, and PC/phytosphingosine (Fig.
2C). In contrast, we did not detect
binding of GST-ANP32A to lipo-
somes containing PC, PC/ceramide,
PC/S1P, or PC/dihydrosphingosine
(Fig. 2C). These data suggest that
ANP32Abinds specifically to sphin-
gosine and related sphingoid bases

FIGURE 1. Identification of sphingosine-binding proteins. A, HEK293T
whole cell extract (2 mg) was incubated for 1 h with BSPO or BS1P (2–20 �g)
immobilized on a streptavidin membrane. After washing, BSPO, BS1P, or
streptavidin membrane bound proteins were eluted with SDS sample buffer,
separated by SDS-PAGE, and silver stained. The indicated band at 30 kDa
representing proteins associated with BSPO was in-gel digested with trypsin
and analyzed by LC-tandem mass spectrometry. B, 16 unique peptides that
matched ANP32A and ANP32B are indicated.

FIGURE 2. Interaction of ANP32A and ANP32B with sphingolipids. A, different amounts of purified GST-
ANP32B, GST-ANP32A, GST, or annexin I were incubated with sphingosine or control beads (1 mg) for 10 min,
eluted with SDS sample buffer, and separated by SDS-PAGE. Western blot analysis was performed using an
�-GST antibody or �-annexin I antibody. Band intensities were quantitated using a densitometer. B, HEK293T
cell extract (1 mg) was incubated with sphingosine beads or control beads (1 mg), washed, eluted with SDS
sample buffer, and separated by SDS-PAGE. Western blot analysis was performed using an �-ANP32A anti-
body. Input represents 50 �g of whole cell lysate. C, GST-ANP32A bound to indicated liposomes (250 �M) was
centrifuged, and ANP32A present in the pellet was detected by immunoblot analysis.
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and that the presence of a double bond in eukaryotic sphingo-
lipids (which is absent in dihydrosphingosine) is essential for
this interaction.
Regulation of PP2A Activity by Sphingoid Base Interaction

with ANP32A—ANP32A is a multifunctional protein which
inhibits PP2Aactivity (19).We investigated how sphingoid base
binding to ANP32A affects its ability to inhibit PP2A. For cel-
lular experiments, we used DMS, which binds to ANP32A
strongly and cannot be phosphorylated to N,N�-dimethyl-S1P.
We used human umbilical vein endothelial cells (HUVEC)
which have been extensively characterized in studies of sphin-
golipid signaling (2, 22).WhenHUVECwere treatedwithDMS,
cellular PP2A activity was increased significantly in a time-de-
pendentmanner.Maximal induction of PP2A activity occurred
at 4 hwith an increase of 2.26-fold (Fig. 3A). DHS,which did not
bind to ANP32A, did not induce PP2A activity.
To determine the effect of ANP32A on PP2A activity, we

used ANP32A siRNA. As shown in Fig. 3B, ANP32A siRNA

down regulated the expression of ANP32A protein in HUVEC
whereas the scrambled siRNA did not. Down-regulation of
ANP32A increased PP2A activity as compared with control
siRNA (Fig. 3C). Treatment with DMS further increased PP2A
activity. These data suggest that ANP32A is an inhibitor of
PP2A and that binding to DMS may further relieve the inhibi-
tory function of ANP32A on PP2A.
Incubation of purified ANP32A with PP2A in vitro resulted

in dose-dependent inhibition of enzyme activity (Fig. 3D).
However, co-incubation of DMS with ANP32A relieved this
inhibition (Fig. 3E), suggesting that sphingoid bases bind to
ANP32A and block its interaction with the PP2A enzyme
complex.
DMS Induces p38 Stress-activated Protein Kinase andCOX-2

Expression in an ANP32A-dependent Manner—Because PP2A
activity has been demonstrated to affect pro-inflammatory sig-
naling pathways (23), we examined whether DMS can regulate
the activity of the p38 stress-activated protein kinase (SAPK)

FIGURE 3. DMS relieves the inhibitory action of ANP32A on PP2A. A, HUVEC were treated with 10 �M DMS or DHS for various times, and PP2A activity was
determined as described under “Experimental Procedures.” PP2A was immunoprecipitated, and PP2A immunoblots are represented in the inset. Data repre-
sent mean � S.D. of at least two independent experiments performed in duplicate. B, HUVEC were treated with ANP32A siRNA or control siRNA for 48 h.
ANP32A and GAPDH protein levels were measured by immunoblot analysis. C, HUVEC were treated with ANP32A siRNA (80 nM) or control siRNA (80 nM) for 48 h,
followed by treatment with DMS (10 �M) for 2 h or not and PP2A activity was determined. PP2A was immunoprecipitated, and PP2A immunoblots are
represented in the inset. Data represent mean � S.D. of at least two independent experiments performed in duplicate. D, PP2A dimer (containing A and C
subunits) was incubated with increasing concentrations of ANP32A (0 –120 nM), and its effects on PP2A activity was determined in vitro using the radioactive
phosphatase assay, as described under “Experimental Procedures.” Data represent mean � S.E. of at least three independent experiments performed in
duplicate n � 6. E, purified ANP32A (40 nM) was incubated with various concentrations of DMS (0, 0.25, or 1.25 �M), and PP2A dimer activity were determined
in vitro as described above. The data represent the mean � S.E. of at least four independent experiments performed in duplicate n � 8.
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and the expression of the inducible prostaglandin synthase
COX-2 in HUVEC (24). Treatment with DMS led to a signif-
icant increase in phosphorylation of p38 SAPK from 1 to 8 h
(Fig. 4A). ANP32A suppression with siRNA significantly
amplified the effects of DMS on p38 SAPK activity at 4 and
8 h (Fig. 4B). These data suggest that DMS binding to
ANP32A may be inducing p38 SAPK activity through the
activation of PP2A.
We next tested the effects of DMS on COX-2 protein and

mRNA expression by Western blot analysis and qRT-PCR,
respectively (25). We used the pro-inflammatory cytokine IL-
1� to induce COX-2 expression (26). COX-2 was induced by

IL-1� in HUVEC as expected (Fig. 4, C and D). Interestingly,
COX-2 expression was induced by DMS in a dose- and time-
dependent manner. In addition, IL-1-� and DMS synergisti-
cally increasedCOX-2 polypeptide expression (Fig. 4,C andD).
Moreover, DMS and IL-1	 alone increased COX-2mRNA lev-
els and showed synergy when added together (Fig. 4E).
We next tested the effect of ANP32A suppression on DMS

induced COX-2 expression. ANP32A suppression significantly
amplified the effects of DMS on COX-2 levels (Fig. 4F). Fur-
thermore, treatment of HUVEC with DMS also induced PGE2
synthesis. DMS binding to ANP32A may be inducing COX-2
activity through the activation of PP2A and subsequent activa-

FIGURE 4. DMS induces p38 stress-activated protein kinase and COX-2 expression in an ANP32A-dependent manner. A, HUVEC were treated with DMS
for the indicated time times. Phospho-p38 SAPK and p38 SAPK protein levels were measured by immunoblot analysis. Results are represented as mean � S.D.
of at least two experiments. B, HUVEC were treated with ANP32A siRNA or control siRNA for 48 h followed by treatment with DMS (10 �M) for the indicated time
intervals. Phospho-p38 SAPK, p38 SAPK, ANP32A, and GAPDH protein levels were measured by immunoblot analysis. Phospho-p38 SAPK protein levels were
normalized to p38 SAPK protein levels. Results are represented as mean � S.D. of at least two experiments. C, HUVEC were incubated with IL-1� (10 ng/ml), DMS
(10 �M), or DMS in combination with IL-1� for the indicated time intervals. COX-2 protein levels normalized to �-actin protein levels were measured by
immunoblot analysis. Results are represented as mean � S.D. of at least two experiments. D, HUVEC cells were incubated with IL-1� (10 ng/ml), DMS, or DMS
in combination with IL-1� for the concentrations of DMS indicated or remained untreated for 8 h. COX-2 protein levels normalized to �-actin protein levels were
measured by immunoblot analysis. E, HUVEC were incubated with 10 �M DMS, 10 ng/ml IL-1�, or DMS and IL-1� for the indicated time intervals. COX-2 mRNA
levels normalized to GAPDH mRNA levels were measured using qRT- PCR as described under “Experimental Procedures.” Results are represented as mean �
S.D. (n � 3). The experiment was repeated twice with similar results. F, HUVEC were treated with ANP32A siRNA or control siRNA for 48 h followed by treatment
with DMS (10 �M) for 8 h. COX-2 protein levels normalized to �-actin protein levels were measured by immunoblot analysis. Results are represented as mean �
S.D. of at least two experiments. G, HUVEC cells were pretreated with SB203580 (10 �M) for 30 min, incubated with DMS (10 �M) for 8 h. COX-2 protein levels
were measured by immunoblot analysis and normalized to �-actin levels. Results are expressed as means � S.D. of at least two experiments. Results are
represented as mean � S.D. of at least two experiments. *, p � 0.05; **, p � 0.01 (two-tailed t test).
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tion of p38 SAPK. Indeed, DMS induction of COX-2 was sig-
nificantly attenuated by SB203580 (p38 inhibitor) (Fig. 4G).

DISCUSSION

In this report we have identified two novel but related
sphingosine-binding proteins, ANP32A and ANP32B using
affinity chromatography and proteomics technology. We
have confirmed this interaction using a liposome assay and a
sphingosine-coupled bead assay. We have also determined
that ANP32A interacts specifically with phytosphingosine,
dimethylsphingosine, and sphingosine. This indicates that
ANP32A binds sphingosine-like molecules and not ceram-
ides, which contain an acyl chain or S1P, which contains a
phosphate group. Interestingly, dihydrosphingosine does not
bind to ANP32A, suggesting that the presence of the unsatur-
ated sphingoid base is essential. The results indicate that sphin-
goid bases in the sphingomyelinase pathway but not in the de
novo biosynthetic pathway (e.g. dihydrosphingosine) interacts
with ANP32A, suggesting a role in cellular signal transduction.
ANP32A is a multifunctional protein implicated in cellular

signaling, apoptosis, tumor suppression, cerebellar neuronal
function, and gene expression (27–29). It contains a leucine-
rich repeat domain in the N terminus and an acidic C-terminal
domain (30). Analysis of the mutants of ANP32A in a binding
assay with sphingosine beads (supplemental Fig. S1) suggest
that multiple lipid interaction sites may exist on this protein.
However, ANP32A is also a direct inhibitor of PP2A activity
(19). It is phosphorylated and shuttles between the nucleus and
the cytoplasm to regulate RNA transport (21). However, regu-
lation of ANP32A by upstream signaling pathways or cellular
second messengers has not been described. Our finding that
sphingosine binds toANP32Aand regulates its interactionwith
downstream signaling pathways is novel and suggests that it
may mediate at least some of the biological functions of this
sphingolipid.
We focused on the PP2A pathway as a potential downstream

event regulated by sphingosine/ANP32A interaction. Even
though a recent report showed that sphingosine activates the
PP2A activity, the precise mechanism is not clear (31). Here we
demonstrate that DMS is a strong inducer of PP2A activity in
HUVEC. Mechanisms of how sphingoid base metabolites
induce PP2A activity still remain unclear. Because suppression
of ANP32A induces PP2A activity, DMS treatment further
stimulates it and prevents the inhibitory effects of ANP32A on
PP2A activity in vitro, we suggest that binding of DMS to
ANP32A relieves its inhibitory actions on PP2A.
A recent report showed that activation of PP2A by sphingo-

sine in Jurkat T cells led to activation of p38 SAPK (31). We
show that DMS increased p38 SAPK activity in HUVECs.
Indeed, suppression of ANP32A resulted in superinduction of
p38 SAPK, suggesting thatDMS/ANP32A activation of PP2A is
involved. Thus, in endothelial cells, interaction of DMS with
ANP32A led to strong induction of p38 SAPK, which is criti-
cally important and inflammatory and stress signaling.
Downstream of p38 SAPK, the inducible prostaglandin syn-

thase COX-2 gene is strongly induced. Early studies showed
that sphingosine induces PGE2 production (32). Our work in
HUVEC also shows that DMS induces PGE2 synthesis. In addi-

tion, S1P was shown to induce COX-2 in epithelial cells (33).
Our recent data suggest that S1P2 receptor activation in endo-
thelial cells induces COX-2 expression by transcriptional acti-
vation (34). However, the novel findings in this report indicate
that sphingoid base interaction with ANP32A induces COX-2
expression via a p38-dependent pathway. In addition to tran-
scriptional activation, DMS may also stabilize the COX-2
mRNA from degradation and enhance translation by acting on
post-transcriptional mechanisms.
Our finding that DMS binds to ANP32A and activates PP2A,

p38 SAPK, and COX-2 gene expression suggests that ANP32A
may also regulate other biological effects of sphingoid bases.
Indeed, sphingosine and related sphingoid bases are implicated
in apoptosis, gene expression and cell growth control in cell
culture as well as in mouse models (6–9). Further, dietary
sphingolipids are cancer chemopreventive (35, 36). Whether
ANP32A is involved in such actions of sphingoid bases require
further study. Similarly, ANP32B, which was implicated in the
nuclear export of the RNA-binding protein HuR may also be
involved in regulation of gene expression downstreamof sphin-
goid bases. In conclusion, our results identify ANP32A as a
novel intracellular target for sphingoid bases. Modulation of
ANP32A by sphingoid basesmay be involved in endothelial cell
functions related to inflammation and angiogenesis.
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