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Abstract: The enzyme sphingosine kinase-1 (SK1) promotes the formation of 
sphingosine-1-phosphate (S1P), which is an important survival factor for 
endothelial cells (EC). Modest increases in intracellular SK1 activity in the EC 
are known to confer a survival advantage upon the cells. Here, we investigated 
the effects of more dramatic increases in intracellular SK1 in the EC. We found 
that these cells show reduced cell survival under conditions of stress, enhanced 
caspase-3 activity, cell cycle inhibition, and cell-cell junction disruption. We 
propose that alterations in the phosphorylation state of the enzyme may explain 
the differential effects on the phenotype with modest versus high levels of 
enforced expression of SK1. Our results suggest that SK1 activity is subject to 
control in the EC, and that this control may be lost in conditions involving 
vascular regression. 
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INTRODUCTION 
 
There is much interest in the factors governing endothelial cell (EC) survival. 
Along with growth factors and cell-cell and cell-matrix interactions, the lipid 
mediator sphingosine-1-phosphate (S1P), which forms via the phosphorylation 
of membrane-associated sphingosine by sphingosine kinase-1 (SK1), is an 
important survival factor for the EC. S1P antagonizes the pro-apoptotic effects 
of ceramide, an intermediate in the sphingomyelin degradation pathway, and 
promotes cell survival [1].  
S1P acts both as a ligand for the S1P family of G-protein-coupled receptors and 
as an intracellular messenger [2-5]. We previously showed that modest (5-fold) 
increases in SK activity in the EC enhance cell survival and render the cells 
resistant to the normal stressful stimuli of loss of serum or loss of attachment to 
the extracellular matrix [6]. These phenotypic changes were accompanied by the 
induction and de-phosphorylation of the cell junctional molecule called platelet 
endothelial cell adhesion molecule-1 (PECAM-1), which itself is known to have 
anti-apoptotic effects [7] and was shown to be obligatory in the activation of the 
major cell survival pathway, the PI-3K/Akt pathway [6]. 
In this study, we sought to determine the effects of more dramatic increases in 
intracellular SK activity on the EC. Given the oncogenic role of SK1 [8], and the 
finding that in NIH 3T3 fibroblast cells, large increases in SK1 activity confer  
a transormed phenotype [8] upon the cells, and our previous demonstration that 
modest increases in SK1 activity enhance cell survival, we hypothesized that 
profound increases in SK1 activity in the EC would further promote cell survival 
and confer upon the cells an oncogenic phenotype. Instead, we found that large 
increases in SK activity in the EC result in cell death. 
 
MATERIALS AND METHODS 
 
Cell culture 
Human umbilical vein endothelial cells (HUVECs) were isolated and cultured as 
previously described [9]. The cells were plated in non-tissue culture, non-
adhesive 96-well microtiter trays coated with 1% bovine serum albumin at 8 x 103 
cells/well in serum-free medium. 
Cell survival was assayed as follows: EC were plated into gelatin-coated 96-well 
microtiter trays at 3 x 103 cells/well in serum-free medium. MTS (3-(4,5 
dimethylthiazol-2-yl)-5-(3carboxymethoxyphenyl-2-(4-sulfophenyl)-2H-tetrazolium; 
Promega) was used to measure cell viability. The optical density at 490 nm was 
measured on days 0 and 2. 
Cell permeability was determined as follows: endothelial cells were seeded into 
fibronectin-coated 3.0-μm transwells with a polycarbonate membrane (Corning 
Inc, NY, USA) at 10 x 104 cells per well in 150 μl HUVE medium supplemented 
with ECGS and heparin. 600 μl of HUVE medium was added to the bottom of 
the transwell, and the cells were incubated at 37ºC for 24 h. The medium from 
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the top and bottom of the transwell was then replaced with 2% HUVE medium 
with growth factors and heparin, and the cells incubated for a further 4 h. 
Stimulation with thrombin (Sigma, St Louis, MO) at a concentration of  
0.2 units/ml (in serum-free HUVE medium) was done immediately prior to the 
assay, whereas sphingosine 1 phosphate (1 μM) was added 20 min earlier.  
FITC-dextran (500 μg/ml diluted in serum-free HUVE medium) was added to 
each transwell, and then 20 μl of medium was collected from the bottom of each 
transwell at predetermined time points (commencing at time 0). This was 
dispensed into a 96-well flat bottom tray containing 60 μl serum-free medium 
per well. The fluorescence was then quantified with a well plate reader using 
excitation and emission wavelengths of 485 nm and 530 nm, respectively.      
 
Adenovirus production and generation of HUVECs overexpressing SK1 
The AdEasy system (Qbiogene, Carlsbad, CA) was used to produce  
a recombinant adenovirus carrying human SK1 (SK1; or an empty vector, EV, or 
G82D) according to the Qbiogene Version 1.4 AdEasy Vector system manual [10]. 
The 293 cells were cultured in 25-cm2 flasks in complete Dulbecco modified 
Eagle medium (CSL Biosciences, Parkville, Australia) containing 10% fetal calf 
serum (FCS). The virus was amplified in 293 cells and purified on  
a cesium chloride gradient with centrifugation. The viral titer was determined 
using the tissue culture infectious dose50 method. Transfection of the HUVECs 
was achieved by infection with adenoviral preparations of SK or EV using 
equivalent plaque-forming units/cell, which yielded a similar level of green 
fluorescent protein expression. The cells were used for functional assays 1 to 3 days 
post-infection. Over-expression of SK1 was confirmed by Western blot and an 
SK activity assay. Cells with low levels of over-expression of SK1 using  
1 pfu/cell of the adenovirus carrying SK1 or EV (respectively, ECSK and ECEV) 
were generated, as were cells with high levels of over-expression of the enzyme 
(ECEV50, ECSK50, or ECG82D50) using 50 pfu/cell.  
 
Western blotting 
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis was performed on 
cell lysates using 12% acrylamide gels. The immunocomplexes were detected 
using enhanced chemiluminescence (Amersham Pharmacia Biotech, Piscataway, 
NJ). The commercially available antibodies used were: M2 mouse anti-FLAG 
antibody (Sigma); rabbit polyclonal anti-phospho-Akt and rabbit polyclonal anti-
Akt (Cell Signaling Technology, Beverly, MA); antiphosphotyrosine (Cell 
Signaling Technology); and mouse monoclonal anti-cyclin D1 or anti-cyclin E 
(Santa Cruz Biotechnology, Santa Cruz, CA). Rabbit anti-PECAM-1 antibody 
was an affinity-purified antibody as previously described [11]. Mouse 
monoclonal antibodies directed against β1 integrin (61-2C4) and VE-cadherin 
(55-7H1) were raised at the Hanson Centre for Cancer Research as previously 
described [11], and anti-phosphoSK-1 antibody was generated as previously 
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described [12]. A goat anti-PECAM antibody (Santa Cruz Biotechnology) was 
used for the Western blots as indicated.  
 
Enzyme assays 
SK1 activity in whole-cell lysates made from ultracentrifugated preparations was 
determined as previously described [13] using D-erythrosphingosine and -32P] 
ATP as substrates. Caspase-3 activity was measured in the cell lysates using  
a Calbiochem kit (Calbiochem-Novabiochem, Darmstadt, Germany) according 
to the manufacturer’s instructions.  
 
Statistical analysis 
The analyses, stratified over replicate experiments, were performed by ANOVA-
style regression using Statistica Version 6.1 (Statsoft, Tulsa, OK). 
 
RESULTS 
 
High intracellular SK1 activity inhibits cell accumulation due to enhanced 
caspase-3 activity and cell cycling inhibition 
We previously showed that infection of HUVEC with 1 or 50 pfu/cell 
respectively results in approximately 5-fold or 100-fold increases in SK1 activity 
above that of the control cells [6], and here determined the effect of varying 
levels of SK1 on cell accumulation. As observed previously, low level (3- to 5-fold) 
over-expression of SK1 (ECSK) enhanced cell accumulation compared to the 
effect with empty vector control cells (ECEV; Fig. 1A). By contrast, high level 
(50-fold) over-expression of SK1 (ECSK50) yielded a relative deficit in cell 
number (Fig. 1A).  
ECSK50 showed a reduction in cell numbers over three days (Fig. 1B). The 
inhibition of cell accumulation was mediated specifically by SK1 activity, since 
over-expression of a catalytically inactive mutant of SK1 (G82D) did not alter 
cell accumulation (Fig. 1B). 
ECSK50 showed enhanced basal caspase-3 activity compared with that for ECEV50 
(Fig. 1C, D), consistent with the phenotype of reduced cell numbers. These cells 
also displayed a significant reductions in the expression of both cyclin D1 and 
cyclin E compared with ECEV50 (Fig. 1E). Together, this suggested the inhibition 
of cell accumulation by ECSK50 resulting from both enhanced apoptosis and 
decreased cell division.  
 
High levels of SK1 reduce cell survival in serum-free conditions and in 
suspension 
We next assessed the effect of high level SK1 over-expression on cell survival 
following stressful stimuli. Following serum deprivation for 24 h, there were 
significantly less viable ECSK50 compared with ECEV50 (p < 0.05) (Fig. 2A). 
ECG82D50 did not alter cell survival compared with ECEV50, confirming that the 
effects observed are mediated specifically by the catalytic activity of SK1.  
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Fig. 1. The effect of SK on cell accumulation, caspase-3 activation and cyclin D1 and E 
expression. A – the relative cell accumulation in a medium containing 2% FCS for 
HUVEC infected with varying pfu/cell of an adenovirus carrying SK or EV. The results 
are normalized to the optical density on day 0, and are adjusted to EV = 1. The figure 
shows the composite analysis of six observations from two separate experiments  
(0.1 pfu/cell), 31 observations derived from 7 separate experiments (1 pfu/cell) and  
15 observations from 5 separate experiments (50 pfu/cell), using Statistica Version 6.1 
(Statsoft, Inc). B – cell numbers as reflected by the optical density, in ECSK50, ECEV50 and 
ECG82D50. The figure shows the results of five observations from a single experiment which 
is representative of at least two separate experiments. The bars represent SEM. *p < 0.001: 
SK compared with EV on day 3. C – the effect of ECSK50 (dark columns) compared with 
ECEV50 (light columns) on the caspase-3 activity under basal conditions.  
D – the composite analysis of four separate endothelial cell lines (from Fig. 1C), 
normalized to the control using Statistica Version 6.1 (Statsoft, Inc) thus indicating the 
mean fold increase in caspase-3 activity in ECSK50 compared with ECEV50.  
*p < 0.001 compared with ECEV50. The bars represent 95% confidence intervals. E – cyclin 
D1 and cyclin E expression in ECSK50 and ECEV50, under basal culture conditions. The 
mean fold change of cyclin D1 compared with ECEV50 was 0.75 ± 0.03, n = 3, 
 p < 0.05, and for cyclin E was 0.78 ± 0.01, n = 3, p < 0.05. A loading control of VE 
cadherin is indicated. 
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We then determined whether ECSK50 are less resistant to the additional stress of 
loss of attachment to the extracellular matrix. ECSK50 showed significantly 
reduced survival in suspension compared with ECEV50 (Fig. 2B).  
Over-expression of high levels of SK caused a consistent increase in caspase-3 
activity in two endothelial cell lines subjected to serum deprivation for 24 h, as 
shown in Fig. 2C and D. There was a trend towards an exaggerated caspase-3 
activation in response to serum deprivation, but due to the small sample size  
(n = 2), this did not reach statistical significance (p = 0.1; Fig. 2D).   
 

 
 

Fig. 2. The effect of SK on cell survival under stress. A and B show cell numbers of 
ECEV50, ECSK50 and ECG82D50 maintained (A) in SF conditions and (B) in suspension, as 
reflected by the optical density. *p < 0.05: ECSK50 compared with ECEV50 on day 1. The 
figure shows the results from a single experiment done in quadruplicate, which is 
representative of four separate experiments. The bars represent SEM. C – The response of 
two of endothelial lines to serum deprivation. D –The composite analysis of C, normalized 
to the control using Statistica Version 6.1 (Statsoft, Inc.) thus indicating the mean fold 
increase in caspase-3 activity in cells over-expressing SK compared with EV. *p < 0.001 
compared with EV. The bars represent 95% confidence intervals. 
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The effects of over-expression of high levels of SK on cell junctions 
In light of the recognized role of EC junctions and cell-cell contact in 
maintaining EC viability, permeability to FITC-dextran was measured to assess 
the structural integrity of EC monolayers in response to SK1 over-expression. 
Low-level SK1 over-expression is accompanied by a reduction in basal 
permeability to FITC-dextran (Fig. 3A) consistent with our previously published 
observation that small increases in SK1 activity increase proliferation and 
survival [6]. By contrast, ECSK50 showed increased basal permeability to FITC-
dextran (Fig. 3B), indicating a disruption of cell-cell junctions. This is consistent 
with the observed reduction in EC viability.  
Whereas ECEV50 maintained the normal response to thrombin stimulation with 
increased permeability (Fig. 3C), ECSK50 showed a loss of this response (Fig. 3D). 
This is in contrast to ECSK, which, despite showing a reduced basal permeability, 
did not differ in their response to thrombin stimulation compared with ECEV 
(Fig. 3E). 
The known role of PECAM-1 in the regulation of cell junctions and protection 
from apoptosis prompted a determination of the total PECAM-1 levels in ECSK50. 
They showed a substantial reduction in total PECAM-1 expression (Fig. 4A, B). 
The effect was PECAM-1-specific, as there was no change in the expression of 
the other junctional protein, VE cadherin, in four separate EC lines. 
 
Cells over-expressing high levels of SK failed to engage the PI-3Kinase 
pathway 
The PI-3K/Akt pathway is a major cell survival pathway, and given the 
enhanced cell death in ECSK50, we sought to determine whether these cells were 
able to activate the PI-3K/AkT pathway. ECSK50 showed a reduction in Akt 
phosphorylation under basal conditions and when stressed with serum 
deprivation (Fig. 4C). Moreover, they showed a further down-regulation in the 
phosphorylation of Akt with serum deprivation, as did ECEV50 (Fig. 4C), 
consistent with the enhanced cell death and reduction in cell survival seen in 
these cells. 
 
The phosphorylation of SK under basal conditions was evident with the 
over-expression of high levels of SK 
Phosphorylation of SK at Ser225 results in the activation of the enzyme [12]. 
We determined whether 5-fold or 100-fold increases in enforced SK activity 
result in differential effects on the phosphorylation state of SK. ECSK50 showed 
basal phosphorylation of the enzyme indicating activation (Fig. 4D). By contrast, 
phosphorylation was not detected in cell lysates of ECSK, even after stimulation 
with TNF (Fig. 4D).  
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Fig. 3. The effect of SK on cell permeability. The figure shows the permeability 
(normalized to time = 0) of ECSK and ECEV (A, E), and ECSK50 and ECEV50 (B, C, D) to 
FITC-dextran, across different time points under basal conditions (A, B) or in response to 
thrombin stimulation (0.2 units/ml) (C, D, E). C and D respectively show the response of 
ECEV50 and ECSK50 to thrombin stimulation. *p < 0.001: SK compared with EV under basal 
conditions across all time points (A, B), or untreated EV (C) compared with the thrombin-
treated vector across all time points. The figure shows the composite analysis of  
7 observations from 3 separate experiments using Statistica Version 6.1 (Statsoft, Inc). The 
bars represent 95% confidence intervals. 
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Fig. 4. The effect of SK on junctional proteins and the phosphorylation of Akt.  
A – PECAM-1 and VE cadherin expression by Western blot in ECSK50 and ECEV50.  
B – the composite analysis of two separate experiments for PECAM-1 expression in 
ECSK50 normalized to ECEV50 using Statistica Version 6.1 (Statsoft, Inc). The bars represent 
95% confidence intervals. *p < 0.05: ECSK50 compared with ECEV50. C – a Western blot of 
phosphorylated Akt (phospho-Akt) and total Akt in ECSK50 and ECEV50, under basal 
conditions (culture in HUVE medium, HM) and after incubation for 6 h in serum-free (SF) 
medium. D – by Western blot, the phosphorylation of SK in HUVEC infected with  
1 pfu/cell or 50 pfu/cell of adenoviral supernatant carrying SK or EV. Cells infected with  
1 pfu/cell were analysed in the presence (+) or absence (-) of stimulation with TNFα  
(0.5 ng/ml) for 10 min. ‘R’ indicates recombinant SK which is constitutively active and 
used as a positive control.  The membrane was immunoblotted with rabbit anti-phospho 
SK peptide antibody, and then re-blotted with anti-flag antibody. The loading control of  
a non-specific background band detected by the anti-FLAG antibody is included.  
  
DISCUSSION 
 
Markedly raised SK1 intracellular levels and activity in the EC result in 
profound alterations in the EC phenotype, distinct from those we previously 
described with more modest increases in enzyme activity. Whereas 5-fold 
increases in SK1 activity result in enhanced cell survival, mediated by  
a PECAM-1-dependent activation of the PI-3K/Akt pathway, 100-fold increases 
in intracellular SK1 activity render the EC susceptible to apoptosis with  
a corresponding loss of cell numbers, down-regulation of PECAM-1, and an 
inability to engage the PI-3K/Akt pathway in response to stress. This, together 
with the reduction in G1-phase cyclins, results in a phenotype of inhibited cell 
growth and cell survival. This cellular ‘toxicity’, resulting from high levels of 
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SK1 in HUVEC, is distinct to HEK293 cells, NIH3T3 cells and tumour cell lines 
which do not show such toxicity with high levels of SK1 [14]. This indicates that  
cellular levels of SK are subject to control in the EC. Of note, the physiological 
relevance of a 100-fold increase in SK1 activity is questionable, and although 
the levels and activity of SK1 can vary in endothelial cells under physiological 
and pathological conditions, 100-fold increases in enzyme activity have not yet 
been reported. The divergence in the effects of high and low expression of SK is 
consistent with the biphasic dose-response curve of many active metabolites 
when given through a range from zero to conditions of over-abundance. This 
may be likened to the clinical biphasic dose-response curve of alcohol,  
a commonly encountered substance that exhibits a biphasic dose-response in 
terms of stimulation and sedation.  
Whereas cells over-expressing low levels of SK1 showed a PECAM-1-
dependent activation of the PI-3K/Akt pathway under conditions of stress, cells 
over-expressing high levels of SK showed reduced PECAM-1 expression, and 
were unable to engage the PI-3K/Akt pathway. It is tempting to speculate that 
the failure to engage the PI-3K/Akt pathway is due to a reduction in PECAM-1 
signalling resulting from high levels of SK1 over-expression. The differential 
effects on PECAM-1 expression are also consistent with opposing effects on the 
structural integrity of EC monolayers, with the disruption of cell-cell junctions 
seen in ECSK50 (Fig. 3B), and the tightening of cell-cell contacts in ECSK (Fig. 3A). 
Indeed, PECAM-1 is involved in anti-apoptosis [7], and it is intriguing that this 
protein is differentially regulated by variable levels of SK1.  
A critical difference between high and low level over-expression of SK1 is 
likely to be the degree to which the enzyme is phosphorylated under basal 
conditions. Basal phosphorylation (activation) of SK1 was evident when it was 
over-expressed at high but not low levels in the EC (Fig. 4D). Although a small 
degree of phosphorylation of SK1 in ECSK is not excluded, the failure to detect 
phosphorylation even in immunoprecipitated SK (data not shown) makes it 
unlikely that this occurs to any significant degree. The 5-fold elevation in SK1 
activity achieved with enforced expression of low levels of SK1, although not 
substantially dissimilar to the level of basal intrinsic activity, still produced 
significant functional changes in the EC. By contrast, transfection with the non-
phosphorylatable hSK1 mutant (containing the substitution Ser225→Ala), while 
enhancing SK1 catalytic activity, did not result in functional alterations when 
over-expressed in HEK293 cells [12]. Under basal conditions in HEK293 cells, 
SK is not phosphorylated [12], and it is likely that the EC are comparable in this 
regard, with an absence of phosphorylation of SK in the unstimulated state. As 
for other protein kinases that are activated by phosphorylation, it is conceivable 
that phosphorylation of SK1 alters its ability to interact with downstream targets, 
and that activation of SK1 above its basal catalytic level is obligatory for its role 
in signal transduction cascades [15]. Furthermore, as phosphorylation of SK1 
results in its translocation from the cytosol to the plasma membrane [12], it is 
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possible that the over-expression of high levels of SK alters its subcellular 
location, thereby changing the profile of its intracellular interactions.  
In summary, profound increases in intracellular SK1 activity in the EC result in 
cellular toxicity. Phosphorylation of the enzyme under basal conditions when it 
is subject to obligatory expression at high levels is postulated to be critical in 
accounting for the phenotypic differences to the state resulting from modest 
increases in SK activity. Demonstrating DNA fragmentation (via TUNEL 
assays) would clarify whether the reduction in cell numbers is due to apoptosis 
or necrosis, but the final outcome of cellular toxicity and reduction in cell 
numbers is clearly demonstrated.  Measuring inflammatory mediators such as 
TNF in cells with both modest and markedly raised SK1 activities may give 
clues to the potential effect of these mediators on cell death and survival. Our 
findings of distinct effects on the cellular fate due to dramatic versus modestly 
raised SK1 activity should prompt an investigation into the role of sphingolipid 
mediators such as ceramide, S1P and S1P receptors in such processes. It would 
be of interest to measure cellular S1P levels in cells with varying levels of 
increased intracellular SK1 activity. Our results indicate that the cellular levels 
of SK are subject to control in the EC with the possibility that such control is 
lost in diseases of enhanced cell death. It is possible that the divergent effects 
observed with modest versus profound increases in SK activity in the EC 
correspond to distinct pathological phenomena, with the former resulting in 
enhanced angiogenesis and the latter associated with vascular regression. This 
suggests that therapeutic manipulation of intracellular SK1 activity may be  
a novel means of modulating the vascular network. Indeed our recent study has 
described the effects on endothelial cell function of more modest increases in 
intracellular SK1 activity, and has suggested a role for manipulating levels of 
SK1 in endothelial cells in diseases of aberrant inflammation and angiogenesis [16]. 
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