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Abstract HDL-bound ApoM and albumin are protein chap-
erones for the circulating bioactive lipid, sphingosine 1-phos-
phate (S1P); in this role, they support essential extracellular
S1P signaling functions in the vascular and immune systems.
We previously showed that ApoM- and albumin-bound S1P
exhibit differences in receptor activation and biological
functions. Whether the physiological functions of S1P re-
quire chaperones is not clear. We examined ApoM-deficient,
albumin-deficient, and double-KO (DKO) mice for circulatory
S1P and its biological functions. In albumin-deficient mice,
ApoM was upregulated, thus enabling S1P functions in em-
bryonic development and postnatal adult life. The Apom:Alb
DKO mice reproduced, were viable, and exhibited largely
normal vascular and immune functions, which suggested
sufficient extracellular S1P signaling. However, Apom:Alb
DKO mice had reduced levels (~25%) of plasma S1P, sug-
gesting that novel S1P chaperones exist to mediate S1P func-
tions. In this study, we report the identification of ApoA4 as
a novel S1P binding protein. Recombinant ApoA4 bound to
S1P, activated multiple S1P receptors, and promoted vascu-
lar endothelial barrier function, all reflective of its function
as a S1P chaperone in the absence of ApoM and albumin Bl
We suggest that multiple S1P chaperones evolved to support
complex and essential extracellular signaling functions of
this lysolipid mediator in a redundant manner.—Obinata,
H., A. Kuo, Y. Wada, S. Swendeman, C. H. Liu, V. A. Blaho, R.
Nagumo, K. Satoh, T. Izumi, and T. Hla. Identification of
ApoA4 as a sphingosine 1-phosphate chaperone in ApoM- and
albumin-deficient mice. J. Lipid Res. 2019. 60: 1912-1921.
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Sphingosine 1-phosphate (S1P) is a versatile lipid media-
tor essential for vascular development and lymphocyte
trafficking. Five subtypes of cell-surface S1P receptors,
S1PR1-5, mediate pleiotropic actions of extracellular S1P
in multiple organ systems of vertebrates (1).

In contrast to eicosanoid lipid mediators, which are pro-
duced upon stimulation and act transiently, S1P circulates
tonically in blood and lymph at high (0.1-1 wM) concentra-
tions, which are significantly higher than the nanomolar
concentrations required to activate SIP receptors. S1P in
blood is produced primarily by red blood cells (RBCs) (2)
and endothelial cells (3) and is secreted by specific S1P
transporters, Mfsd2b (4) and Spns2 (5, 6), respectively. Due
to its hydrophobic nature, SIP is poorly water soluble and
requires carrier proteins for efficient transport and circula-
tion. Most of plasma S1P (~65%) is carried by HDL and the
remainder by albumin (7). We have identified HDL-bound
ApoM as a specific and physiologically relevant S1P chaper-
one (8), which is defined as a S1P carrier protein that facili-
tates specific receptor activation and biological responses.

Structurally, ApoM belongs to the lipocalin family of
proteins and accommodates S1P in an eight-stranded anti-
parallel B barrel structure. Most of the ApoM in plasma is
anchored to HDL by its retained hydrophobic N-terminal
signal peptide (9). Although ApoM is found only in 5% of
total HDL particles, this subpopulation of HDL accounts
for almost all of the lipoprotein-associated S1P (8). HDL-
bound S1P is important in vascular barrier function (8, 10),

Abbreviations: AFM, afamin; aFP, a-fetoprotein; DBP, vitamin D
binding protein; DKO, double-KO; HUVEC, human umbilical vein en-
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sphingosine 1-phosphate.
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bone marrow lymphopoiesis (11), liver function (12) and
regeneration (13), restraint of inflammatory responses (14),
brown adipocyte development (15), and control of blood
pressure via NO release (16).

Interestingly, ApoM- and albumin-bound S1P show
functional differences with respect to S1P signaling. Both
ApoM- and albumin-S1P increase the barrier function of
endothelial cells, but ApoM-S1P shows more sustained ef-
fects (16, 17). Suppression of endothelial inflammatory
responses (14) and regulation of lymphopoiesis (11) are
observed only in ApoM-S1P. Considering that albumin is
able to bind many hydrophobic molecules in a promiscu-
ous manner, ApoM serves as a specific SIP chaperone that
protects and transfers S1P to its receptors so that efficient
signaling can take place. In addition, ApoM-bound S1P is
more stable than albumin-bound S1P in vivo (3, 18). How-
ever, albumin is able to compensate for the functions of
ApoM to some extent. Although ApoM-deficient mice
show various functional defects, such as increased vascular
permeability (8, 10) and dysregulated lymphopoiesis (11),
they still retain 40% of plasma S1P in the albumin fraction
(8), which is sufficient to support the essential functions of
S1P, such as embryonic vascular development and lym-
phocyte trafficking. In contrast, sphingosine kinase 1/2
deficiency, which results in no S1P production, leads to em-
bryonic lethality due to vascular developmental defects
(19). Adult plasma S1P-less mice derived from postnatal
deletion of the Sphkl and Sphk2 genes, show profound lym-
phopenia due to deficient lymphocyte egress from lym-
phoid organs (2).

In this study, we studied ApoM- and albumin-deficient
mice to determine the compensatory functions of the two
S1P chaperones. We also crossed ApoM-deficient mice with
albumin-deficient mice to examine the functional conse-
quences from the loss of the two major S1P carrier proteins.
Double-null mice were still viable and retained 25% of
plasma S1P, which suggested the existence of the additional
SIP carrier protein (s). By protein fractionation of the double-
null plasma followed by the shot-gun proteomic analysis, we
identified ApoA4 as a novel SIP carrier protein. ApoA4
showed a S1P-binding property comparable to albumin,
and ApoA4-bound S1P activated SIP receptors efficiently.

MATERIALS AND METHODS

Animals

All animal protocols were approved by the Institutional Animal
Care and Use Committee of the Boston Children’s Hospital and
Weill Cornell Medical College. ApoM-deficient mice in the
C57BL/6 background were described previously (8, 20). Albumin-
deficient mice (B6;129S5-A%™""/Mmucd) were obtained from
Mutant Mouse Regional Resource Centers (RRID: MMRRC_032140-
UCD) and backcrossed at least seven times with C57BL/6 mice
before crossing with the ApoM-deficient mice. Double heterozy-
gotes in the Alb and Apom alleles were intercrossed to prepare the
double-null homozygotes. Whole blood and serum specimens
from the mice were subjected to laboratory tests for blood bio-
chemistry (liver and renal panels) and blood cell counts in the

Laboratory of Comparative Pathology, Memorial Sloan-Kettering
Cancer Center, New York, NY.

Chromatography

FPLC analyses were performed using an AKTApurifier FPLC
system (GE Healthcare Life Sciences). Plasma samples were sepa-
rated by size exclusion chromatography with tandemly connected
Superose™ 6 and Superdex™ 200 columns (16 x 600 mm each)
at the flow rate of 0.5 ml/min using PBS containing 1 mM EDTA
as the running solvent. Optical absorbance at 280 nm was moni-
tored for protein concentrations, and the cholesterol concentra-
tion was determined by LabAssay™ cholesterol kit according to
the manufacturer’s instructions (FUJIFILM Wako Pure Chemical
Corp.). RESOURCE Q columns (1 ml; GE Healthcare Life Sci-
ences) were used for anion exchange chromatography at the flow
rate of 4 ml/min with a NaCl gradient from 0 to 500 mM in 5 min
in the running solvent (20 mM Tris-HCI, pH 8.0).

S1P measurements

S1P was quantified by LC-MS/MS analysis using a LCMS-8050
system (triple quadrupole; Shimadzu) as described (21). Deuter-
ated-S1P (S1P-d7 from Avanti Polar Lipids) was used as an internal
standard. The m/z transitions for the selected reaction monitor-
ing of S1P and S1P-d7 were m/z 380.0-264.0 and m/z 387.0-271.0,
respectively.

Protein identification by nano LC-MS/MS analysis

Protein samples from the plasma fractions were separated by
SDS-PAGE with a 4-12% precast gel (Bolt™ 4-12% Bis-Tris Plus
Gels; Thermo Fisher Scientific). The gel was cut into several
pieces, dehydrated by acetonitrile, and dried under vacuum. The
proteins contained in the gel pieces were reduced by DTT and
alkylated by iodoacetamide, and digested overnight with Trypsin/
Lys-C Mix (Promega). Trypsin and Lys-C digest the C-terminal
side of lysine (trypsin and Lys-C) and arginine (trypsin). The di-
gests were then extracted in acetonitrile with 1% formic acid and
subjected to analysis by a NanoFrontier eL.D coupled with a nano
flow HPLC system (Hitachi High-Technologies) as described
(22). Raw data were converted into peaklist files (.mgf) using
NanoFrontier eLLD data processing software (version 2008) and
subjected to a search against SwissProt mouse sequences (February
2016, 16,772 entries) using Mascot search algorithm (Matrix Sci-
ence, version 2.4.0). Searches were performed with a mass mea-
surement tolerance of 0.2 Da for both precursor and fragment
ions. A maximum of one missed cleavage was allowed. Carbami-
domethylation of cysteine residues and oxidation of methionine,
tryptophan, and histidine residues were searched as fixed and
variable modifications, respectively. The ion score significance
threshold was chosen to be 0.05.

Recombinant protein expression and analyses

Histidine-tagged recombinant proteins for human afamin
(AFM), vitamin D binding protein (DBP), a-fetoprotein (aFP),
and albumin were expressed in HEK cells and recovered in cul-
ture supernatants. Histidine-tagged ApoA4 and ApoM were ex-
pressed in an Escherichia coli BL-21 strain, and recovered in the
soluble fractions of the cell lysate. These recombinant proteins
were purified by using a HisTrap FF column (5 ml; GE Healthcare
Life Sciences) with a linear gradient of imidazole from 20 to 500
mM, then dialyzed against PBS using Slide-A-Lyzer™ dialysis cas-
settes (Thermo Fisher Scientific).

S1P binding assay
S1P (1 pM) was incubated with one of the recombinant pro-
teins for 24 h at 4°C. Free S1P was removed by using Zeba™ Spin
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desalting columns (0.5 ml; Thermo Fisher Scientific). The pro-
tein-bound S1P was extracted in methanol, and the S1P concen-
trations were determined by LC-MS/MS analysis as described
above.

Western blot analysis

Protein samples were separated by SDS-PAGE with a 4-12%
precast gel (Bolt™ 4-12% Bis-Tris Plus Gels), then transferred
onto PVDF membranes by using an iBlot 2 dry blotting system
(Thermo Fisher Scientific) according to the manufacturer’s in-
structions. The PVDF membranes were blocked with 5% skim-
milk in TBS containing 0.1% Tween20 (TBS-T, pH 7.6), then
incubated with primary antibodies diluted in the blocking solu-
tion at 4°C overnight. After washing with TBS-T three times, the
membranes were incubated with HRP-conjugated secondary anti-
bodies in the blocking solution for 1 h at room temperature. The
signals were visualized by using Luminata Forte Western HRP sub-
strate reagent (Millipore) according to the manufacturer’s in-
structions, and recorded by using an ImageQuant LAS 4010
image analyzer system (GE Healthcare). Primary antibodies used
in this study were anti-ApoM (Abcam #EPR2904, 1:2,500), anti-
ApoA4 (Cell Signaling Technology #5700 for human ApoA4 or
R&D Systems #AF8125-SP for mouse ApoA4, 1:2,500), anti-Akt
(Cell Signaling Technology #4060, 1:5,000), anti-phospho Akt
(Cell Signaling Technology #9271, 1:5,000), anti-ERK1/2 (Cell
Signaling Technology #9102, 1:10,000), and anti-phospho ERK1/2
(Cell Signaling Technology #9106, 1:10,000).

Cell culture

Human umbilical vein endothelial cells (HUVECs) were cul-
tured on human-fibronectin coated dishes using M199 medium
(Corning) supplemented with 10% fetal bovine serum (VWR),
endothelial cell growth factors from sheep brain extract, 5 U/ml
heparin (Sigma), and 1% penicillin-streptomycin (Corning) in a
37°C incubator with 5% CO, (16).

Endothelial cell permeability assay

Barrier function of HUVECs was assayed by measuring the im-
pedance of a cell-covered electrode by an electric cell-substrate
impedance sensing instrument Z0 device (ECIS; Applied BioPhys-
ics) in accordance with the manufacturer’s instructions. In brief,
a 96-well electrode array (96W10idf) was precleaned with 10 mM
1-cysteine for 15 min at room temperature, washed with sterile
water, coated with fibronectin for 30 min at 37°C, and incubated
with complete M199 medium for electrical stabilization. HUVECs
(passages 4—7) were seeded at a density of 2.5 x 10* cells/well and
cultured to confluence. Cells were starved for 2-3 h with serum-
and growth factor-free M199 medium. Electric resistance was col-
lected at single frequency for 30 min to obtain baseline resistance.
Next, HUVEGs were treated with 100 nM of BSA, ApoM-Fc, or
recombinant ApoA4 preincubated with or without SI1P. Resis-
tance was expressed as fractional resistance, normalizing to the
baseline at time 0.

Statistical analyses

Results are expressed as mean + SD. Sample sizes are indicated
in the figure legends. Statistical analysis was performed using R
software (version 3.6.0), a language and environment for statisti-
cal computing and graphics (https://www.r-project.org). A Chi-
square goodness of fit test was performed to examine whether the
birthrate of mice with each genotype followed the Mendelian ra-
tio (Fig. 1A). A multiple linear regression model was applied to
examine the statistical differences of the growth curves between
four genotype groups (Fig. 1B). Student’s ttest was used for com-
paring parametric variables between two groups. One-way ANOVA
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was performed for comparing more than two groups, followed by
the post hoc Tukey-Kramer’s multiple comparison test. Statistical
significance was defined as P< 0.05.

RESULTS

To assess the requirement for the two major S1P chaper-
ones, albumin and ApoM, we intercrossed Al / Apom” B
double-heterozygous mice. As shown in Fig. 1A, the off-
spring contained viable mice with all possible genotypes
following the Mendelian ratio. ApoM deficiency [both in
ApoM KO and double-KO (DKO) mice] resulted in the
smaller body size, especially in female mice (Fig. 1B, sup-
plemental Fig. S1), which is in accordance with the previ-
ous report (15). However, both male and female DKO
mice did not exhibit discernible abnormalities in behavior
and appeared healthy. Blood biochemistry (liver and renal
panel) revealed that total protein and creatinine are sig-
nificantly lower in DKO mice compared with WT mice,
while alkaline phosphatase and cholesterol were higher in
DKO mice (Table 1). Blood cell count analyses showed
that RBCs in DKO mice showed a minor size difference,
indicated by the lower values in mean corpuscular volume
(volume) and mean corpuscular hemoglobin (hemoglo-
bin content) and the higher value in red cell distribution
width-coefficient of variation (coefficient of variation in
size distribution). The white blood cell count in DKO mice
was almost doubled, mainly due to the increase in lympho-
cyte count, which is consistent with our previous findings in
Apom KO mice that showed enhanced bone marrow lympho-
poiesis and lymphocytosis (11). These results suggest that
these two S1P chaperones are not indispensable for mouse
embryonic development and immune cell trafficking.

Neither albumin nor ApoM can be detected in the plasma
from the double-null homozygotes in Alb and Apom genes
(Fig. 2A), and plasma albumin levels did not change sig-
nificantly in Apom KO plasma (Fig. 2B). However, plasma
ApoM levels were significantly increased in Alb KO plasma
(Fig. 2C), suggesting a compensatory increase of this S1P
chaperone.

Next, we measured S1P concentrations in plasma from
the mice with each genotype (Fig. 3). ApoM deficiency re-
sulted in ~60% decrease in the plasma SIP concentration
(from 445 to 170 nM), which is consistent with the previous
results (8). On the other hand, albumin deficiency led to
only 17% decrease (not statistically significant), though al-
bumin is bound to ~30% of S1P in plasma (7). This could
be partly explained by the fact that ApoM protein level is
upregulated in the albumin-deficient mice (see above). In
DKO mouse plasma, S1P was decreased by ~73% (from
445 to 119 nM). Considering that DKO mice are viable
without severe abnormalities, the remaining 27% of S1P
is sufficient to maintain vital SIP-SIP receptor signaling
functions.

To elucidate the plasma S1P distribution in lipopro-
tein and lipoprotein-free fractions, we fractionated the
plasma by size exclusion chromatography (Fig. 4). In WT
plasma, most of the S1P was found in HDL fractions and
the rest found in lipoprotein-free protein (LPFP) fractions
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Fig. 1. ApoM KO, Alb KO, and DKO mice. A: Al5” ™/ Apom™ ™
double-heterozygous mice were intercrossed. The number of the
pups with each genotype are shown, which are not significantly dif-
ferent from the Mendelian ratio (P = 0.086 in Chi-square goodness
of fit test). B: Body weights of the mice under normal chow were
recorded every week after weaning (at 3 week) until they were 11
weeks old. Data are shown as mean + SD (n = 4-8). A multiple linear
regression model was applied to examine the statistical differences
of the growth curves between the four groups (supplemental Fig.
S1). Significant differences (P < 0.05) were observed in WT versus
Alb KO, WT versus ApoM KO, and WT versus DKO in the male
group and in WT versus ApoM KO and WT versus DKO in the fe-
male group.

(protein-rich fractions that elute after lipoproteins) as re-
ported previously (7, 8). In the Apom KO plasma, SIP was
found exclusively in the LPFP fractions, whereas in the Alb
KO plasma, all of the SI1P was localized in the HDL frac-
tions. This confirms that albumin and ApoM are two major

TABLE 1. Blood biochemistry and blood cell count
WT DKO
Blood biochemistry
(liver/renal panel)
BUN (mg/dl) 34.5+4.8 30.3+25
CREA (mg/dl)* 0.23 +0.03 0.17 = 0.02
BUN/CREA ratio 155.6 + 31.8 179.6 +19.3
ALP (U/1)’ 73.3 8.1 127.3 + 24.7
ALT (U/1) 52.5+17.9 46.0 £ 8.1
AST (U/1) 68.3 +24.1 53.3+5.5
GGT (U/1) 0 0
TBIL (mg/dl) 0.2+0.0 0.1+0.0
DBIL (mg/dl) 0 0
IBIL (mg/dl) 0.2+0.0 0.1+0.0
TP (g/dl)’ 5.2 + 0.2 3.9+0.2
GLOB (g/d1)’ 2.3+0.1 2.8+0.2
P (mg/dl) 9.4+1.1 9.1+0.6
Ca (mg/dl) 10.1+0.9 9.3+0.5
GLU (mg/dl) 273.0 £113.5 202.5 + 29.6
CHOL (mg/dl)/' 90.3 +10.8 145.5 + 10.2
TRIG (mg/dl) 155.8 +53.9 131.8 +47.7
CK (U/1) 197.3 £ 111.3 170.3 + 214.5
TCO2 (mEq/1) 23.8+£6.7 23.5 + 6.2
Na (mEq/1) 150.0 + 2.8 150.3 + 1.3
K (mEq/1) 8.9+0.9 82+1.1
Cl (mEq/1) 108.0 +2.2 108.0 0.8
Na/K ratio 19.0 + 2.2 18.5+2.4
Anion gap 26.3+3.3 27.3+5.8
RBC and platelet indices
RBC (M/ul) 10.1+0.1 10.4+0.2
HGB (g/dl) 14.9+0.3 14.6 +0.3
HCT (%) 53.6+0.5 523+ 1.5
MCV (1)’ 52.9 + 0.6 50.2 + 0.6
MCH (pg)’ 14.7 £ 0.1 14.0 + 0.1
MCHC (g/dl) 27.7+0.3 27.8 0.4
RDW-SD (f1) 30.8 £ 0.4 31.1+24
RDW-CV (%)’ 22.6 = 0.2 24.1+0.7
RET number (K/ul) 409.7 + 30.0 377.5+35.6
RET (%) 41+0.3 3.6+0.3
PLT (K/ul) 722.8 £ 202.2 1013.3 +170.0
PDW (FI) 6.5+0.4 6.6 0.7
MPV (F1) 59+0.4 58+0.5
WBC counts
WBC number (K/ul)’ 7.86 = 2.39 13.89 + 3.31
NEUT# (K/ul) 1.51 +0.42 1.02 +0.19
LYMPH number (K/ul)’ 6.11 = 2.65 12.48 + 3.11
MONO number (K/ul) 0.12 £ 0.06 0.15 + 0.04
EO number (K/ul) 0.13 £ 0.07 0.23 +0.07

Whole blood and serum specimens from the mice were subjected
to laboratory tests for blood biochemistry (liver and renal panels) and
blood cell counts. Data represent mean + SD (n = 4). Parameters
significantly different are in boldface type. Note that a few of the minor
statistically significant differences might be due to type I errors because
multiple comparisons are performed. BUN, blood urea nitrogen; CREA,
creatinine; ALP, alkaline phosphatase; ALT, alanine aminotransferase;
AST, aspartate aminotransferase; GGT, y-glutamyltranspeptidase; TBIL,
total bilirubin; DBIL, direct bilirubin; IBIL, indirect bilirubin; TP, total
protein; GLOB, globulin; P, phosphate; Ca, calcium; GLU, glucose; CHOL,
cholesterol; TRIG, triglyceride; CK, creatine kinase; TCO2, total CO2; Na,
sodium; K, potassium; Cl, chloride; HGB, hemoglobin; HCT, hematocrit;
MCV, mean corpuscular volume; MCH, mean corpuscular hemoglobin;
MCHC, mean corpuscular hemoglobin concentration; RDW-SD, red
cell distribution width-SD; RDW-CV, red cell distribution width-coefficient
of variation; RET, reticulocyte; PLT, platelet; PDW, platelet distribution
width; MPV, mean platelet volume; WBC, white blood cell; NEUT,
neutrophil; LYMPH, lymphocyte; MONO, monocyte; EO, eosinophil.

“P<0.05, in Student’s test.

'p< 0.01, in Student’s #test.

carriers for SIP in plasma and that S1P chaperones can
compensate for each other. In the absence of these two
major carrier proteins, SIP was mainly found in the LPFP
fractions of the DKO plasma, suggesting that additional
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Fig. 2. Albumin and ApoM protein expression level in the mouse
plasma. (A) Plasma (1 pl) from each genotype of the mice was sepa-
rated by SDS-PAGE. Albumin was revealed by Coomassie Brilliant
Blue staining, and ApoM was detected by Western blot analysis by
using anti-ApoM antibody (Abcam, #£PR2904). B: Plasma concen-
tration of albumin in WT and ApoM-KO mice was determined using
LBISTM Albumin Mouse ELISA kit (FUJIFILM Wako Pure Chemi-
cal Corp.) according to the manufacturer’s instructions. Data repre-
sent mean + SD (n = 3). C: Plasma expression level of ApoM in WT
and Alb-KO was assessed by Western blot analysis. The intensity of
each band was quantified by using Image] software (National Insti-
tutes of Health). Data represent mean + SD (n = 3; *P < 0.01, by
Student’s #test). The figure shows representative data from two in-
dependent experiments with basically the same results.

unknown protein(s) serves as SIP chaperones to maintain
essential SIP functions.

To identify the S1P-binding protein(s) in the DKO
plasma, we pooled SI1P-containing LPFP fractions in the
DKO sample, and further fractionated by ion-exchange
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Fig. 3. Total SIP concentrations in the mouse plasma. Plasma
samples were collected from each genotype of mice and the S1P
concentrations were determined by LC-MS/MS analysis (mean +
SD, n = 4). One-way ANOVA was performed, followed by the post
hoc Tukey-Kramer’s multiple comparison test (*P < 0.05).

chromatography. As shown in Fig. 5A, SIP coeluted with
the second most prominent protein peak. Out of 746 pmol
of S1P in the input sample for the ion-exchange chroma-
tography, 73.8 pmol of S1P was recovered in these frac-
tions. The rest of the S1P was probably absorbed by the
column (plastic and/or resin) and was not detected in
the eluate. These SIP-containing fractions were pooled
together and applied to SDS-PAGE, then visualized by
Coomassie Brilliant Blue staining, which revealed the
presence of several distinct protein bands (Fig. 5B). The
polyacrylamide gel was excised into 12 pieces and digested
by trypsin and Lys-C followed by extraction of the pep-
tides, and the peptides were analyzed by a nano-LC-MS/
MS system. Identified proteins from the excised bands
are shown in supplemental Table S1. Among the pro-
teins listed, we chose AFM, DBP, and ApoA4 for further
analysis as potential S1P chaperones (Fig. 5B). This is be-
cause AFM, DBP, and aFP are members of the albumin
superfamily of plasma proteins, whereas ApoA4 is a
known lipid-binding protein. Multiple peptides were
identified from ApoA4 in the LC-MS/MS analysis of
band 11 (Fig. 5C), suggesting that it coelutes with S1P in
the plasma fractions.

We prepared purified recombinant proteins of AFM,
DBP, and ApoA4 to examine their S1P-binding properties
in vitro (supplemental Fig. S2). Although aFP was not de-
tected in the proteomic analysis, it was also included in the
further analysis as a control because it belongs to the albu-
min superfamily. ApoM and albumin were also prepared
under similar conditions. S1P binding assays showed that
ApoA4 had significant S1P-binding compared with AFM,
DBP, and aFP at the same concentration (Fig. 6A). While
ApoM showed by far the highest S1P-binding capacity,
ApoA4 showed a dose-dependent increase in S1P-binding,
which is consistently higher than albumin (Fig. 6B, supple-
mental Fig. S3).
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Fig. 4. SIP distribution in lipoprotein and LPFP fractions of
mouse plasma. Plasma samples from WT, Alb KO, ApoM KO, and
DKO (1 ml each) were separated by size exclusion chromatography
with tandemly connected Superose™ 6 and Superdex™ 200 col-
umns (16 x 600 mm each). Absorbance at 280 nm was monitored
for protein concentrations (dashed black line). Cholesterol (dashed
blue line) and S1P (red line) were determined as described in the
Materials and Methods. The figure shows representative data from
two independent experiments with basically the same results.

We next checked the ApoA4 distribution in human and
mouse plasma. In human plasma, ApoA4 was found mostly
in LPFP fractions, and some ApoA4 was associated with the
HDL fractions (supplemental Fig. S4A). In the DKO plasma,
the ApoA4 elution profile almost completely matched with

the S1P distribution, which strongly suggests that ApoA4
serves as a physiological S1P carrier protein, at least in the
absence of ApoM and albumin (supplemental Fig. S4B, C).
The ApoA4 protein level did not show significant changes
depending on the expression of ApoM or albumin (supple-
mental Fig. S4D, E).

We also examined whether ApoA4-bound SI1P can acti-
vate S1P receptors. CHO cells expressing either S1P1, S1P2,
or SIP3 were stimulated with ApoM, albumin, or ApoA4
containing 100 nM of S1P. ApoA4-bound S1P evoked the
activation of Akt and ERK1/2 in S1P1-and S1P3-expressing
cells, and the activation of only ERK1/2 in S1P2-expressing
cells to the same extent as ApoM- and albumin-bound S1P
(Fig. 7A, supplemental Fig. S5A). Dose-response studies
(Fig. 7B, supplemental Fig. S5B) indicated that nanomolar
concentrations of ApoA4-bound S1P stimulated S1P1 and
activated ERK1/2.

Human endothelial cells stimulated with either ApoM,
albumin, or ApoA4 complexed with S1P showed strong
barrier increase (Fig. 7C), whereas these proteins were not
effective in the absence of SIP. These data suggest that
ApoA4 serves as a S1P chaperone to support critical S1P
functions.

DISCUSSION

S1P in circulation is indispensable for embryonic vascu-
lar development, vascular barrier integrity, and lymphocyte
trafficking (1). Loss of S1P production by sphingosine ki-
nase 1/2 deletion leads to embryonic lethality due to de-
fects in vascular development (19). Adult plasma SIP-less
mice show an increase in vascular permeability and pro-
found lymphopenia (2, 23). Also, SIP receptor SI1P1 defi-
ciency results in embryonic lethality with almost the same
phenotypes as sphingosine kinase 1/2 deletion (24). The
S1P chaperone system has evolved to enable efficient trans-
port of SIP in circulation and delivery to the receptors to
mediate these essential extracellular SIP functions. We
have identified HDL-bound ApoM as a specific and physi-
ologically relevant S1P chaperone (8). ApoM-deficient mice
show various functional defects, such as increased vascular
permeability (10), exaggerated inflammatory responses
(14), and dysregulated lymphopoiesis (11); yet the mice do
not show such severe phenotypes as the embryonic lethality
observed in sphingosine kinase 1/2 or S1P1 deficiency.
This is because 40% of S1P is still retained in circulation
carried by another S1P-binding protein, albumin. Albumin
is not a specific SIP chaperone and carries various hydro-
phobic molecules in a promiscuous manner, but still com-
pensates for the functions of ApoM, at least in part.

In this study, we established the mouse line in which
these two major S1P carrier proteins are deleted, and
found that the mice are still viable and fertile with ~27%
S1P retained in circulation. DKO mice did not exhibit dis-
cernible abnormalities in behavior and appeared healthy.
They showed smaller body size and increased lymphocytes,
which were already observed in ApoM-single deficient mice
(11, 15). Interestingly, albumin deficiency alone had almost
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no effect on the concentration of plasma S1P (Fig. 3),
though albumin usually contributes to carrying around 30%
of S1P in plasma (7). This is partly explained by the upregu-
lation of ApoM (Fig. 2C). Even in the absence of ApoM,
further deletion of albumin only induced a marginal
decrease of S1P. These results strongly suggested that
additional unknown S1P chaperones function in the absence
of ApoM and albumin.

In DKO mice, most of the remaining S1P was found in
the LPFP fractions (Fig. 4). We pooled these fractions, fur-
ther fractionated by ion-exchange chromatography, and
identified the putative S1P binding proteins by shot-gun
proteomic analysis. From around 30 proteins identified
(supplemental Table S1), we picked AFM, DBP, and ApoA4
for further analysis as potential candidates as S1P-binding
proteins. Albumin, AFM, and DBP as well as aFP are mem-
bers of the albumin superfamily of plasma proteins. In hu-
mans, all of the genes for the four albumin family proteins
are located in chromosome 4 and considered to be gener-
ated by gene duplication (25). They have structural similar-
ity, containing three globular domains stabilized by Cys-Cys
bonds, which implies that AFM and DBP could accommo-
date S1P as well, though the concentrations in plasma are
much lower than albumin (~1 uM for AFM and ~5 pM for
DBP, compared with ~0.6 mM for albumin). On the other
hand, ApoA4 is mainly produced in the small intestine and
is associated with chylomicrons in enterocytes (26-28).
ApoA4 in circulation is found largely in the lipoprotein-
free fraction, whereas a minor fraction is HDL associated.
Involvement of ApoA4 in fat absorption and food intake is
suggested, but the function of ApoA4 has not been clearly
elucidated (29).

We performed in vitro SIP binding assays with these
candidate proteins, and only ApoA4 showed a S1P-binding
property comparable to albumin (Fig. 6). ApoA4-bound
S1P retained the ability to activate SIP1-3 and evoked
intracellular signaling events, such as ERK1/2 and Akt
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11 — ApoAd, DBP
12

Fig. 5. Purification of SIP-containing protein frac-
tions by ion-exchange chromatography. A: S1P-con-
taining LPFP fractions in the DKO sample from Fig. 4
were pooled and subjected to ion-exchange chroma-
tography with a RESOURCE Q) column. A linear gradi-
ent of NaCl from 0 to 500 mM (dashed line) was
applied to elute the proteins. The figure shows repre-
sentative data from three independent experiments
with basically the same results. B: SIP-containing frac-
tions (black bar in A) were pooled and separated by
SDS-PAGE. The gel was cut into 12 pieces as shown
and subjected to proteomic analysis by nano LC-MS/
MS. AFM was found in bands 6 and 7, and ApoA4 and
DBP were found in band 11. C: The peptide sequence
of ApoA4 is shown. The peptides detected in the pro-
teomic analysis are highlighted in red.

F- Afamin

activation with nanomolar concentrations of S1P. In vascu-
lar endothelial cells, ApoA4-SIP promoted vascular bar-
rier function to the same extent as ApoM- or albumin-SIP.
ApoM-S1P showed a prolonged increase in the barrier
function compared with albumin-S1P, as reported previ-
ously (17), and ApoA4-S1P showed the similar time course
as albumin-S1P. These results strongly support the idea
that ApoA4 serves as a SIP chaperone to maintain critical
S1P functions in the absence of ApoM and albumin.

ApoA4 is a 46 kDa glycoprotein that has structural simi-
larity to the related protein ApoAl (26, 30). ApoA4 consists
of 12 amphipathic helices that enable both hydrophobic
and hydrophilic interactions. According to the crystallogra-
phy data, the 12 helices are arranged into four helical bun-
dles: a long central bundle of 5 helices flanked by a short
helix on one end and two bundles of 3 helices on the other
end (31, 32). When ApoA4 is lipoprotein free, it exists pri-
marily as a homodimer with the two molecules aligned in
an anti-parallel manner. The bundles of helices interact
with each other tightly by hydrophobic interactions and
create a central hydrophobic pocket in the center region
that could accommodate lipid molecules like S1P. When
ApoA4 is associated with chylomicrons or HDL, the central
hydrophobic pocket becomes loose so that ApoA4 gets
twined around the spherical lipoproteins.

The physiological functions of ApoA4 have not been
clearly determined. ApoA4 is expressed in the small intes-
tine and secreted into mesenteric lymph to associate with
chylomicrons (26). During hydrolysis of the chylomicron
triglycerides in the circulation, most of the ApoA4 dissoci-
ates from the chylomicrons. As such, involvement of ApoA4
in triglyceride absorption is implicated probably by facili-
tating chylomicron formation as a structural scaffold (33,
34), but the mechanism has not been clearly elucidated.
Anti-oxidative, anti-inflammatory, and anti-atherogenic
properties have been described (35—-40), and low ApoA4
plasma concentrations are observed in men with coronary
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Fig. 6. SI1P binding to recombinant ApoA4. S1P (1 pl) was incu-
bated for 24 h at 4°C with one of the recombinant proteins at indi-
cated concentrations (A) or with increasing concentrations of
ApoM, ApoA4, or BSA (B). After removing free S1P by desalting
columns, the protein-bound SI1P was extracted in methanol, and
the S1P concentrations were determined by LC-MS/MS analyses.
Data represent mean + SD (n = 3). One-way ANOVA was performed,
followed by the post hoc Tukey-Kramer’s multiple comparison test
(*P < 0.05). Close-up comparison between ApoA4 and albumin is
shown in supplemental Fig. S3.

artery disease (41). ApoA4 is also involved in glucose me-
tabolism and insulin secretion from pancreatic 3-cells.
Exogenous ApoA4 stimulates insulin secretion in a dose-
dependent manner in vitro, and ApoA4 KO mice fed a
chow diet are glucose intolerant due to attenuated insulin
secretion in response to a glucose challenge (42). A recent
study found that ApoA4 is associated with activated plate-
lets via direct binding to the platelet glycoprotein allb@3
integrin and suppresses platelet aggregation. Further, post-
prandial increase in platelet aggregability is inhibited by
plasma ApoA4 (43). Whether this novel function of ApoA4
requires S1P action is not known. Because ApoM-bound
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Fig. 7. Activation of SIP receptors by ApoA4-bound S1P. A: CHO
cells that stably express either S1P1, S1P2, or S1P3 were stimulated
with 100 nM of S1P preincubated with the same concentrations of
recombinant ApoM, albumin, or ApoA4. After 5 min incubation,
total cell lysates were prepared to examine the activation of ERK1/2
and Akt by Western blot analysis. B: CHO cells that stably express
S1P1 were stimulated with increasing concentrations of S1P prein-
cubated with recombinant ApoA4. After 5 min incubation, total cell
lysates were prepared to examine the activation of ERK1/2 by West-
ern blot analysis. The intensity of each band in A and B was quanti-
fied by Image] software (National Institutes of Health) and is shown
in supplemental Fig. S5. A, B: Data are representative of two inde-
pendent experiments. C: Confluent HUVECs were cultured on
electrode array, and permeability was measured over time via elec-
tric cell-substrate impedance sensing instrument. The arrow indi-
cates the time when HUVECs were stimulated with 100 nM albumin
(Alb; brown), recombinant ApoM (green), recombinant ApoA4
(purple), or the proteins preincubated with the same concentration
of SIP (Alb-S1P, red; ApoM-S1P, orange; ApoA4-S1P, blue). The
data represent mean + SD and are representative of at least three
experiments.

S1P also exhibits anti-inflammatory and anti-atherogenic
properties (14) as well as regulatory functions of glucose/
fat metabolism (15, 44), it is possible that some of the pro-
posed functions of ApoA4 might be exerted by its cargo S1P.

Apolipoprotein A4 as a novel S1P chaperone 1919



The limitation of this study is that the physiological rel-
evance of ApoA4 as a SIP carrier has not been firmly estab-
lished. Although ApoA4 serves as a SIP chaperone to
maintain essential extracellular SIP function in the ab-
sence of both ApoM and albumin, the double-deficient
condition was created by the gene manipulations and is
artificial. We performed immunoprecipitation of ApoA4 in
human plasma but did not detect SIP in the precipitates
(data not shown), suggesting that ApoA4 does not carry
S1P in the physiological plasma in which ApoM and albu-
min exist abundantly. However, we cannot exclude the pos-
sibility that ApoA4 binding to S1P may be antagonized by
anti-ApoA4 antibody binding, resulting in no S1P detec-
tion in the anti-ApoA4 immune complexes. ApoA4 is also
found in mesenteric lymph and cerebrospinal fluid (45),
where ApoM or albumin concentrations are usually low.
ApoA4 might have some specific functions as a S1P chaper-
one in the environment where other S1P chaperones are
not available. In the future, it would be useful to analyze
S1P concentrations in various tissues in ApoA4-deficient
mice or in ApoM/albumin/ApoA4 triple-deficient mice.

In summary, we describe ApoA4 as a novel SIP chaper-
one that can maintain essential extracellular S1P functions
in the absence of ApoM and albumin. Our data suggest
that multiple SIP chaperone systems have evolved to sup-
port indispensable SIP functions in circulation in a redun-
dant manner. B
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