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BACEL1 Activity Is Modulated by Cell-Associated
Sphingosine-1-Phosphate
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Sphingosine kinase (SphK) 1 and 2 phosphorylate sphingosine to generate sphingosine-1-phosphate (SIP), a pluripotent lipophilic
mediator implicated in a variety of cellular events. Here we show that the activity of 3-site APP cleaving enzyme-1 (BACE1), the rate-
limiting enzyme for amyloid-f peptide (AB) production, is modulated by S1P in mouse neurons. Treatment by SphK inhibitor, RNA
interference knockdown of SphK, or overexpression of S1P degrading enzymes decreased BACE1 activity, which reduced A3 production.
S1P specifically bound to full-length BACE1 and increased its proteolytic activity, suggesting that cellular SIP directly modulates BACE1
activity. Notably, the relative activity of SphK2 was upregulated in the brains of patients with Alzheimer’s disease. The unique modulatory

effect of cellular S1P on BACEI activity is a novel potential therapeutic target for Alzheimer’s disease.

Introduction

Amyloid-B peptide (AB) is the major component of senile
plaques deposited in the brains of patients with Alzheimer’s dis-
ease (AD). Several lines of evidence suggest that the accumulation
of AP is linked to the pathogenesis of AD (Tomita, 2009; De
Strooper et al., 2010). A is derived from amyloid-B precursor
protein (APP) that is sequentially cleaved by two aspartate pro-
teases, B- and <y-secretases. The major (-secretase is a type-1
transmembrane protein termed BACE1 (3-site APP cleaving en-
zyme 1) (Vassar et al., 2009). BACE1-deficient mice do not gen-
erate AB (Cai et al., 2001; Luo et al., 2001), but they exhibited
hypomyelination (Hu et al., 2006; Willem et al., 2006) and altered
neurological phenotype (Laird et al., 2005; Savonenko et al.,
2008; Hu et al., 2010). However, modest reduction of BACE1
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activity is sufficient for a significant reduction in brain A depo-
sition in AD model mice (McConlogue et al., 2007; Chow et al.,
2010). Moreover, several reports indicate that the protein levels
and/or the activity of BACE1 were increased in the brains of
patients with sporadic AD (Fukumoto et al., 2002; Yang et al.,
2003; Li et al., 2004; Ahmed et a., 2010), suggesting that subtle
changes in BACE1 activity significantly impact on the patho-
mechanism of AD. BACEI resides in the lipid raft, a membrane
microdomain enriched in cholesterol and sphingolipids, and a
significant role of lipids and microdomain is implicated in the
regulation of the B-cleavage (Kalvodova et al., 2005; Rajendran et
al., 2008; Vetrivel and Thinakaran, 2010). In this study, we fo-
cused on a biologically active lipid metabolite, sphingosine-1-
phosphate (S1P). SIP functions as a ligand for G-protein-coupled
receptor (GPCR)-type receptors from the extracellular side; al-
ternatively, S1P has been shown to directly act on intracellular
targets (Alvarez et al., 2007; Takabe et al., 2008; Pyne and Pyne,
2010). S1Pis produced by phosphorylation of sphingosine by two
related rate-limiting kinases, sphingosine kinase 1 (SphK1) and
SphK2 (see Fig. 1A). Although SphK1 and SphK2 show different
kinetic properties and tissue expression patterns (Blondeau et al.,
2007; Spiegel and Milstien, 2007), both kinases are functionally
redundant in the production of S1P in vivo (Mizugishi et al.,
2005). Here, we show that modulation of SphK and S1P degrad-
ing enzymes alters the A3 generation by regulating the 3-cleavage
via direct action of S1P on BACE! protein. Furthermore, we
found that SphK2 activity is increased in the brains of patients
with sporadic AD. These data unveil a novel regulatory mech-
anism of BACE1 linked to S1P levels in neurons, supporting
the view that SphK2/S1P is a novel potential therapeutic target
for AD.
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Figure 1.
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Figure2. SKIll decreased the B-secretase cleavage products. A—D, Immunoblot analyses of
the protein levels of APP derivatives and BACET in neuronal cells. Immunoblot analysis of cell
lysates (4) and cultured media (B) of mouse primary cortical neurons (7 d in vitro) treated with
BACE inhibitor IV (BSI IV; 1 yum) or SKI 11 (1 pum) for 24 h in duplicate (n = 3; representative
results are shown). Immunoblot analysis of cell lysates (€) and cultured media (D) of naive N2a
cells treated with BACE inhibitor IV (BSI1V; 1 pum) or SKI I (3 um) for 24 h. E, Levels of secreted
human A3 from N2a cells overexpressing SC100 after treatment with SKI Il for 24 h. Secreted
human AB,, and A3, were detected by human AB-specific ELISA (n = 4; mean = SEM). F,
Effect of SKI Il (1 wum) on the cell-surface levels of APP in naive N2a cells. After treatment with
vehicle or SKI Il for 24 h, N2a cells were biotinylated by sulfo-NHS-biotin and pulled down by
streptavidin beads.
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Sphingosine kinase inhibitors decreased the AB secretion from neuronal cells. A, Schematic depiction of
synthetic pathway for STP. Five conserved regions of SphK are indicated by rectangles. Location of catalytic region is also
indicated in this diagram. B—E, Effects of SKI on secretion of A3, and A 3,,, from neuronal cells. The levels of secreted A3
in conditioned media were quantified by ELISAs. Mean == SEM percentages of the relative ratio of secreted A3 to levels in
untreated control are indicated. *p << 0.05, ***p << 0.001 by Student's t test. B, Levels of secreted A 3 from mouse primary
cortical neurons (7 d in vitro) after treatment with SKI Il for 24 h (n = 4). C, Levels of secreted A from N2a cells after
treatment with SKI [l for 24 h (n = 4). D, Levels of secreted A Bs from N2a cells after treatment with DMS or SKI V for 24 h
(n = 4-7). E, Levels of secreted A3 measured by human AB-specific ELISA from N2a cells stably expressing Swedish
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Materials and Methods

Compounds. N-[N-(3,5-Difluorophenacetyl)-1-
alanyl]-(S)-phenylglycine #-butyl ester (DAPT)
was synthesized as described previously (Kan et
al., 2003). ABC294640 [3-(4-chlorophenyl)-
adamantane-1-carboxylic acid (pyridin-4-ylm-
ethyl)amide] was synthesized according to the
reported procedure (U.S. Patent 2006287317).
Sphingosine kinase inhibitor (SKI) II (Sigma-
Aldrich), SKI'V (Sigma-Aldrich), N,N-dimethyl-
sphingosine (DMS) (Cayman Chemical),
B-secretase inhibitor IV (Calbiochem), S1P (Cal-
biochem), and 2-acetyl-4-tetrahydroxybutylimi-
dazole (THI) (Matreya) were purchased from the
indicated vendors. DAPT, B-secretase inhibitor
IV, SKI II, and SKI V were dissolved in DMSO,
DMS were dissolved in ethanol, and S1P was dis-
solved in 3 mm NaOH. Lipid immobilized aga-
rose beads were purchased from Echelon.
Synthetic AB,_,, peptides (Peptide Institute)
were solubilized at a concentration of 0.6 mg/ml
in PBS and incubated at 37°C for 24 h to form A3
fibrils (Hori et al., 2007).

Antibodies and immunological methods. PS1
C-terminal fragment (CTF) (G1L3) was raised
as described previously (Tomita et al., 1999).
The following antibodies were purchased from
the indicated vendors: human AB 82E1 (cata-
log #10323; Immuno-Biological Laboratories),
APP (18) (catalog #28053; Immuno-Biological
Laboratories), BACE1 (c) (catalog #18711; Im-
muno-Biological Laboratories), APP (c) (catalog #18961; Immuno-
Biological Laboratories), anti-mouse/rat APP (597) (catalog #28055;
Immuno-Biological Laboratories), anti-BACE1 (42) (catalog #28051; Im-
muno-Biological Laboratories), anti-sAPPBwt (catalog #18957; Immuno-
Biological Laboratories), SphK2 (P-19) (SC-22704; Santa Cruz
Biotechnology), TRAF2 (C-20) (SC-876; Santa Cruz Biotechnology),
SphK1 (catalog #10006822; Cayman Chemical), a-Tubulin DM1A
(T9026; Sigma-Aldrich), a-actin AC-40 (A4700; Sigma-Aldrich), anti-
BII-tubulin Tujl (MAB1195; R & D Systems), APP N-terminal 22C11
(MAB348; Millipore), and anti-Myc 9B11 (catalog #2276; Cell Signaling
Technology). The samples were analyzed by immunoblotting or two-site
ELISAs for the detection of AB as described previously (Iwatsubo et al.,
1994; Tomita et al., 1997). For immunoblot detection for sAPP«a and
sAPPB in cultured media, anti-human/mouse APP (597) and anti-
sAPPBwt antibodies were used. Specificities of APP antibodies were
shown previously (Fukumoto et al. 2010). For lipid binding assay, naive
Neuro-2a (N2a) cell lysates or recombinant BACE1 [corresponding to its
extracellular domain with a 10XHis tag (catalog #931AS; R & D Sys-
tems)] were solubilized with 40 mm HEPES buffer, pH 7.4, containing
150 mMm NaCl, 0.5% NP-40, and Complete protease inhibitor cocktail
(Roche Applied Science) and spun down. Supernatants were coincu-
bated with the lipid coated beads (Echelon Biosciences) or Nickel-NTA
beads (Qiagen) that were preincubated with 3% BSA in HEPES buffer.
After 3 h, bound proteins were eluted by sample buffer and subjected to
immunoblotting.

Cell culture and transfection. Expression constructs for human APP
carrying Swedish mutation (APPNL), SC100, and NAE were described
previously (Kopan et al., 1996; Tomita et al., 1997). cDNAs encoding
SphK2, S1P phosphatase (SGPP1), and S1P lyase (SGPL1) were inserted
into pcDNA3.1DV5-His/TOPO (Invitrogen) and mutant cDNAs were
generated by long PCR-based Quikchange strategy (Stratagene). All con-
structs were sequenced using Thermosequenase (GE Healthcare) on an
automated Sequencer (Li-Cor). N2a cells are maintained as described
(Tomita et al., 1997). Primary cortical neurons were prepared from
BALB/c mice at embryonic day 16 and grown in Neurobasal medium
supplemented with B27 (Invitrogen) for 7 d (Fukumoto et al., 1999).
Plasmid transfection was performed using Lipofectamine2000 (Invitro-
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gen) or Fugene 6 (Roche Applied Science) following the instructions of
the manufacturer. Small interfering RNA (siRNA) duplexes targeting to
control, mouse SphkI and Sphk2 (target sequences: Sphk1, 5'-CTG GAC
CAGTTG CAT ATA GAA-3'; Sphk2,5'-TAG GCCTGG CCT CGT TGC
ATA-3") were purchased from Qiagen. Each siRNA was reversely trans-
fected in N2a cells using Lipofect AMINE RNAiMax (Invitrogen) follow-
ing the instructions of the manufacturer.

In vitro secretase activity assay. For in vitro 3-secretase assay, recombi-
nant human BACEI (catalog #931AS; R & D Systems) or cell membranes
of N2a, primary neuronal cells, or mouse brain (Hashimoto et al., 2002;
Takasugi et al., 2003) were used as enzyme sources. After homogeniza-
tion in 10 mm Tris, pH 7.0, the enzyme fractions were acidified by 25 mm
CH,;COONa, pH 4.5, and incubated with the -secretase-specific sub-
strate JMV2236 (Bachem) at 37°C at the indicated times. Fluorescence of
the fractions was measured at 320 and 420/430 nm as excitation and
emission wavelengths, respectively. In vitro a-secretase assay was per-
formed using SensoLyte 520 TACE (a-Secretase) Activity Assay kit
(Anaspec) following the instructions of the manufacturer. N2a cells were
treated with the indicated reagent for 24 h and collected cell membrane.
Ten micrograms of protein were used as enzymatic source, and reaction
were performed for 30 min.

In vitro SphK2 activity assay. Specific SphK2 activity assay was performed
according to a previous report (Zemann et al., 2006; Don et al., 2007). After
48 h incubation, cells were washed with iced PBS and lysed by freeze—thaw
cycle in 50 mm HEPES, pH 7.4, 10 mm KCl, 15 mm MgCl,, 0.1% Triton
X-100, 20% glycerol, 2 mm orthovanadate, 2 mm dithiothreitol, 10 mm NaF,
1 mm deoxypyridoxine, and EDTA-free complete protease inhibitor (Roche
Applied Science). Lysates were cleared by centrifugation at 15,000 rpm for 5
min. The lysates and NBD-Sphingosine (10 uM final; Avanti Polar Lipids)
were mixed in the reaction buffer (50 mm HEPES, pH 7.4, 15 mm MgCl,, 0.5
mm KCl, 10% glycerol, and 2 mm ATP) and incubated for 30 min at 30°C.
The reactions were stopped by the addition of equal amount of 1 M potas-
sium phosphate, pH 8.5, followed by addition of 2.5-fold chloroform/meth-
anol (2:1), and then centrifuged at 15,000 rpm for 1 min. Only the reactant
NBD-S1P, but not the substrate NBD-Sphingosine, was collected in alkaline
aqueous phase. After aqueous phase was combined with an equal amount of
dimethylformamide, the fluorescence value was read. For the analysis of
human brains, Tris-soluble fractions were used as an enzyme source. Speci-
ficity of this method has been described previously (Zemann et al., 2006).

SKIII treatment in wild-type and AD model mice. All experiments using
animals in this study were performed according to the guidelines pro-
vided by the Institutional Animal Care Committee of the Graduate
School of Pharmaceutical Sciences, The University of Tokyo. All animals
were maintained on food and water with a 12 h light/dark cycle. Wild-
type female mice (C57BL; SLC Japan) at 8 weeks of age were used. SKI II
was dissolved at 2 um in 40% DMSO/PBS. Each 2 ul solution was admin-
istered by stereotaxic injection into the hippocampus (bregma —2.6 mm, 3.1
mm lateral, 2.4 mm depth). After 8 h, the hippocampus of injected and
uninjected site were isolated. Hippocampus samples were solubilized with
10 mm Tris buffer containing 1% 3-[(3-cholamidopropyl)dimethylammo-
nio]-1-propanesulfonate and subjected to the sandwich ELISA for A3
(Wako Chemical). A7 transgenic mice overexpress human APP695 har-
boring K670N, M671L, and T7141 FAD mutations in neurons under the
control of Thyl.2 promoter (Yamada et al., 2009). Female A7 mice at 6
months of age were used for subchronic treatment of SKI II. SKI IT was
dissolved in corn oil and injected orally for 7d (50 mg kg ' -d ™).

Human brain samples. Human brain samples from AD and aged con-
trol patients were derived from tissue bank at the University of Pennsyl-
vania Alzheimer’s Disease Core Center (ADCC) and the Center for
Neurodegenerative Disease Research (CNDR). Control and AD brains
were diagnosed symptomatically and pathologically at ADCC-CNDR as
described (Arnold et al., 2010). All samples used for experimental mea-
sures were derived from frontal cortex under approval by the institu-
tional review board, ADCC—CNDR, and institutional ethical committee
of Graduate School of Pharmaceutical Sciences, The University of Tokyo.
Brain samples were homogenized in TSI buffer (50 mm Tris HCL, pH 7.6,
150 mm NaCl, 0.5 mm diisopropyl fluorophosphate, 0.5 mm phenylmeth-
ylsulfonyl fluoride, 1 mm EGTA, 1 mg/ml antipain, 1 mg/ml leupeptin, 1
mg/ml pepstatin, 1 mg/ml Na-p-tosyl-L-lysine chloromethyl ketone) and
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Figure3. Effect of SKI Il on the catalytic activity of BACET. In vitro BACE1 activity assay using
afluorogenic BACE1-specific substrate. BACE inhibitor IV (BSI IV; A) or SKI Il (B) was coincubated
with recombinant soluble BACE1 protein at indicated duration and concentrations. Relative
fluorescence units were shown (n = 3).

centrifuged at 260,000 X g for 20 min. Supernatant was collected as
Tris-soluble fraction and used for SphK assay.

Results

SphK inhibitors decreased A secretion by reducing the
B-cleavage of APP

To investigate the relationship between S1P and A production,
we focused on the activity of SphKs (Fig. 1 A). Recently, several
small compounds that specifically inhibit SphKs have been devel-
oped as anti-cancer drugs (Pyne and Pyne, 2010). Treatment with
a SphK-selective inhibitor, SKI II (French et al., 2003, 2006),
decreased the secretion of endogenous A from mouse primary
cortical neurons (Fig. 1B), as well as in mouse neuroblastoma
N2a cells, in a dose-dependent manner (Fig. 1C). Two additional
selective SphK inhibitors with different chemical structure (i.e.,
N, N-dimethylsphingosine and SKI V) also decreased the Af3 se-
cretion from N2a cells (Fig. 1 D). SKI II treatment decreased the
AP secretion from N2a cells overexpressing the Swedish mutant
form of human APP (APPNL) (Fig. 1E). These data suggest an
inhibitory effect of SphK inhibitors on A secretion. Notably,
both AB,,and AB,, levels were affected in a similar manner in all
following experiments. Next we analyzed the APP metabolism in
SKI II-treated cells. SKIII treatment did not affect the expression
levels of either BACEI or presenilin-1, which is the y-secretase
catalytic component, in primary cortical neuron (Fig. 2A) or N2a
cells (Fig. 2B), respectively. Because the treatment of authentic
BACE1 inhibitor IV abolished the secretion of B-secretase-
mediated cleavage product of APP, i.e., sSAPP, in conditioned
media, SKI II treatment also caused a moderate but significant
decrease in sAPP in primary cortical neurons (Fig. 2C) or N2a
cells (Fig. 2 D). In contrast, SKI II showed no effect on the cleav-
age of the C-terminal stub of human APP (SC100) that serves as
a direct substrate of y-secretase (Fig. 2 E). Moreover, SKI II treat-
ment caused neither an increase in in vitro a-secretase activity in
cell membranes (78.9 = 2.3% compared with DMSO treatment,
n = 4) nor change in the level of APP on the plasma membrane
(Fig. 2F). Collectively, these data strongly suggest that SKI II
directly affected the B-cleavage of APP.
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SphK2 activity modulated the B-secretase cleavage products. A, N2a cells were transiently transfected with siRNAs
againstendogenous SphKs. After 48 h transfection, media were replaced and furtherincubated for 24 h. Levels of secreted A were
quantified by ELISA (n = 3; mean = SEM; *p << 0.05, **p << 0.01). B, Levels of secreted A3 from N2a cells treated with BACE
inhibitor IV (BACEi IV), SKI II, or SphK2-selective inhibitor ABC294640 (ABC) for 24 h (n = 3; mean = SEM; ***p < 0.001). (-G,
Effect of transient SphK2 knockdown on APP derivatives in N2a cells. Representative immunoblot analysis was shown in C. In vitro
SphK2 activity (D) as well as BCTF (E) in cell lysates and the amount of SAPPS3 in conditioned media (F) were significantly
decreased by knockdown of SphK2. In contrast, the level of SAPPc in conditioned media (G) was significantly increased (quanti-

2005) caused a significant increase in A3
secretion from mouse primary neurons
(Fig. 5E), suggesting that the enzymatic
activity of S1P degrading enzymes is im-
portant for the modulation of B-cleavage.
Together, these data indicate that the S1P
metabolism coordinately modulates the
B-cleavage of APP.

tated by densitometric analysis; n = 4; mean == SEM; *p << 0.05). H—J, Effect of SphK2 on N2a cells coexpressing Swedish mutant

of APP. wt, Wild type. Representative immunoblot analysis was shown in H. Overexpression of SphK2, but not inactive mutant (G243D),
increased the levels of A production (/) as well as SphK2 activity in vitro (J) (n = 4; mean == SEM; *p << 0.05, **p << 0.01).

S1P metabolism coordinately modulates the B-cleavage

of APP

To test whether SKI II directly inhibited the enzymatic activity of
BACEL, a major B-secretase in neurons, we coincubated SKI II in
in vitro assay using recombinant soluble BACEI corresponding
to its extracellular domain. However, SKI II itself did not affect
the catalytic activity of recombinant BACE1 (Fig. 3). This result
suggests that SKI II modulates the 3-cleavage through the inhi-
bition of SphK. Consistently, RNA interference (RNAI) against
either SphK1 or 2 significantly decreased the AB production in
N2a cells (Fig. 4A). Notably, knockdown of SphK2 showed a
potent inhibitory effect. Supporting this result, SphK2-selective in-
hibitor ABC294640 (French et al., 2010) inhibited the AB genera-
tion in N2a cells similarly to that by SKI II (Fig. 4 B), indicating
that SphK2 plays a major role in the B-cleavage modulation.
Thus, we focused on SphK2 in the following part of the study.
RNAI against SphK2 resulted in a significant decrease in the levels
of SphK2 expression (Fig. 4C), kinase activity (Fig. 4D), BCTF
(Fig. 4 E), as well as the secretion of sSAPPS (Fig. 4 F), whereas the
levels of secreted sAPPa was increased (Fig. 4G). In contrast,

Cell-associated S1P directly modulates
BACEL activity

A proportion of newly synthesized S1P is
secreted, whereas others remain associated with cells. In general,
extracellular S1P poorly permeates into the cells (Kihara et al.,
2003) and functions as a ligand for cell-surface GPCR-type recep-
tors (Alvarez et al., 2007; Takabe et al., 2008). However, extracel-
lular application of S1P failed to restore the reduced A secretion
by SKIII treatment or SphK2 knockdown (Fig. 6 A, B), suggesting
that cell-associated S1P is involved in the regulation of
B-cleavage. Next we tested the effect of S1P on the intrinsic activ-
ity of membrane-bound BACEI in a cell-free assay. Both pre-
treatment of SKIII (Fig. 6C) and SphK2 knockdown (Fig. 6 D) on
N2a cells significantly decreased the BACEI activity in the mem-
brane fractions in vitro, implicating that the levels of S1P within
cells correlate with BACE1 activity. Supporting this notion, addi-
tion of S1P into the microsome fraction significantly increased
the intrinsic BACEL1 activity (Fig. 6 E). These data implicate the
direct action of SIP on BACEL! activity rather than the cell-
surface receptor-mediated modulation. To provide additional
evidence that S1P directly modulates BACE1, we examined bind-
ing of endogenous BACE1 in N2a cell lysates to S1P immobilized
on agarose beads (Fig. 6 F). We confirmed the specific binding of
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Figure 5.  Effect of STP degrading enzymes on A3 production. A, Schematic view of S1P
degradation pathway. Note that SGPL1 and SGPP1 generate different degradation products of
S1P.ER, Endoplasmicreticulum. B—D, Effects of the overexpression of V5-tagged S1P degrading
enzymes on APP metabolism in N2a cells. N2a cells were cotransfected with S1P degrading
enzymes and Swedish mutant of APP. After 24 h transfection, media were replaced and further
incubated for 24 h. Immunoblot analysis of S1P degrading enzymes (B) and APP derivatives (C)
are shown. Human APP-derived BCTF was specifically detected by an anti-human AS
N-terminus antibody (82E1). wt, Wild type. D, The levels of secreted human A 3 was detected by
human AB-specific ELISA (n = 4; mean = SEM; *p << 0.05, **p < 0.01). Note that overex-
pression of SGPLT or SGPP1, but not SGPL1 carrying catalytically inactive mutation (K353L),
decreased the generation of BCTF and the AB secretion from N2a cells. E, The levels of secreted
A from mouse primary cortical neurons (7 d in vitro) treated with SGPLT inhibitor THI (50
g/ml) or SKHI (T um) for 24 h (n = 4; mean == SEM; *p < 0.05).

TRAF2 to S1P beads as described recently (Alvarez et al., 2010).
Furthermore, endogenous BACE1, but not APP, was specifically
pulled down by matrices carrying S1P. In contrast, recombinant
BACEL! protein that lacks the transmembrane and cytoplasmic
domains was never bound to SIP beads (Fig. 6G). Collectively,
these results strongly suggest that the cell-associated S1P modulates
the proteolytic activity of membrane-bound form of BACE1 via di-
rect interaction (Fig. 6 H).

Roles of SphK2 activity in Alzheimer’s disease

Data shown above indicate that the intracellular S1P is one of the
important determinants for BACE1 activity. We further exam-
ined the impact of reduced S1P levels on A levels in vivo. Stereo-
taxic injection of SKI II into wild-type mouse brain significantly
decreased the amount of endogenous A at hippocampus (Fig.
7A). Because SKI II exhibited a favorable bioavailability (French
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Figure 6.  SKI Il treatment decreased the B-secretase activity in cellular membrane. 4, B,
Effect of extracellularly added STP (10 wum) on levels of secreted A3 from mouse primary cortical
neurons (7 d in vitro) after treatment with SKI 11 (1 um) for 24 h (4) (n = 4; mean = SEM) or
from N2a cells after 48 h SphK2 knockdown (B) (n = 3; mean = SEM; **p << 0.01, ***p <
0.001; N.S., nosignificant difference). Note that S1P failed to rescue the decrease in A3 produc-
tion either by SKI Il or Sphk2 knockdown. C, B-Secretase activity in the membrane fractions of
N2a cells treated with vehicle or SKI 11 (1 um) for 24 h. BACE inhibitor IV (BSIV; 1 ) was added
to the in vitro assay (n = 3; mean £ SEM; *p << 0.05, **p << 0.01 vs control/vehicle). D,
B-Secretase activity in the membrane fractions of SphK2 knockdown N2a cells. BACE inhibitor [V
(BSIIV; 1 um) was added to the in vitro assay (n = 3; mean = SEM; ***p << 0.001 vs control/
vehicle). E, Effect of STP on 3-secretase activity in the membrane fractions of mouse brain. S1P
(10 or 50 pum) and BACE inhibitor IV (BSI IV; 1 um) were added to the in vitro assay (n = 3;
mean % SEM; *p < 0.05, **p << 0.01vs mock/vehicle). F, G, Association of BACET holoprotein
with immobilized STP. N2a cell lysates (F) or recombinant BACET with 10 < His tag that lacks
the transmembrane and cytoplasmic domains (G) were incubated with control agarose (no
lipid), Nickel-NTA agarose, sphingomyelin, sphingosine, or S1P-coated affinity matrices (as
indicated), and bound proteins were analyzed by immunoblotting. H, Schematic model of the
binding of BACE1 and S1P. S1P (black triangles) interacts with the C-terminal region of BACE1
(black squares), including the transmembrane domain, but not with the extracellular protease
domain (white ovals). Location of 10X His tag is indicated by a white circle.

etal., 2006), we next orally administered SKIII to APP transgenic
mice A7 overexpressing human APP carrying Swedish and
Austrian mutations (Yamada et al., 2009). After 6 d treatment
with SKI IT in 6-month-old female mice, in which pathologi-
cally detectable amyloid plaques have not been developed, the
total AB levels in brains were significantly decreased (Fig. 7B).
These data indicate that the inhibition of SphK activity in APP
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Figure7.  Role of SphK2 activity in AD brains. 4, Effect of the direct injection of SKI Il into the hippocampus of nontransgenic wild-type Discussion

female mice (C57BL) at 8 weeks of age. The levels of Tris-soluble AS3 in the injected side of hippocampus were divided by those in the
uninjected side. Data represent relative ratio of each group (n = 4; mean == SEM; **p << 0.01). B, Levels of Tris-soluble A3 in the cerebral
cortices of female A7 mice at 6 months of age after a 7 d treatment with SKI Il (50 mg -kg ~"+d ", p.0.). Total brain A levels were
measured by human-specific sandwich ELISA (n = 5; mean == SEM; **p << 0.01). C, Effect of A3 fibril on SphK2 activity in N2a cells. N2a
cells were treated with A3, fibril (30 1um) overnight, and cell lysates were subjected to an in vitro SphK2 activity assay (n = 3; mean =
SEM; ***p << 0.001). D—F, Immunoblot analysis of Tris-soluble fractions (15 r.q of protein in each lane) from cortices of AD (denoted as A)
ornon-demented (denoted as N) individuals. Average protein levels of SphK2 (E) and BllI-tubulin (F)in each individual were analyzed by
densitometric analyses (*p << 0.05). G, Average of in vitro SphK2 enzymatic activity of Tris-soluble fractions from brains of AD and non-
demented individuals. The enzymatic activities of SphK2 were normalized by the protein levels of SphK2 quantified in D.
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Figure 8. Schematic representation of the role of STP metabolism in AD.

transgenic mouse brains has beneficial effects against A3
production.

SphK activity is regulated by various stimuli and stress (Spiegel
and Milstien, 2007). Intriguingly, treatment of N2a cells with fibril-

Here we show that lowering the activity of
SphK or increasing that of S1P degrading
enzymes decreased the AB production by
the inhibition of BACEL! activity in vitro
and in vivo. Notably, SphK2 activity was
increased by exposing cells to A fibrils,
and it also was increased in the postmor-
tem cerebral cortices of AD patients.
These results suggest that SphK2 and S1P
are involved in the etiology of AD and novel potential therapeutic
targets for AD.

Metabolites of sphingolipids are functionally interrelated with
each other. Inhibition of SphK activity diminishes the generation
of S1P and simultaneously increases the cellular levels of sphin-
gosine and ceramide (Spiegel and Milstien, 2007; Pyne and Pyne,
2010). However, overexpression of SGPP1 or SGPL1, which de-
creases S1P levels by dephosphorylation or irreversible degrada-
tion, also decreased the levels of AB in N2a cells (Fig. 5).
Moreover, direct addition of S1P to the membrane, but not on
living cells, increased the 3-secretase activity, suggesting that the
cell-associated form of S1P per se plays a critical role for the
modulation of BACEI activity in neurons. Importantly, we ob-
served a specific interaction of S1P with BACE1 holoprotein (Fig.
6F), in which transmembrane and intracellular domains of
BACEL are required (Fig. 6G). Thus, we hypothesize that S1P
binds to BACE1 transmembrane/intracellular domain (Fig. 6 H)
and affects the proteolytic activity by altering the conformation
or substrate accessibility. In good accordance with this, recent
findings implicate intracellular S1P as a novel modulator for en-
zymes; S1P specifically binds to the histone deacetylases HDAC1
and HDAC2 and inhibited their enzymatic activity (Hait et al.,
2009). Moreover, S1P targets to TRAF2 at the RING domain to
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stimulate E3 ligase activity (Alvarez etal., 2010). It has been shown
that functions of membrane-embedded as well as membrane-
associated proteins are modulated by direct interaction with sph-
ingolipids [e.g., activation of TrkA receptor by GM1 (Mutoh et
al., 1995), inhibition of epidermal growth factor receptor by GM3
(Kawashima et al., 2009), activation of synaptobrevin (Darios et
al., 2009), and functional modulation of stargazin by sphingosine
(Sumioka et al., 2010)]. In these cases, lipid interactions are pre-
dicted to affect the conformation of functionally active domains
located at the luminal or cytoplasmic sides. Moreover, it was
shown previously that RTN3 inhibits the BACE1 activity via in-
teraction with the transmembrane domain of BACE1 (He et al.,
2004; Murayama et al., 2006). In addition, we have recently iden-
tified that a lipophilic, noncompetitive BACE1 inhibitor, TAK-
070, directly targets the transmembrane domain of BACEI
(Fukumoto et al., 2010). These results collectively support the
notion that targeting the transmembrane domain of BACEL,
which harbors an allosteric modulatory function on the catalytic
domain, might be a novel approach for the inhibition of the
B-cleavage. Additional detailed analysis of molecular effects of
S1P on BACE1 should be performed.

Several reports indicate that intrinsic activity of BACEL is in-
creased in AD brains (Fukumoto et al., 2002; Yang et al., 2003; Li
etal., 2004; Ahmed et al., 2010), although the underlying molec-
ular mechanism is essentially unknown. In this study, we found
that treatment of cultured cells with A fibrils augmented SphK2
activity, which was increased in AD brains, as well. Notably, in-
trinsic SphK2 activity is modulated by extracellular signal-
regulated kinase (ERK) and fyn kinase (Olivera et al., 2006; Hait
etal., 2007), which have been implicated in AB-mediated neuro-
toxicity (Crews and Masliah, 2010), suggesting the possibility
that upregulation of SphK2 activity was mediated by aberrant
phosphorylation by ERK and/or fyn kinase activity. Additional
analysis would be required to understand the molecular connec-
tion between AB and SphK2 activity. Moreover, SphK2 activity
was upregulated by neuronal stress, such as ischemia (Blondeau
et al., 2007), which is also correlated with modulation of BACE1
activity (Wen et al., 2004; Tesco et al., 2007). Nevertheless, the
increased SphK2 activity by A fibril in neurons thereby may
form a vicious cycle in the pathophysiology of AD (Fig. 8). Fi-
nally, SKI I treatment decreased the brain A3 levels in APP trans-
genic mice, supporting the feasibility of SphK inhibition as a
potential AD therapy. Especially, SphK2 single knock-out mice
did not show significant developmental defects (Mizugishi et al.,
2005). Moreover, SphK2 has been implicated in proapoptotic
function, whereas SphK1 harbors anti-apoptotic effects (Liu et
al., 2003; Maceyka et al., 2005). Thus, SphK2 selective inhibitors,
e.g., ABC294640 (French et al., 2010), may be tolerable and suit-
able therapeutic agents for AD therapeutics. In conclusion,
SphK2/S1P in brain might be a novel molecular target for AD
therapeutics, and additional analysis for the regulatory mecha-
nisms of B-secretase activity by SphK/S1P will facilitate the un-
derstanding of the pathogenesis of sporadic AD.
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