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Summary 

 
Von Willebrand factor (vWF) is a pro-coagulant factor present in Weibel Palade bodies and 

involved in bleeding arrest. Recent evidence demonstrated a link between sphingolipid 

signalling and exocytosis of Weibel Palade bodies and thus vWF secretion. Interestingly both, 

S1P and ceramide were reported to induce Weibel Palade body exocytosis. The S1P-induced 

Weibel Palade body exocytosis is most likely mediated via G protein-coupled S1P receptors but 

insight into which receptor subtype or subtypes are involved in this process is lacking. Because 

of the current interest in S1P receptors as new targets for the treatment of autoimmune 

diseases and the recent approval of FTY720, a S1P receptor targeting pro-drug, it is of 

importance to elucidate the role of specific S1P receptor subtypes in Weibel Palade body 

exocytosis. 

Using human umbilical vein endothelial cells (HUVECs) predominantly expressing S1P1 and S1P3 

receptors as assesses by real-time PCR, we determined the capability of S1P, FTY720P and the 

S1P1 specific agonist CYM-5442 to induce vWF secretion. Furthermore, using the S1P1 

antagonist W146, and siRNA directed against S1P3, we show that S1P-induced vWF secretion is 

dependent on both S1P1 and S1P3 receptors. Interestingly, FTY720P, a S1P1,3,4,5 receptor 

agonist, induces vWF secretion predominantly via S1P1. This remarkable difference between 

S1P and FTY720P-induced Weibel Palade body exocytosis is probably explained by the fact that 

FTY720P in contrast to S1P is reported to predominantly activate Gi- and not Gq-induced S1P3-

mediated signalling pathways. Since hypertension is associated with elevated plasma vWF levels 

and we previously demonstrated an alteration in sphingolipid levels in essential hypertension a 

link between these two processes may be evident. Future studies should address whether this 

link indeed exists and whether S1P1/3 receptor expression differences exists in the vasculature of 

hypertensive subjects. A potential upregulation of either S1P1 and/or S1P3, next to the 

established upregulation of SK1 and elevated plasma S1P in hypertension, could indicate a 

pivotal role for S1P in mediating hypertension-associated elevated vWF secretion and possibly 

induce an altered thrombotic phenotype of patients treated with S1PR-targeting drugs. 
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Introduction 

 

Weibel-Palade bodies (WPBs) are rod-shaped organelles present in vascular endothelial cells and 

function as storage vesicles for von Willebrand factor (vWF) 1,2. A large number of other 

bioactive compounds have been recognized to reside in WPBs, like the leukocyte receptor P-

selectin, endothelin-1 and calcitonin-gene related peptide 3,4. vWF is synthesized and secreted 

exclusively by endothelial cells and megakaryocytes 5, though most circulating plasma vWF 

originates from the endothelium 6. The primary role of this multimeric adhesive glycoprotein is 

bleeding arrest via platelet aggregation and stabilisation of the blood coagulator Factor VIII 3. 

Two major signalling routes enable secretagogue mediated (ligand-induced) WPB exocytosis 

based on either cytosolic cAMP or calcium elevation. For instance, adrenaline-induced vWF 

exocytosis in HUVECs is mediated via cAMP elevation 4. In contrast, thrombin-induced WPB 

exocytosis depends on cytosolic calcium elevation as indicated by its sensitivity to the 

intracellular calcium chelator BAPTA-AM 3,4,7. Recently, Matsushita et al. demonstrated that also 

certain sphingolipids are able to release vWF from endothelial cells in a calcium-dependent 

manner 4,8. This bioactive lipid class includes for instance ceramide and sphingosine-1-

phosphate (S1P), and has been recognized to participate in major signalling routes contributing 

to cardiovascular homeostasis 9,10. S1P, which is readily produced upon sphingosine kinase 

activation, is the high affinity ligand for its G-protein coupled S1P receptors, denoted as S1P1-

5 11. The receptor expression in the endothelium is reported to be restricted to S1P1 and 

S1P3 10. S1P1 couples to G-proteins (Gi) able to inhibit soluble adenylyl cyclise, leading to 

decreased intracellular cAMP production 12-14. S1P3 couples besides to Gi also to phospholipase 

C activating Gq-proteins, resulting in elevated intracellular calcium mobilization 12,13,15. 

However, which S1P receptor is responsible for the S1P-induced exocytosis is still unknown. The 

importance of characterizing the receptor-specificity of vWF secretion is emphasized by the 

upcoming generation of sphingolipid-targeting drugs, like fingolimod (FTY720). This prodrug is 

metabolised by sphingosine kinase to the active FTY720P, which is a S1P1,3,4,5 receptor agonist 

thus displaying an activation pattern different from the endogenous ligand S1P 16. Based on the 

G-protein coupling specificity of the S1P3 compared to the S1P1 receptor the S1P3 receptor was 

expected to be the most likely receptor involved in S1P-induced vWF secretion from HUVECs. 

However, our findings indicate that although the S1P-induced vWF secretion is calcium-

sensitive, both the S1P1 and S1P3 receptor are important. Interestingly, FTY720P-induced 
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secretion predominantly involves S1P1 receptors. This remarkable difference between S1P and 

FTY720P-induced Weibel Palade body exocytosis is probably explained by the fact that FTY720P 

in contrast to S1P is reported to predominantly activate Gi- and not Gq-induced S1P3-mediated 

signalling pathways 17,18. This study indicates that sphingolipid-modulatory drugs can influence 

WPB release and that the potency of release will depend on the preference of the compound 

for activating either S1P1 and/or S1P3 receptors.  
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Materials & Methods  

 

Cells, reagents and antibodies 

Human umbilical vein endothelial cells (HUVECs) were obtained from Lonza Verviers and 

cultured on fibronectin-coated plates in enriched EGM-2 medium. CHO cells were cultured in 

enriched DMEM and specific S1PR overexpression was generated as described previously 19,20. 

Trypsin, penicillin, and streptomycin were from Invitrogen (Breda, NL). EGM-2 was from Lonza 

Verviers (Verviers, BE). Interferin was from PolyPlus, Westburg (Leusden, NL). NuPAGE 4-12% 

Bis-Tris gels and nitrocellulose membrane were from Invitrogen (Breda, NL). EDG1/S1P1 rabbit 

polyclonal antibody (AP01197PU-N) from Acris (Huissen, NL). EDG3/S1P3 rabbit polyclonal 

antibody (LS-B2155) from Lifespan biosciences (Huissen, NL). Adrenaline, thrombin, forskolin, 3-

isobutyl-1-methylxanthine (IBMX) and anti-α-tubulin monoclonal antibody (DM1A) were 

purchased from Sigma-Aldrich Chemie (Steinheim, DE). Sphingosine-1-phosphate (S1P) and [2-

(4-(5-(3,4-diethoxyphenyl)-1,2,4-oxadiazol-3-yl)-2,3-dihydro-1Hinden-1-yl amino) ethanol 

(CYM-5442) were purchased from Avanti Polar Lipids (Alabaster, Alabama, US). 2-Amino-2-(4 

octylphenethyl) propane-1,3-diol (racemic FTY720P) and (R)-3-Amino-(3-hexylphenylamino)-4-

oxobutyl-phosphonic acid (W146) were kindly provided by Solvay Pharmaceuticals  (Weesp, NL) 

and synthesised as described in Jongsma et al. 18. All chemicals used were of analytical grade. 

All siRNAs were purchased from Dharmacon (Thermo Fisher Scientific Dharmacon Products, 

Lafayette, Colorado, US).The enzyme-linked immunosorbent assay (ELISA) for VWF (using anti-

VWF monoclonal antibody CLB-RAg20 21) and VWF propeptide was performed as described 

previously 22.  

 

S1P-receptor determination by qPCR 

HUVECs were cultured till confluency in a coated 6-well plate, the RNA was isolated using a 

QIAGEN RNeasy mini kit and the concentration of the eluted RNA was determined by 

spectrophotometry (Nanodrop, Isogen Life Science). To remove genomic DNA contamination, 

1 µg of total RNA was treated with 1.5 µl DNAse I, Amp Grade. cDNA was synthesized by 

reverse transcription using the iScript cDNA Synthesis kit. A control for the presence of genomic 

DNA, without cDNA synthesis, was performed for each sample. Oligonucleotide primers were 

designed using the D-LUX designer software (Invitrogen), based on sequences from the 

GenBank database (S1PR1:NM_001400, S1PR2:NM_004230, S1PR3: NM_005226, 

S1PR4:NM_003775, S1PR5:NM_030760). Each primer pair was tested for selectivity, sensitivity 

and PCR efficiency. The p0 ribosomal protein and GAPDH were selected as endogenous 
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controls to correct for potential variation in RNA input. Relative quantification of mRNA was 

performed on a MyiQ Single-Color Real-Time PCR Detection System (Bio-Rad Laboratories). The 

final reaction mixture (15 µl) consisted of diluted cDNA, 1x iQ Sybr Green Supermix, 200 nmol/L 

of the forward primer and 200 nmol/L of the reverse primer. All the reactions were performed 

in 96-well plates, in duplicate. Controls for genomic DNA were included for each cDNA sample 

and also a negative control containing both primers and iQ Sybr Green Supermix. All data were 

corrected for RNA input using the expression of p0 ribosomal protein and GAPDH 

simultaneously.  

 

Measurement of endothelial [cAMP]i and
 
[Ca2+]i 

For cAMP measurements, HUVECs were plated in 96-well plates (passage 3-5) and grown to a 

confluent monolayer. After serum starvation overnight, the cells were washed with HBSS buffer 

containing 0.05% fatty-acid free BSA and 5 mmol/L HEPES. The cells were subsequently 

stimulated for 15 min at 37°C in buffer containing a high concentration of IBMX (0.5 mmol/L) 

and either S1P (30 pmol/L –  1 µmol/L) or FTY720P (0.3 nmol/L – 1 µmol/L). After removal of the 

stimulation mixture, the cells were lysed with 50 µL 0.5% Triton-X100 in buffer supplemented 

with 0.5 mmol/L IBMX. Detection of accumulated cAMP during stimulation was performed 

using the LANCE™ cAMP 384 kit (Perkin Elmer) according to the manufacturer’s protocol in a 

total volume of 20 µL; 10 µL of the lysate was added to the 384-well optiplate. Each condition 

was performed in triplicate. Measurements were performed 3 h after adding detection buffer 

and antibody mixture using the Wallac 1420 Victor2 (Perkin Elmer). 

For calcium measurements, HUVECS (passage 3-5), w/wo siRNA knockdown, or CHO cells 

overexpressing human S1P1, S1P2 or S1P3 receptors (as described previously 19,20) were plated 

in black clear bottom 96-well plates and grown until confluency and subsequently serum-

starved overnight. Cells were then loaded for 1 h with HBSS/probenecid buffer (containing 20 

mmol/L HEPES and 2.5 mmol/L probenecid) plus 4 µmol/L Fluo-4 AM ester and 0.42% v/v 

pluronic acid and incubated at 37°C. After loading, cells were washed twice with 

HBSS/probenecid buffer and incubated at 37°C during 1 hour, w/wo a 30 min preincubation 

with the S1P1 receptor antagonist W146 (final concentration 1 µmol/L or 10 µmol/L). 

Fluorescence was measured at basal level, followed by stimulation with adrenaline (1 µmol/L), 

thrombin (1 U/ml), S1P (1 µmol/L) or FTY720P (1 µmol/L) and finally triton X-100 (5 v/v %) 

addition (resulting in Fmax) and 250 mmol/L ethylene glycol tetraacetic acid (EGTA) addition 

(resulting in Fmin). The intracellular calcium concentration ([Ca2+]i) was calculated via [Ca2+]i= 

Kd*[(F−Fmin)/(Fmax−F)], with Kd being the dissociation constant of the binding of Fluo-4 to 
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calcium (345 nmol/L). The increase in [Ca2+]i upon ligand stimulation was calculated as the 

difference between the [Ca2+]i for the basal level and after adding the ligand. 

 

siRNA/western blotting 

For siRNA mediated knock-down of S1P3, ON-TARGETplus SMARTpool L-005208-00 Human 

EDG3 (1903) was used. SiGENOME Non-Targeting siRNA Pool #1 (D-001206-13-05) was used 

as a control in these experiments. SiRNA (20 pmol per well of a 6-well plate) was delivered to 

HUVECs by transfection using Interferin according to the manufacturer’s instructions. 

Transfected HUVECs were grown on fibronectin-coated 6-well plates for 72 hours before 

stimulation.To confirm knockdown, total lysates of several experiments were separated on 

NuPAGE 4-12% Bis-Tris Gels and transferred on nitrocellulose membrane. Membranes were 

hybridized with an anti-EDG3/S1P3 rabbit polyclonal antibody or control anti-EDG1/S1P1 rabbit 

polyclonal antibody, and proteins were visualized by Licor Odyssey. Staining of the membranes 

with α-tubulin was used as a protein loading control. 

 

Statistical analysis 

The calcium, cAMP, qPCR and vWF secretion data are expressed as mean ±SEM with ‘n’ being 

the number of individual experiments. Statistics were performed students t-test on vWF 

secretion data and calcium mobilization in scrambled-siRNA and S1P3-siRNA experimental data. 

One-way ANOVA followed by Dunnett’s test was performed on the remaining calcium 

mobilization experimental data. All statistical analyses were performed using Prism (GraphPad 

Prism Software, San Diego, CA, USA). Values of p<0.05 were considered to be statistically 

significant. 
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Results 

 

S1P, FTY720P and CYM-5442 induce a calcium-dependent vWF release 

.S1P receptor-mediated effects on vWF secretion were investigated using a vWF secretion assay 

and HUVECs were incubated with several agonists. Although incubation with thrombin, 

adrenaline, S1P, FTY720P and CYM-5442 all induced vWF secretion, only the secretion by the 

adrenoreceptor agonist adrenaline was cAMP-mediated since it was unaffected by a 

preincubation with the intracellular calcium scavenger BAPTA-AM (Fig. 1A).  

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. HUVEC characteristics and agonist-induced responses. A) Von Willebrand Factor (vWF) 
secretion in the presence or absence of the calcium chelator BAPTA-AM (10 µmol/L). B) relative S1P1-5 
receptor mRNA presence in cultured HUVECs (P3-5). C) Intracellular cAMP release by S1P or FTY720P. 
D) Intracellular calcium (Ca2+) release by several agonists. Thrombin (1 U/ml), adrenaline (1 µmol/L), 
sphingosine-1-phosphate (S1P, 1 µmol/L), FTY720P (1 µmol/L) amd CYM-5442 (CYM; 1 µmol/L). N≥3, * 
p<0.05. 
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To confirm the S1P receptor expression pattern in the cultured HUVECs used in this assay, real 

time PCR was performed on lysed HUVEC cultures. The major receptor mRNA present in the 

culture was S1P1, followed by a lower S1P3 receptor mRNA presence (Fig. 1B). In addition, 

small amounts of S1P2 receptor mRNA were also detected. In order to validate the S1P1 

receptor-mediated inhibition of cAMP production, HUVECs were incubated with various 

concentrations of either S1P or FTY720P. This resulted in a concentration-dependent decrease 

in basal cellular cAMP production (Fig. 1C). In line with the finding on BAPTA-AM sensitivity, all 

tested compounds except adrenaline, induced a marked elevation of cytosolic calcium upon 

stimulation (Fig. 1D).  

 

S1P-induced vWF secretion could be inhibited by W146 preincubation 

To evaluate the involvement of S1P1 receptors in vWF secretion, HUVECS were pre-incubated 

with the S1P1-specific antagonist W146 prior to S1P or FTY720P stimulation. To validate the 

specificity of W146 for S1P1 receptors, the effect of this compound on S1P-induced calcium 

release was determined in CHO cells overexpressing either S1P1, S1P2 or S1P3 receptors, or 

mock control. The stimulation of transfected CHO cells with S1P resulted in an elevation of 

intracellular calcium. The highest increase was observed in S1P3 overexpressing cells 

followed by S1P2 and S1P1 receptor overexpressing cells (Fig. 2A-inset). Stimulation of CHO 

cells with FTY720P or CYM-5442 resulted in mainly a S1P1-mediated calcium elevation, with 

relatively less involvement of S1P3 receptors, and no involvement of S1P2 receptors compared 

to S1P (Fig. 2A). The presence of 1 µmol/L and 10 µmol/L W146 could significantly antagonize 

S1P1-mediated calcium elevation, in contrast to S1P2 and S1P3-mediated release which 

remained largely unaffected (Fig. 2B). At 10 µmol/L W146, both S1P- and FTY720P-induced 

vWF exocytosis was significantly inhibited (Fig. 2C). Interestingly, thrombin-induced secretion 

was also inhibited by 10 µmol/L W146 pre-incubation, but not by the lower concentration.   
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S1P3 knockdown reduced vWF secretion by S1P, but not by FTY720P nor CYM-5442 

Since no specific S1P3 receptor antagonists are commercially available the S1P3 receptor 

involvement was investigated by inducing S1P3 receptor knockdown in HUVECs. Successful 

receptor knockdown by siRNA, was checked by western blotting. This indeed indicated lower 

S1P3 receptor presence in S1P3-SiRNA treated HUVECs, without affecting S1P1 receptor 

Figure 2. Involvement of S1P1 in 
calcium release and vWF 
secretion. A) Calcium release (in 
percentage of S1P) by FTY720P and 
CYM-5442 in CHO cells 
overexpressing either S1P1, S1P2 or 
S1P3 receptors. Inset: absolute 
calcium release by S1P. B) S1P-
induced calcium release in CHO cells 
overexpressing either S1P1, S1P2 or 
S1P3 receptors with/without 
preincubation with the S1P1 
antagonist W146. C) Influence of 1 
µmol/L W146 pre-incubation on 
agonist-induced vWF secretion in 
HUVECs. Thrombin (1 U/ml), 
adrenaline (1 µmol/L), sphingosine-
1-phosphate (S1P, 1 µmol/L), 
FTY720P (1 µmol/L) and CYM-5442 
(CYM; 1 µmol/L). N≥3, # p<,0.1, * 
p<0.05 
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presence (Fig. 3A). Cytosolic calcium release by S1P was significantly reduced by S1P3 

knockdown (Fig. 3B). In contrast, calcium release by thrombin or FTY720P was unaffected by 

the receptor knockdown. Subsequent vWF release could be markedly inhibited by S1P3 

receptor knockdown. In line with the latter findings, receptor knockdown did not affect 

thrombin, adrenaline, FTY720P nor CYM-5442-induced vWF release.  

 

 

 

 

 

  

Figure 3. Involvement of S1P3 in 
intracellular calcium increase and vWF 
secretion. A) Western blotting on S1P1 
(EDG1) and S1P3 (EDG3) receptor presence 
to validate of S1P3-specififc knockdown in 
HUVECs by siRNA. B) Effect of S1P3 receptor 
knockdown on agonist-induced intracellular 
calcium release. C) Effect of S1P3 receptor 
knockdown on agonist-induced vWF 
secretion. Thrombin (1 U/ml), adrenaline 
(Ad; 1 µmol/L), sphingosine-1-phosphate 
(S1P; 1 µmol/L), FTY720P (1 µmol/L) and 
CYM-5442 (CYM; 1 µmol/L). N≥3,* p<0.05. 
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Discussion 
 
Two major signalling routes enable vWF containing WPB exocytosis, being either cytosolic cAMP 

or calcium elevation 3,4,7. vWF is a procoagulant factor involved in bleeding arrest and elevated 

exocytosis provides a prothrombotic phenotype 3. Recently, Matsushita et al. demonstrated that 

the sphingolipid S1P is able to release vWF from endothelial cells in a calcium-dependent 

manner 8. However, insight into which receptor is responsible for S1P-mediated WPB exocytosis 

is lacking. Because of the current efforts in developing sphingolipid-targeting drugs like 

FTY720, characterisation of which specific S1P receptor is involved in WPB exocytosis is of 

interest. In this study we show that S1P-induced vWF secretion is dependent on both S1P1 and 

S1P3 receptors, however FTY720, a S1P1,3,4,5 receptor agonist which induces vWF secretion 

predominantly via S1P1 receptors. 

We could confirm  that S1P-induced vWF secretion is indeed calcium-dependent 8. Interestingly, 

compared to the well-determined vWF release by thrombin, S1P appears to be an equal or even 

more efficacious stimulator of vWF secretion when using high concentrations of agonists. The 

HUVECs in this study displayed a similar mRNA level pattern as reported in literature, namely 

predominantly S1P1 receptor mRNA, and lower S1P3 receptor mRNA 9.  Although consequently 

lower levels of S1P3 receptor protein expression are expected by these results, its role should 

not be neglected since stimulation of intracellular calcium release by S1P3 receptors is more 

efficacious than by S1P1. Clearly, these differential effects on calcium mobilisation are also 

affected by the relative receptor expression levels in the transfected CHO cells, which are 

presumably not entirely equal for S1P1,2 and 3 receptors. To assess the involvement of S1P1 

receptors in mediating vWF secretion, the S1P1 antagonist W146 was used. Interestingly, 

besides affecting S1P1 receptor-induced effects, also S1P2 and S1P3 appeared to be partially 

antagonised at 10 µmol/L W146, although this failed to reach significance. Thus, the lower 

concentration of W146 was used to determine the involvement of S1P1 in HUVECs. W146 was 

able to inhibit S1P-induced calcium mobilisation and, although under the given number of 

experiments only reaching a trend, indicating the involvement of S1P1 in vWF secretion. Indeed, 

vWF secretion was reduced by W146 for both S1P and FTY720P. The S1P1-specific agonist 

CYM-5442, as characterised in S1PR overexpressing CHO cells, was also able to induce vWF 

secretion, further reinforcing the involvement of S1P1 in the secretory pathway, and this effect 

was almost completely abrogated by W146. Several other studies have reported on S1P1-

mediated effects on calcium release which are most likely the result of a Gi-induced 
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beta/gamma subunit-mediated PLC activation 23. High S1P1 expression levels in HUVECs, as 

advocated by the mRNA data, possibly account for the high dependence of vWF secretion on 

S1P1.      

Due to a lack in true S1P3-specific antagonists, HUVECs with S1P3 receptor knockdown (KD) 

were generated with unaffected S1P1 expression to asses the involvement of S1P3 receptors in 

mediating vWF secretion. S1P3 receptor KD displayed attenuated S1P-induced vWF exocytosis. 

Interestingly, the S1P3 KD displayed unaffected vWF secretion for CYM-5442 as expected, 

however similar results were detected for FTY720P as well. This indicated that, in contrast to 

S1P, FTY720P-induced vWF exocytosis is mainly dependent on S1P1 signalling. This is in line 

with the finding that FTY720P in contrast to S1P is reported to predominantly activate Gi- and 

not Gq-induced S1P3-mediated signalling pathways. In contrast S1P has no preference for one 

of these two G-proteins. FTY720P is expected to induce a conformational change of the S1P3 

receptor, favouring predominantly Gi signalling. Thus, the FTY720P-induced S1P3-mediated 

increase in intracellular calcium levels is generally lower than the S1P-induced increase. 

In conclusion, we show that S1P-induced WPB exocytosis by HUVECs is mediated by both S1P1 

and S1P3 receptors. FTY720P-induced WPB exocytosis, however, is mainly S1P1 receptor-

mediated. Because of the link between sphingolipid signalling and WPB exocytosis and our 

previous report demonstrating an altered sphingolipid biology in hypertension 24, it is tempting 

to speculate that hypertension-associated sphingolipid signalling alterations could be causative 

for the elevation in circulating vWF 25, and possibly augmented implications for other WPB-

derived vasoactive substances 26-28 to endothelium dysfunction as well 29. In addition it would 

be interesting to investigate whether S1P1/3 receptor expression differs in the vasculature of 

hypertensive versus normotensive subjects. An upregulation of either S1P1 and/or S1P3, next to 

the established elevated plasma S1P in hypertension 24 and upregulation of SK1 30 as 

demonstrated in Chapter 3 and 5 respectively, could indicate a pivotal role for S1P in mediating 

hypertension-associated elevated vWF secretion and possibly an altered thrombotic phenotype 

in patients treated with S1PR-targeting drugs. 
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