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Regulation of Cell Migration by Sphingomyelin Synthases:
Sphingomyelin in Lipid Rafts Decreases Responsiveness to Signaling
by the CXCL12/CXCR4 Pathway
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Sphingomyelin synthase (SMS) catalyzes the formation of sphingomyelin, a major component of the plasma membrane and
lipid rafts. To investigate the role of SMS in cell signaling and migration induced by binding of the chemokine CXCL12 to
CXCR4, we used mouse embryonic fibroblasts deficient in SMSI and/or SMS2 and examined the effects of SMS deficiency on cell
migration. SMS deficiency promoted cell migration through a CXCL12/CXCR4-dependent signaling pathway involving extracel-
lular signal-regulated kinase (ERK) activation. In addition, SMS1/SMS2 double-knockout cells had heightened sensitivity to
CXCL12, which was significantly suppressed upon transfection with the SMS1 or SMS2 gene or when they were treated with exo-
genous sphingomyelin but not when they were treated with the SMS substrate ceramide. Notably, SMS deficiency facilitated relo-
calization of CXCR4 to lipid rafts, which form platforms for the regulation and transduction of receptor-mediated signaling.
Furthermore, we found that SMS deficiency potentiated CXCR4 dimerization, which is required for signal transduction. This
dimerization was significantly repressed by sphingomyelin treatment. Collectively, our data indicate that SMS-derived sphingo-
myelin lowers responsiveness to CXCL12, thereby reducing migration induced by this chemokine. Our findings provide the first

direct evidence for an involvement of SMS-generated sphingomyelin in the regulation of cell migration.

phingomyelin synthase (SMS) is an enzyme involved in sph-

ingomyelin (SM) biosynthesis that transfers the phosphory-
Icholine moiety from phosphatidylcholine onto the primary hy-
droxyl of ceramide, producing sphingomyelin and diacylglycerol
(20, 61). There are two isoforms of mammalian SMS (SMS1 and
SMS2), both of which are predicted to have six transmembrane
domains with an active site. The regulation of SMS activity has
been proposed to determine cellular levels of ceramide, diacyl-
glycerol, and sphingomyelin (13, 20, 54, 55, 61, 64). Ceramide is a
bioactive lipid that plays a role in cell death, proliferation, and
differentiation (17, 42), whereas diacylglycerol activates protein
kinase C and promotes cell survival and proliferation (16). Sph-
ingomyelin is a major component of the plasma membrane and
lipid rafts, and we very recently uncovered that SMS1-generated
sphingomyelin plays an important role in transferrin trafficking
(48). However, the role of SMS in cellular function still remains
poorly understood.

Lipid rafts are membrane microdomains where glycosphingo-
lipids, such as GM1 and sphingomyelin, are enriched and held
together mainly by hydrophobic interactions. Lipid rafts are bio-
chemically characterized by resistance to cold detergent lysis (8).
They have been proposed to function as platforms, participating
in the sorting of receptors, such as G protein-coupled receptors
(GPCRs) and tyrosine kinase-coupled receptors, and in the regu-
lation of receptor-mediated signal transduction (33, 51).

GPCRs mediate cell migration toward a concentration gradi-
ent of the cognate chemokine ligand (32). The chemokine
CXCLI12 binds and signals through a limited number of GPCRs,
including CXCR4 and CXCR7 (5, 19). Signaling through the
CXCL12 (SDF1)-CXCR4 pathway is essential for homing of he-
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matopoietic stem cells to the bone marrow and for the survival of
vascular endothelial cells. It is also involved in the migration and
metastasis of tumor cells (9, 36, 37, 53). CXCR4 forms a complex
with CCR2, CCR5, or CXCR7 (21, 41, 49). CXCL12 treatment
induces the formation of CXCR4 homodimers, thereby promot-
ing cell migration (4, 56). The formation of homodimers can be
inhibited by cholesterol depletion, which disrupts lipid rafts (58).
Because CXCR4 is partially incorporated into lipid rafts after
stimulation with CXCL12, lipid rafts have been proposed to play a
key role in CXCL12/CXCR4 signaling (39).

In this paper, we examined the roles of SMS and sphingomy-
elin in the regulation of cell migration. We employed mouse em-
bryonic fibroblasts (MEFs) from SMS knockout (KO) mice to
assess the effects of SMS and sphingomyelin deficiency on cell
migration mediated by the CXCL12/CXCR4 pathway. Further-
more, we examined how SMS and sphingomyelin affect CXCR4
activation in these cells.
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MATERIALS AND METHODS

Antibodies and reagents. AMD3100 octahydrochloride hydrate (sc-
252367), fusin small interfering RNA (siRNA; sc-35422), and antibodies spe-
cific to extracellular signal-regulated kinase 2 (ERK2; C-14), actin (I-19; sc-
1616) and caveolin-1 (N-20; sc-894) were from Santa Cruz Biotechnology.
Anti-active ERK polyclonal antibody (V8031) was from Promega. Anti-
CXCR4 polyclonal (ab2074) and anti-alpha 1 sodium potassium ATPase
monoclonal (ab7671) antibodies were from Abcam (United Kingdom). Anti-
maltose binding protein (anti-MBP; 05-912) antibody was from Upstate. An-
ti-flotillin-1 monoclonal antibody (610820) was from BD Transduction Lab-
oratories. Allophycocyanin (APC)-conjugated anti-CXCR4 antibody
(247506) was from R&D Systems. Alexa Fluor 488-conjugated goat anti-
mouse IgM (A-21042) and anti-rabbit IgG(H+L) (A-11008) antibodies were
from Invitrogen. Peroxidase-conjugated donkey anti-mouse IgG(H+L) and
rabbit IgG(H+L) antibodies were from Jackson ImmunoResearch. Nuclei
were visualized using 4',6'-diamidino-2-phenylindole (DAPI; Invitrogen).
Lysenin with MBP was kindly provided by T. Kobayashi (Riken, Japan). C-
ceramide (1900) and C,-NBD-ceramide (1841; 6{N-[(7-nitrobenzo-2-oxa-
1,3-diazol-4-yl)amino]caproylsphingosine}) were from Matreya. C¢-sphin-
gomyelin (860582) was from Avanti Polar Lipids. Recombinant mouse
CXCLI2 (460-SD) and '**I-CXCL12 (NEX346) were from R&D Systems and
from PerkinElmer Life and Analytical Sciences, respectively. Recombinant
murine epidermal growth factor (EGF; 315-09) and recombinant murine
platelet-derived growth factor (PDGF)-BB (315-18) were from Peprotech.
U-0126 (70970) was from Cayman Chemical.

Plasmid construction. Human CXCR4 cDNA was obtained from
HEK cell cDNA. pCAGGS-CFP (where CFP is cyan fluorescent protein)
and pCAGGS-Venus vectors were kindly provided by M. Matsuda and E.
Kiyokawa (Kyoto University, Japan). CFP- and Venus-C-terminally
tagged CXCR4 ¢cDNAs were cloned into pCAGGS vectors (35).

Cell culture and transfection. MEFs were isolated from mice in which
the SMS1 and/or the SMS2 gene was disrupted (34, 62). These SMS KO
MEFs were immortalized by transfecting the simian virus 40 (SV40) large
T antigen. Wild-type and SMS KO MEFs were cultured in RPMI 1640
medium (Sigma-Aldrich) containing 10% fetal bovine serum at 34°C in
5% CO,. Cells were transfected with plasmid constructs or siRNAs using
Lipofectamine 2000 (Invitrogen), and after incubation for 24 to 48 h,
experiments were performed as described below.

SMS activity. For the in vitro SMS activity assay, cells were homoge-
nized in ice-cold buffer (20 mM Tris-HCI, pH 7.4, 2 mM EDTA, 10 mM
EGTA, 1 mM phenylmethylsulfonyl fluoride, 2.5 pg/mlleupeptin, and 2.5
pg/ml aprotinin), and 70 pg of total protein was mixed with the reaction
solution (10 mM Tris-HCI, pH 7.5, 1 mM EDTA, 20 uM C4-NBD-cer-
amide, 120 wM phosphatidylcholine) and incubated for 90 min at 37°C.
Lipids were extracted using the Bligh and Dyer method (7), applied onto
thin-layer chromatography (TLC) plates, and developed with a solvent
consisting of chloroform-methanol-12 mM MgCl, (65:25:4, vol/vol/vol).
The fluorescent lipids were visualized using LAS-1000 plus (Fujifilm, Ja-
pan) and quantified using Multi Gauge 3.1 (Fujifilm). For the in vivo SMS
activity assay, cells were incubated with 4 wM C¢-NBD-ceramide for 60
min at 37°C and washed twice with ice-cold phosphate-buffered saline
(PBS). Lipids were extracted and quantified as for the in vitro SMS activity
assay.

HPLC-MS/MS analysis. Measurement of sphingomyelin in lipid ex-
tracts was performed using high-performance liquid chromatogra-
phy—tandem mass spectrometry (HPLC-MS/MS) (34). The quantity of
both sphingomyelin species (d18:1, 16:0 and d18:1, 24:1) were deter-
mined.

Electrophoresis and Western blotting. Cells were homogenized in
SDS sample buffer (40 mM Tris-HCI, pH 6.8, 50 mM dithiothreitol, 1%
SDS, 4.5% glycerol, and bromophenol blue), and the cell lysates were
subjected to SDS-PAGE. Proteins were transferred onto a nitrocellulose
membrane (0.45-pm pore size; Bio-Rad) using a transfer buffer (40 mM
glycine, 48 mM Tris base). Membranes were blocked with 5% skim milk
dissolved in PBS and incubated with primary antibody overnight at 4°C.
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After four washes with PBS containing 0.02% Tween 20, membranes were
incubated with secondary antibody conjugated to peroxidase, washed
four times with PBS, and developed with enhanced chemiluminescence
(ECL) Western blot detection reagents (Amersham, United Kingdom) or
with SuperSignal West Dura extended duration substrate (Thermo Fisher
Scientific).

Quantitative real-time PCR. A 5-p.g sample of total RNA, isolated
using an RNeasy minikit (Qiagen, Germany), was used in reverse tran-
scription reactions using a cDNA synthesis kit (TaKaRa Shuzo, Japan).
Real-time PCR was performed using an Applied Biosystems 7300 real-
time PCR system, according to the standard TagMan PCR kit protocol.

Transwell migration assay. The chemotaxis assay was performed us-
ing a modified transwell migration assay (8-pwm pore size; BD Falcon).
The lower chamber was filled with 700 pl of chemoattractant in serum-
free culture medium. After cells were harvested with trypsin-EDTA, 2 X
10° cells were resuspended in 250 pl of serum-free culture medium and
transferred to the upper chamber. The cells were allowed to migrate for 6
to 8 h at 34°C. Nonmigrating cells on the upper surface of the membrane
were scraped off, and migratory cells attached to the lower surface were
stained with DAPI and counted.

Two-dimensional chemotaxis assay. Cell migration was also exam-
ined using a p-Slide chemotaxis assay (Ibidi, Germany) and was per-
formed according to the manufacturer’s instructions. Briefly, a sus-
pension of MEFs (7 wl of 3 X 10 cells/ml) was seeded into the center
of a p-Slide chamber and incubated for 3 h. After cells were washed,
they were stimulated with a medium containing 2.5 nM CXCL12. Cell
movement was observed every 30 min over a period of 12 h by live-cell
imaging in a cell observation chamber mounted to a Biozero fluores-
cence microscope (Keyence, Japan) with a Plan Apo 20X (0.75-nu-
merical-aperture [NA]) dry lens. Images were acquired using the
Biozero application software (Keyence, Japan). Cell tracking analysis
was performed on the images using the manual tracking plug-in (Fab-
rice Cordelieres, France) and the chemotaxis and migration tool
(Ibidi) for Image], version 1.43u (National Institutes of Health), as
described in the p-Slide chemotaxis protocol.

Fractionation by discontinuous OptiPrep step gradient. Membrane
fractionation was performed using an OptiPrep gradient by Axis-Shield
(Axis-Shield, Norway). Briefly, cells were washed once with PBS to re-
move the culture medium, harvested with a scraper, and resuspended in
homogenization buffer (0.25 M sucrose, 20 mM KCI, 1 mM EDTA, 20
mM HEPES-KOH, pH 7.6, protease inhibitor cocktail). Cells were lysed
by passage 20 times through a fine syringe needle. The homogenates were
centrifuged at 1,000 X g for 5 min to obtain a postnuclear supernatant.
The cell lysates were loaded onto an OptiPrep gradient consisting of 5, 10,
15, and 20% (wt/vol) iodixanol solutions. Centrifugation was performed
on a Beckman SW 41Ti rotor at 100,000 X g for 16 h at 4°C. Twenty
fractions were collected from the top of each centrifuge tube. Each frac-
tion was analyzed by SDS-PAGE and Western blotting. Sphingomyelin in
fraction 2 (the sodium potassium ATPase-enriched plasma membrane
fraction) was measured by HPLC-MS/MS as described above.

Detergent-based fractionation. Cells were harvested and lysed with
buffer (1% Brij 58, 10 mM Tris buffer, pH 7.5, 150 mM NaCl, 5 mM
EDTA, 1 mM Na;VO,, and protease inhibitor cocktail). The lysates were
centrifuged for 5 min at 1,000 X g. The supernatant was adjusted to 40%
sucrose and placed into the bottom of an OptiPrep gradient consisting of
5and 30% (wt/vol) iodixanol solutions. The gradients were centrifuged at
100,000 X g in a Beckman SW41 Ti rotor for 16 h at 4°C. Fractions (1
ml/fraction) were collected and used for HPLC-MS/MS analysis and
Western blotting.

Immunofluorescence. Cells on coverslips were fixed with 3.7% para-
formaldehyde-PBS for 15 min. When permeabilization was required, cells
were treated with 0.2% Triton X-100 for 4 min. After samples were
washed four times with PBS, coverslips were blocked with 1% bovine
serum albumin (BSA)-PBS for 15 min and incubated with the primary
antibody for 1 h. For lysenin staining, the coverslips were incubated with
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FIG 1 Biochemical characterization of SMS knockout MEFs. (A) SMSI and SMS2 mRNA expression levels in SMS knockout MEFs. mRNA expression was
measured by RT-PCR (inset, GAPDH was used as an equal loading marker) and real-time PCR. The real-time PCR was performed for both the target gene and
B-actin. Expression was calculated after values were normalized against 3-actin in each sample and is presented as relative mRNA expression. Values are means =
standard deviations (n = 3). (B) In vitro SMS activity of SMS knockout MEFs. The lysates from 2.3 X 107 cells (70 pg protein) were added to the reaction mix
and incubated at 37°C for 90 min. The extracted lipids were quantified using a Fluoro-Image Analyzer. Values are means = standard deviations (n = 3). **, P <
0.01. (C) In vivo SMS activity in SMS knockout MEFs. Cells were incubated with 4 uM C4-NBD-ceramide for 60 min at 37°C, and then lipids were extracted and
quantified using a Fluoro-Image Analyzer. Values are means = standard deviations (n = 3). **, P < 0.01. (D) Sphingomyelin level in SMS knockout MEFs. Cells
(3 X 10° cells) were harvested and dissolved. The lipids were extracted, and both sphingomyelin species (d18:1, 16:0 and d18:1, 24:1) were analyzed by
HPLC-MS/MS to determine quantity. (E) The amount of sphingomyelin in the plasma membrane fraction. The sodium/potassium ATPase-enriched fraction
was obtained from the MEF lysate by discontinuous OptiPrep step gradient, and the lipids were extracted from a sample containing 100 ng of protein and
analyzed by HPLC-MS/MS. Values are means * standard deviations (n = 3). **, P < 0.01. (F) MBP-lysenin staining of the plasma membrane in MEFs.

MBP-lysenin staining was performed to detect plasma membrane sphingomyelin. Scale bar, 10 wm. Wt, wild type; ND, not detected.

MBP-lysenin for 1 h before the addition of the primary antibody. After
cells were washed four times with PBS, they were incubated with Alexa
Fluor-conjugated secondary antibody for 30 min. Subsequently, cells
were washed four times with PBS and mounted on a microscope slide with
Fluoromount (Diagnostic BioSystems) to preserve fluorescence. Speci-
mens were observed with a Leica TCS SP2 confocal microscope using a
HCX PL APO 63X/1.32 NA oil Ph3 lens. Images were acquired using
Leica Confocal Software (LCS).

FRET sensitized emission. After cells were cotransfected with
CXCR4-CFP and CXCR4-Venus vectors for 24 h, they were imaged with
a Leica TCS SP2 confocal microscope equipped with a thermally regulated
stage that allowed us to obtain time-lapse images at 37°C. Image process-
ing was controlled with a fluorescence resonance energy transfer (FRET)
sensitized-emission application (LCS 2.611537) following the manufac-
turer’s instructions. After background subtraction, the FRET/CFP ratio
was determined using the software, and subsequently the FRET/CFP ra-
tios of the plasma membrane regions in these images were analyzed with
Image], version 1.43u, software.

Flow cytometry analysis. Cells were cultured in 10-cm dishes to
30% confluence in normal culture medium and harvested with 1.37
mM EDTA. Cells were then washed with PBS and incubated with
APC-conjugated anti-CXCR4 for 30 min at 4°C. After cells were
washed with PBS, the fluorescence intensity was determined by flow
cytometry using a MoFlo XDP Cell Sorter (Beckman Coulter).

Ligand-receptor binding assay. CXCR4-transfected MEFs (1 X 10°
cells) were resuspended and incubated in 50 pl of binding buffer (0.5%
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BSA in PBS) with ['?°I]CXCLI12 for 30 min on ice. After cells were washed
five times with binding buffer, they were lysed with the buffer (0.1 M
NaOH, 0.1% Triton X-100), and cell-associated CXCL12 was measured
by counting radioactivity (1470 Wizard; Perkin Elmer).

RESULTS

Biochemical characterization of immortalized MEFs from SMS
knockout mice. To examine the role of SMS in cell migration, we
employed SMS-deficient MEFs. As shown in Fig. 1A, SMS mRNA
was undetectable in the SMS KO MEFs. Cellular sphingomyelin
content was determined by HPLC-MS/MS. Loss of the SMS gene
led to a deficiency of sphingomyelin (Fig. 1D) that paralleled the
decrease in SMS activity in vitro (Fig. 1B) and in vivo (Fig. 1C).
Sphingomyelin is a major sphingolipid of lipid microdomains in
the plasma membrane. We measured sphingomyelin content in
the lipids extracted from the sodium/potassium ATPase-enriched
plasma membrane fraction. Plasma membrane sphingomyelin
was significantly reduced by SMS1 or SMS2 KO, and cells with the
SMS1/SMS2 double-KO (SMS DKO) exhibited a 96.4% decrease
in plasma membrane sphingomyelin (Fig. 1E). Cell surface sphin-
gomyelin was also analyzed by staining cells with lysenin (60),
which specifically binds to sphingomyelin. Cell surface lysenin
staining was decreased in SMS1 KO, SMS2 KO, and SMS DKO
MEFs compared to levels in wild-type MEFs (Fig. 1F). Thus, SMS
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FIG 2 SMS deficiency promotes CXCL12-induced cell migration. (A) MEF migration was measured using a transwell migration assay. CXCL12 (0.25 nM) was
added to the lower chamber of the vessel. Cells were added to the upper chamber and incubated for 6 h at 34°C. Migrating cells that had moved to the far side of
the upper chamber were stained with DAPI and counted. The number of cells migrating in response to the ligand was divided by that of unstimulated cells for
each genotype. The migration index represents the relative value of each genotype to the wild type. Values are means * standard deviations (n = 3). **, P < 0.01.
Scale bar, 200 pm. (B) Cell migration was measured using a transwell migration assay. AMD3100 at the indicated concentration was added to both chambers of
the vessel, and 2.5 nM CXCL12 was added to the lower chamber. Cells were then stimulated for 6 h with CXCL12. The migration index was defined as migration
relative to that of cells not stimulated with CXCL12 (which was set at 1). Values are means * standard deviations (n = 3). (C to E) MEF migration was also
measured with a two-dimensional chemotaxis assay using a p-Slide chemotaxis assay. MEFs were seeded onto the p-Slide, stimulated with 2.5 nM CXCL12, and
then monitored by microscopy every 30 min for 12 h. The migration distance along the y pathway was determined and defined as the y distance (C). Values are
means = standard deviations (n = 50). **, P < 0.01. Track plots of wild type (D) and SMS double-knockout MEFs (E) were also analyzed and are shown in the
graphs. The starting point of each individual cell is located in the center of the diagram.

deficiency leads to a reduction in sphingomyelin biosynthesis in
MEFs.

SMS regulates CXCL12/CXCR4-mediated cell migration. To
assess whether SMS is involved in regulating cell migration, we
employed a transwell chamber assay (Fig. 2A and B) and a p.-Slide
chemotaxis assay (Fig. 2C to E). CXCLI2 treatment stimulated
migration of SMS1 KO, SMS2 KO, and SMS DKO MEFs to a
significantly greater extent than wild-type MEFs, with the last of
these displaying the highest motility (Fig. 2A). Similar results were
obtained with 10% fetal bovine serum (Table 1). CXCLI12 is

w-Slide assay. Similar to the transwell migration assay, SMS-defi-
cient cells (SMS DKO cells) displayed significant enhancement of
chemotaxis compared to wild-type cells (Fig. 2C). Figure 2D and E
show the track plots of 50 cells for each genotype (wild type and

TABLE 1 Chemotaxis of MEFs induced by fetal bovine serum and
growth factors

Migration with:”

known to bind to CXCR4 and CXCR7 (5, 10). To determine the 10% FBS 50 ng/ml EGF 50 ng/ml PDGF
target receptors of CXCL12, the transwell migration assay was  Cell type (P <0.05) (P>0.05) (P>0.05)
performed in the presence of the CXCR4 antagonist, AMD3100.  wild type 1 1 1
CXCL12-induced cell migration was inhibited by AMD3100ina  SMS1 KO 4.19 +0.14 1.02 = 0.07 0.91 = 0.33
dose-dependent manner, and 10 nM AMD3100 completely inhib- ~ SMS2 KO 5.81 = 0.08 1.01 £ 0.22 0.79 + 0.11
ited cell migration (Fig. 2B). These results suggest that CXCR4 ~ SMS DKO 8.48 = 2.43 0.98 = 0.35 1.35£0.15

specifically mediates cell migration induced by CXCL12 in this
assay.

@ MEF migration was stimulated by 10% FBS (fetal bovine serum), 50 ng/ml EGF, and 50 ng/ml
PDGF and measured using a transwell migration assay. Values are means *+ standard deviations

The CXCL12/CXCR4 pathway is known to potently induce
chemotaxis. We further tested the effects of SMS deficiency on
CXCL12/CXCR4 pathway-dependent chemotaxis using the
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and are relative to wild-type migration, which was set at 1. P values in parentheses were calculated
from comparison between wild-type MEFs and SMS KO MEFs based on original data (Dunn’s
multiple comparison test). P values with Kruskal-Wallis tests were as follows: 10% FBS, P < 0.05;
50 ng/ml EGF, P > 0.05; and 50 ng/ml PDGF, P> 0.05 (n = 3).
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FIG 3 Overexpression of the SMSI or SMS2 gene suppresses CXCL12-induced cell migration. (A) In vivo SMS activity in ZS2 MEFs. SMS double-knockout
MEFs stably expressing either empty vector (ZS2 cells), mouse SMSI (ZS2/SMS1 cells) or mouse SMS2 (Z2S2/SMS2 cells) were generated. After being cultured for
24 h at 34°C, 1 X 10° cells were incubated with 4 uM C,-NBD-ceramide for 60 min at 37°C, and the lipids were extracted. Quantitation of the lipids was
performed using a Fluoro-Image Analyzer. Values are means * standard deviations (n = 3). **, P < 0.01. (B) Sphingomyelin level in ZS2 MEFs. Cells (3 X 10°
cells) were harvested and dissolved. The lipids were extracted, and both sphingomyelin species (d18:1, 16:0 and d18:1, 24:1) were analyzed by HPLC-MS/MS to
determine the quantity. Values are means * standard deviations (n = 3).*, P < 0.05. (C) Cell migration was measured using a transwell migration assay. CXCL12
(0.25nM) was added to the lower chamber of the vessel. Cells were added to the upper chamber and incubated for 6 h at 34°C. The migration index is represented
as relative migration with that of ZS2 set at 100%. Values are means = standard deviations (n = 3).*, P < 0.05 (Dunn’s multiple comparison test using original

data) and P < 0.05 (Kruskal-Wallis test).

SMS DKO). These results indicate that SMS deficiency enhances
chemotaxis via the CXCL12/CXCR4 pathway.

We further examined whether introducing the SMS gene into
SMS DKO MEFs could block CXCL12/CXCR4-dependent cell
migration. SMS DKO MEFs were transfected with either the
mouse SMSI or SMS2 gene to establish the stably expressing cell
lines named ZS2/SMS1 and ZS2/SMS2, respectively. Gain of SMS
gene function led to an increase in SMS activity (Fig. 3A), thereby
elevating sphingomyelin levels (Fig. 3B). As shown in Fig. 3C,
overexpression of either SMS1 or SMS2 significantly suppressed
migration of SMS DKO MEFs (Fig. 3C). These results suggest that
SMS activity has an inhibitory effect on cell migration and che-
motaxis mediated by CXCL12/CXCR4 signaling.

Exogenous sphingomyelin inhibits CXCL12-induced cell
migration. SMS catalyzes the synthesis of sphingomyelin from
ceramide and phosphatidylcholine. Consequently, its inactivation
should decrease sphingomyelin content while increasing cer-
amide levels. To identify lipids that influence cell migration, the
effects of exogenous sphingolipids on CXCL12/CXCR4-induced
cell migration were examined. Initially, we assessed the impact of
various bioactive lipids on cell viability. Treatment of MEFs with 6
M Cg-sphingomyelin or C4-ceramide for 8 h had no effect on cell
viability (data not shown). Notably, C¢-sphingomyelin treatment
significantly inhibited CXCL12-induced cell migration in both
wild-type (Fig. 4A) and SMS DKO MEFs (Fig. 4B). In contrast,
Ce-ceramide treatment had no effect on cell migration in SMS
DKO MEFs although it slightly increased migration of wild-type
MEFs (Fig. 4). As wild-type MEFs, but not SMS DKO MEFs, have
the ability to convert ceramide into sphingomyelin (Fig. 1C), it is
likely that a portion of the C¢-ceramide (which does not directly
influence migration) incorporated into wild-type MEFs was me-
tabolized to Cq-sphingomyelin (which inhibits cell migration).
These results suggest that sphingomyelin suppresses migration
toward chemoattractants.
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SMS deficiency promotes ERK phosphorylation/activation
in CXCL12-stimulated cells. To assess the effects of SMS defi-
ciency on the ERK1 and ERK2 (ERK1/2) signaling pathway, which
regulates cell migration (9, 36, 37, 53), we investigated ERK1/2
phosphorylation/activation. ERK1/2 phosphorylation was in-
duced by CXCL12 treatment in wild-type MEFs, and phosphory-
lation was stimulated to a significantly greater extent in SMS DKO
MEFs than in wild-type MEFs (Fig. 5A). Interestingly, ERK1/2
activation by the CXCL12/CXCR4 pathway was sustained for a
longer period (up to 30 min) than in the wild type (10 min). The
upregulation of ERK1/2 phosphorylation in SMS DKO MEFs was
blocked by C4-sphingomyelin (data not shown). We also showed
that treatment with the ERK kinase (MEK) inhibitor U0126
strongly inhibited CXCL12-induced ERK phosphorylation (Fig.
5B) and cell migration (Fig. 5C), confirming ERK-dependent cell
migration in both wild-type and SMS DKO MEFs.

SMS deficiency does not affect CXCR4 expression, the bind-
ing affinity of CXCL12 for CXCR4, or receptor internalization.
Plasma membrane sphingomyelin was significantly decreased in
SMS DKO MEFs (Fig. 1E and F). Therefore, we investigated if
SMS-derived sphingomyelin affects the plasma membrane local-
ization of CXCR4. CXCR4 was found on the plasma membrane
and the cytoplasm in both SMS DKO and wild-type MEF lines as
shown by immunocytochemistry using the CXCR4 antibody,
whose specificity was confirmed by siRNA-mediated knockdown
of CXCR4 expression in wild-type MEFs (Fig. 6A). Wild-type and
SMS DKO MEFs displayed no difference in CXCR4 localization
(Fig. 6A). Moreover, cell surface and whole-cell expression of
CXCR4, as determined by flow cytometry (Fig. 6B) and Western
blotting (Fig. 6C and D), were not altered in these MEF lines.

To assess the effects of SMS-derived sphingomyelin on the
CXCL12-CXCR4 interaction, we examined the affinity for
CXCL12 binding using a ligand-receptor binding assay. The dis-
sociation constant was 5.1 nM in both MEF lines (Fig. 6E), ruling
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FIG 4 Exogenous sphingomyelin, but not ceramide, inhibits CXCL12-induced cell migration. Cell migration was measured using a transwell migration assay.
Wild-type (A) and SMS double-knockout (B) MEFs were incubated for 30 min with or without 6 uM Cg-sphingomyelin (C4-SM) or 6 uM Cg-ceramide
(Cs-Cer), which was added to both chambers of the vessel used to measure cell migration. They were then stimulated for 8 h with 0.25 nM CXCLI12. Cell motility
is represented as a migration index, defined as migration relative to that of cells not treated with C4-sphingomyelin or C¢-ceramide (which was set at 100%).
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out significant effects of SMS deficiency on the molecular interac-
tion between CXCL12 and CXCR4. These results suggest that
SMS-derived sphingomyelin targets downstream of CXCL12/
CXCR4 binding.

Ligand binding to many plasma membrane receptors leads to
internalization and receptor desensitization, a key process that

prevents potentially detrimental sustained receptor signaling.
Lagane et al. reported that a mutant CXCR4 lacking the 3-arrestin
binding site, which prevents internalization, was constitutively ex-
pressed on the cell surface, enhancing CXCL12-induced cell mi-
gration and ERK phosphorylation (26). To assess the effects of
SMS deficiency on CXCR4 internalization, we performed time-
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FIG 5 SMS deficiency increases CXCL12-induced cell migration through MEK/ERK activation. (A) Cells were starved for 3 h and then stimulated with 1.25 nM
CXCLI12 for the indicated periods of time. Cell lysates (1 X 10° cells) were analyzed by Western blotting to detect phospho-ERK1/2 (pERK1 and pERK2). Similar
results were obtained in three independent experiments. (B) Cells were starved for 3 h and then stimulated with 1.25 nM CXCLI12 for 10 min in the presence or
absence of 10 uM U0126. Cell lysates (1 X 10° cells) were analyzed by Western blotting to detect phospho-ERK1/2. Similar results were obtained in three
independent experiments. (C) Cells were incubated for 30 min with 10 uM U0126, which was added to the upper chamber of the vessel used to measure cell
migration. They were then stimulated for 8 h with 1.25 nM CXCL12. The migration of the cells was measured as a migration index. Values are means * standard
deviations (n = 3). **, P < 0.01.
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lapse visualization of CXCR4-Venus for a period of 60 min fol-
lowing CXCLI12 treatment. The cytoplasmic CXCR4 fluorescence
intensity did not change in either wild-type or SMS DKO MEFs
for a period of 10 min following CXCL12 treatment. At the 30-
and 60-min time points, the intensity levels increased similarly in
both MEEF lines (data not shown), showing that SMS deficiency
had no significant effect on CXCR4 internalization.

SMS deficiency facilitates CXCR4 accumulation into lipid
rafts. It has been reported that CXCR4 accumulates into lipid rafts
(39), which are mainly composed of cholesterol, sphingomyelin,
and glycosphingolipids (2). To determine whether SMS-derived
sphingomyelin affects CXCR4 relocalization to lipid rafts, we frac-
tionated lipid rafts and determined protein levels of CXCR4. First,
we confirmed that the density of the expected CXCR4 protein
band detected by immunoblotting was significantly diminished by
treatment with siRNA specific for mouse CXCR4 (data not
shown). In both MEF lines, CXCL12 treatment promoted the re-
localization of CXCR4 into flotillin-1- and caveolin-1-enriched
detergent resistant membrane (DRM) fractions (Fig. 7A, fraction
5). Notably, SMS DKO MEFs, which had significantly reduced
sphingomyelin content in the DRM fraction (Fig. 7C), displayed
elevated levels of CXCR4 in the DRM fraction compared to wild-
type MEFs (Fig. 7A and B). These results suggest that SMS-derived
sphingomyelin prevents CXCR4 from relocalizing to lipid rafts.

SMS-derived sphingomyelin inhibits CXCR4 dimerization
on the plasma membrane. It has been reported that lipid raft-
dependent dimerization of CXCR4 is required for CXCL12-in-
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duced actin polymerization and cell migration (58) To examine
the effects of SMS-derived sphingomyelin on CXCR4 dimeriza-
tion, MEFs coexpressing CXCR4-CFP and CXCR4-Venus were
stimulated with CXCL12, and then FRET sensitized emission and
acceptor photobleaching analysis for plasma membrane regions
were performed. At first, FRET sensitized emission using CFP-
tagged K-ras (a plasma membrane localizing protein) (40) and
CXCR4-Venus was performed, establishing the negative control
for FRET analysis (data not shown). In MEFs coexpressing
CXCR4-CFP and CXCR4-Venus, FRET intensity was normalized
to CFP intensity, yielding a relative FRET ratio. Upon CXCL12
stimulation, the relative FRET ratio increased at the plasma mem-
brane (Fig. 8B, lower panel) within 2 min in both MEF lines (Fig.
8C and D). Subsequently, at 4 min, the relative FRET ratio de-
creased in wild-type MEFs. In contrast, the relative FRET ratio at
4 min in SMS DKO MEFs was higher than at the zero time point
(Fig. 8C and D), and these cells displayed filopodium formation
(data not shown) and ERK1/2 phosphorylation (Fig. 5A). Similar
results were obtained in an acceptor photobleaching experiment
(data not shown). These results show that SMS deficiency pro-
motes CXCR4 dimerization in response to CXCL12.

To obtain additional evidence for the involvement of sphingomy-
elin in CXCR4 dimerization, SMS DKO MEFs were treated with Ce-
sphingomyelin for 20 min and then stimulated with CXCL12. FRET
analysis showed that treatment of SMS DKO MEFs with C-sphingo-
myelin inhibited the elevation in the relative FRET ratio following
CXCL12 stimulation (Fig. 8E and F). These results suggest that sph-
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ingomyelin synthesized by SMSs prevents CXCR4 dimerization at
the plasma membrane.

DISCUSSION

The findings from this study reveal, for the first time, that SMS-
derived sphingomyelin regulates signaling by the CXCL12/
CXCR4 pathway. Sphingomyelin in lipid rafts prevents CXCR4
dimerization and incorporation into lipid rafts, decreasing re-
sponsiveness to CXCL12. These novel findings should help fur-
ther our understanding of the role of SMS-derived sphingomyelin
in a myriad of cellular responses.

SMS activity modulates a number of different biological func-
tions, including cell growth (54, 61) and apoptosis (46, 47). How-
ever, the biochemical characteristics of SMS are not yet fully un-
derstood. SMS DKO MEFs have little in vitro or in vivo SMS
activity, and the remaining SMS activity in SMS1 and SMS2 KO
MEFs is derived from SMS2 and SMSI, respectively. SMSI KO
reduced in vitro SMS activity by half (Fig. 1B), while in vivo SMS
activity (Fig. 1C) and sphingomyelin content in whole cells (Fig.
1D) were further decreased by about two-thirds compared to lev-
els in wild-type cells. These results suggest that, in contrast to
SMS1, SMS2 is constitutively suppressed in cells, consistent with
our recent observations using a human SMS overexpression sys-
tem (48). Interestingly, in vivo SMS activity (Fig. 1C) was not
correlated with sphingomyelin levels in the plasma membrane
fractions (Fig. 1E) in either SMS1 or SMS2 KO MEFs. This may be
due to compartmentalization of these SMS isoforms to distinct
suborganelles. However, the molecular mechanisms underlying
SMS regulation remain obscure.

SMS activity is physiologically tightly regulated. For example,
upregulation of SMS activity is associated with cell proliferation
induced by hepatic regeneration (1), SV40 transformation (31),
and basic fibroblast growth factor stimulation (44). In contrast,
certain stress stimuli, such as tumor necrosis factor (24), Fas li-
gand (24), ionizing radiation (24), staurosporine (59), UVB irra-
diation (12) and photodynamic therapy (15), decrease sphingo-
myelin synthesis. Therefore, knowledge of the biological roles of
SMS1, SMS2, and sphingomyelin is crucial to our understanding
of numerous biological phenomena.

Sphingomyelin, but not ceramide, had an inhibitory effect on
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cell migration via the CXCL12/CXCR4 pathway (Fig. 4). Wang et
al. reported that sphingomyelin hydrolysis by neutral sphingomy-
elinase (nSMase) leads to the formation of ceramide, which in
turn promotes cell polarization and motility (57). In contrast,
Heakal and Kester demonstrated that treatment with exogenous
nanoliposomal short-chain ceramide inhibits breast cancer cell
migration (18). These results seem to be contradictory. However,
the results of Wang et al. can also be interpreted to suggest that
reduced sphingomyelin levels promote cell migration. Similarly,
the results of Heakal and Kester can be interpreted to suggest that
elevated ceramide levels increase sphingomyelin production by
SMS, which inhibits migration (although sphingomyelin levels
were not measured in their paper).

Recent reports indicate that sphingolipid metabolism modu-
lates cell migration. Downregulation of glycosphingolipids by a
glucosylceramide synthase inhibitor prevents CXCR4-dependent
cell migration (30). Diacylglycerol, another SMS product, acti-
vates protein kinase C isozymes and consequently promotes cell
migration through the ERK signaling pathway (16). In this study,
however, cell migration via the CXCL12/CXCR4 pathway was not
enhanced in Cg4-ceramide-treated SMS DKO MEFs (Fig. 4) or in
SMS1/SMS2-overexpressing cells (Fig. 3), in which cellular levels
of C¢-glucosylceramide (formed by glucosylceramide synthase) or
diacylglycerol were, respectively, likely increased. These results
appear to rule out significant roles for ceramide and diacylglycerol
in cell migration. Therefore, sphingomyelin is likely the key lipid
regulating cell migration in our cellular model.

In our experiments, unique effects of SMS1 and SMS2 on cell
migration were not found (Fig. 2 and 3), most probably because
membrane sphingomyelin deficiency was similar in both SMS1
and SMS2 KO MEFs (Fig. 1F). The specific roles of SMS1 and
SMS2 in sphingomyelin production and cell migration remain to
be clarified.

The results of this study significantly extend our understanding
of lipid raft biology. Cholesterol and sphingomyelin are abundant
in lipid rafts. Cholesterol contributes to the stability of lipid rafts,
and its depletion by methyl-B-cyclodextrin dissociates several
proteins from rafts and inactivates signaling cascades (50, 52). In
contrast, the role of sphingomyelin in lipid rafts is largely un-
known. Li et al. demonstrated that sphingomyelin deficiency by
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set at 1. Values are means * standard deviations (n = 6). *, P < 0.05.

SMS knockdown had no effect on cholesterol in lipid rafts (27).
Our results also show that the compartmentalization of specific
proteins, including flotillin-1 and caveolin-1, in the lipid raft frac-
tion was intact in sphingomyelin-deficient cells (Fig. 7A). Impor-
tantly, sphingomyelin deficiency increased responsiveness to sig-
naling by the CXCL12/CXCR4 pathway, indicating that, in
addition to cholesterol, sphingomyelin in lipid rafts modulates the
cellular response to cell motility cues.

We previously proposed that lipid rafts play a role in generat-
ing T-cell antigen receptor signaling in Jurkat T cells (23). Our
present study indicates that sphingomyelin in lipid rafts modu-
lates signal transduction by interacting with cell surface receptors.
Our results also provide insight into the regulation of GPCR
dimerization. Ligand-induced dimerization of receptor tyrosine
kinases, such as the EGF and PDGF receptors, triggers autophos-
phorylation and receptor activation (11). Similarly, ho-
modimerization has been described for numerous GPCRs, in-
cluding the B2-adrenergic receptor (3), the dopamine receptor
(38), the 8- and k-opioid receptors (43), the M3 muscarinic re-
ceptor (65), metabotropic glutamate receptor subtype 5
(mGluR5) (45), neuropeptide Y (NPY) receptors (14), CXCR4
(21, 22), and CCRS5 (22). The sphingosine-1-phosphate receptor
family has also been reported to form homo- and heterodimers
(25). In this study, we demonstrated that the migration of SMS-
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deficient MEFs increased in response to specific GPCR ligands,
including CXCL12 (Fig. 2) and sphingosine-1-phosphate (data
not shown). In contrast, SMS deficiency had no effect on EGE- or
PDGF-stimulated cell migration (Table 1). Thus, our results sug-
gest that sphingomyelin may be a selective modulator of GPCR
signaling, modulating the accumulation and dimerization of these
receptors in lipid rafts.

Our findings also provide the foundation for a novel pharma-
cological approach for targeting CXCR4 in cancer metastasis.
CXCR4 has been detected in diverse malignancies and appears to
play an important role in numerous cancers (6). There are a num-
ber of different strategies for targeting CXCR4 for cancer therapy.
Targeting CXCL12/CXCR4 with antibodies, antagonists, and
siRNA has been shown to inhibit cancer cell growth and migration
(28, 29, 63). Our results, demonstrating that sphingomyelin in-
hibits CXCL12-induced cell migration suggest that treatments
which increase SMS activity and sphingomyelin levels may hold
promise for cancer therapy.
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