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Abstract
Sphingosine-1-phosphate (S1P) is a bioactive lipid mediator involved in many biological actions,
including vascular homeostasis and immune cell trafficking. S1P activity is mediated by specific
G protein-coupled receptors, leading to multiple physiological responses including adherens
junction formation in endothelial cells. Here, we describe bioassays for rapidly assessing S1P
activity in biological fluids based on ligand-induced receptor internalization in transfected
HEK293 cells and consequent adherens junction formation of vascular endothelial cells.
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1. Introduction
Sphingosine-1-phosphate (S1P) is a pleiotropic lipid mediator produced from sphingomyelin
by the sequential enzymatic actions of sphingomyelinase, ceramidase, and sphingosine
kinase (1, 2). S1P is enriched in blood and lymph in the submicromolar range, whereas S1P
in interstitial fluids of tissues is much lower, creating a steep S1P gradient (1). This vascular
S1P gradient is utilized to regulate trafficking of immune cells, such as lymphocytes,
hematopoietic progenitor cells, and dendritic cells (1, 3–6). S1P also plays important roles in
vessel maturation, angiogenesis, and vascular permeability both in the developmental stages
and in the adult (1, 7). S1P is also involved in cancer (8). Thus, it is critical to know when
and where S1P is produced for better understanding of its functions.

Several methods to measure S1P levels have been developed utilizing thin-layer
chromatography (9, 10), high-performance liquid chromatography (11–15), or liquid
chromatography-mass spectrometry (16, 17). Although these methods can provide
reasonable values of S1P concentration, they usually include specialized and time-
consuming procedures, such as radiolabeling, S1P extraction from crude samples, and
derivatization.

In this chapter, we describe bioassays to rapidly assess S1P activity in biological fluids
based on the functions of a specific receptor for S1P. Biological functions of S1P are
mediated by cell surface G protein-coupled receptors (18). Among five receptors identified
so far (S1P1-S1P5), the prototypical S1P1 receptor is well characterized. S1P1 is rapidly
internalized upon ligand stimulation via the endosomal pathway and gradually recycled back
to the plasma membrane in HEK293 cells (19). Activation of S1P1 evokes several
intracellular signaling cascades leading to proliferation, NO production, rearrangement of
actin cytoskeleton, and formation of adherens junctions in endothelial cells (1, 20). Based on
these observations, we describe here S1P1 internalization assay and visualization of
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adherens junction as tools for assessing S1P activity, utilizing the GFP fluorescence fused to
the C terminus of the receptor and the standard technique of immunofluorescence staining of
VE-cadherin, respectively. Although these bioassays give only rough estimates of S1P
activity, the specificity for S1P and the simplicity of the procedures provide good
opportunities as an initial assessment of S1P activity. These assays can be also applied for
the development of agonist/antagonist of S1P1 receptor.

2. Materials
1. HEK293 cells.

2. Dulbecco's modified Eagle medium (DMEM).

3. Fetal bovine serum (FBS).

4. Human umbilical vein endothelial cells (HUVECs, passage 4–10).

5. Medium 199 (M199).

6. Phosphate-buffered saline (PBS).

7. Fibronectin solution: 50 μ g/ml in PBS.

8. Heparin.

9. Endothelial cell growth supplement (Biomedical Technologies, Inc.).

10. Expression vector for mammalian cells (see Note 1).

11. Lipofection reagent.

12. Charcoal (see Note 2).

13. Syringe filters, 0.45 and 0.2 μ m pore.

14. 35-mm glass-bottom dishes.

15. 4% Paraformaldehyde solution (see Note 3).

16. Permeabilization solution: 0.2% Triton X-100 in PBS.

17. Blocking solution: 2% bovine serum albumin and 0.1% Triton X-100 in PBS.

18. Anti-VE-cadherin antibody (see Note 4).

19. Fluorescent dye-conjugated secondary antibody (see Note 5).

20. Rhodamine phalloidin (see Note 6).

21. Nuclear staining dye (see Note 7).

22. Confocal microscope.

3. Methods
3.1. Cell Culture

HEK293 cells are cultured in DMEM supplemented with 10% FBS. HUVECs are cultured
on fibronectin-coated dishes in M199 supplemented with 10% FBS, 50 μ g/ml endothelial
cell growth supplement, and 5 U/ml heparin. Cells are maintained at 37°C in a humidified
5% CO2 incubator.
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3.2. Preparation of HEK293 Cells Stably Expressing S1P1-GFP Fusion Protein (293-S1P1-
GFP Cells)

Create an expression vector for S1P1-GFP fusion protein. C-terminal termination codon of
S1P1 should be deleted. Transfect HEK293 cells with the S1P1-GFP expression vector by
lipofection method according to the manufacturer's instructions. After selection by an
antibiotic of choice, isolate several individual clones by limiting dilution method. Further,
select the clones that show good surface localization of S1P1 by fluorescent microscopy.

3.3. Preparation of Charcoal-Stripped FBS
Because S1P content is high in serum, FBS should be treated with charcoal to remove S1P.

1. Take 2.5 g of activated charcoal into a 50-ml conical tube.

2. Wash the charcoal with distilled water three times.

3. Add 25 ml FBS to the tube.

4. Rotate overnight at 4°C.

5. Centrifuge at 1,200 × g for 15 min.

6. Filter the supernatant with syringe filters twice, 0.45-μ m pore at first followed by
0.2-μ m pore.

7. Store the charcoal-stripped FBS at 4°C until use (see Note 8).

3.4. Receptor Internalization Assay
1. Coat 35-mm glass-bottom dishes with the fibronectin solution for at least 10 min at

room temperature (see Note 9).

2. Prepare the suspension of 293-S1P1-GFP cells at the density of 1.5 × 105/ml in
DMEM containing 2% charcoal-stripped FBS (see Note 10).

3. Aspirate the fibronectin solution from the dishes, and add 1 ml of the cell
suspension to each dish.

4. Incubate the dishes overnight in a CO2 incubator.

5. Replace the medium with plain DMEM for serum starvation (see Note 11).

6. Incubate for 2 h in a CO2 incubator.

7. Aspirate the medium, and add the solution of interest to the dishes (see Note 12).

8. Incubate for 1 h in a CO2 incubator (see Note 13).

9. Fix the cells with 1 ml/dish of 4% paraformaldehyde solution for 15 min at room
temperature (see Note 3).

10. Wash the cells twice with PBS (see Note 14).

11. Observe the cells with a confocal microscope (Fig. 1).

3.5. Adherens Junction Formation
3.5.1. Preparation and Stimulation of Cells

1. Coat 35-mm glass-bottom dishes with the fibronectin solution for at least 10 min at
room temperature.

2. Prepare the suspension of HUVEC at the density of 1 × 105/ml in M199 containing
1% charcoal-stripped FBS (see Note 15).
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3. Aspirate the fibronectin solution from the dishes, and add 1 ml of the cell
suspension to each dish.

4. Incubate the dishes overnight in a CO2 incubator.

5. Replace the medium with plain M199 (see Note 11).

6. Incubate for 2 h in a CO2 incubator.

7. Aspirate the medium, and add the solution of interest to the dishes (see Note 12).

8. Incubate for 1 h in a CO2 incubator (see Note 13).

9. Fix the cells with 1 ml/dish of 4% paraformaldehyde solution for 15 min at room
temperature (see Note 3).

10. Wash the cells twice with PBS (see Note 14).

3.5.2. Immunofluorescence Staining of VE-Cadherin—All procedures are carried
out at room temperature.

1. Aspirate the PBS, and add 1 ml/dish of the permeabilization solution. Incubate for
3 min.

2. Aspirate the permeabilization solution, and add 1 ml/dish of the blocking solution.
Incubate for 30 min.

3. Dilute anti-VE-cadherin antibody in the blocking solution (see Note 4).

4. Aspirate the blocking solution, and add 100 μ l/dish of the primary antibody
solution. Incubate for 1 h.

5. Wash with PBS for three times.

6. Dilute fluorescent dye-conjugated secondary antibody in the blocking solution (see
Note 5).

7. Add 100 μ l/dish of the secondary antibody solution. Incubate for 1 h.

8. Wash with PBS for three times.

When simultaneous visualization of cortical actin filaments and nuclei is
preferable, the following procedures can be carried out before proceeding to
microscopic observation.

9. Dilute rhodamine phalloidin in the blocking buffer (see Note 6).

10. Add 100 μ l/dish of the rhodamine phalloidin solution. Incubate for 20 min.

11. Wash with PBS for three times.

12. Dilute nuclear staining dye in PBS (see Note 7).

13. Add 100 μ l/dish of the nuclear staining solution. Incubate for 10 min.

14. Wash with PBS for three times.

15. Observe the cells with a confocal microscope (Fig. 2).

4. Notes
1. The vector should carry an antibiotic-resistance cassette that allows transfected

eukaryotic cells to be selected with an antibiotic of choice. We usually use a
pcDNA3.1 vector, and select transfected cells with 0.5 mg/ml G418.
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2. We use granular-activated charcoal (4–8 mesh), which is easier to remove than
powder-form charcoal.

3. Freshly prepare a 4% paraformaldehyde solution.

4. We use goat anti-VE-cadherin antibody (C-19) from Santa Cruz at the dilution
1:200.

5. We use Alexa488-conjugated donkey anti-goat IgG antibody from Invitrogen at the
dilution 1:1,000.

6. We use rhodamine phalloidin from Invitrogen at the dilution 1:500.

7. We use TO-PRO-3 dye from Invitrogen at the dilution 1:1,000.

8. Keep the charcoal-stripped FBS at −20°C for long-term storage.

9. Glass-bottom dishes can be coated by other types of adhesion molecules, such as
collagen, gelatin, and poly l-lysine.

10. HEK293 cells become extremely easy to come off the dish when they form sheet-
like structure. It is important to keep the cell density low and reduce the number of
medium change.

11. Do not aspirate the entire medium, but leave the medium in the glass-bottom region
to avoid cell damage and loss. Wash two to three times with plain DMEM to
remove FBS.

12. No need to cover the whole dish when the ligand solution is precious. To cover the
glass-bottom region, 100 μ l/dish is more than enough. When possible, titration
analysis of the samples is preferable.

13. Optimal time point should be determined.

14. The fixed cells can be stored in PBS at 4°C for several days before proceeding to
microscopic observation or immunofluorescent staining.

15. The cell density and serum-starvation conditions should be optimized so that cells
are close enough to each other to make adherens junctions but still do not complete
junction formations before stimulation.
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Fig. 1.
293-S1P1-GFP cells were stimulated with control solution (a) or 100 nM S1P for 1 h (b).
Scale bar, 10 μ m.
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Fig. 2.
HUVECs were stimulated with control solution (a) or 100 nM S1P for 1 h (b). VE-cadherin
(green), cortical actin filaments (red), and nuclei (blue) are visualized. Scale bar, 10 μ m.
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