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Sphingosine kinase 1 is critically involved in nitric
oxide-mediated human endothelial cell migration
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Institute of Pharmacology, University of Bern, Bern, Switzerland

Background and purpose: Sphingosine kinases (SKs) convert sphingosine to sphingosine 1-phosphate (S1P), which is a
bioactive lipid that regulates a variety of cellular processes including proliferation, differentiation and migration.
Experimental approach: We used the human endothelial cell line EA.hy926 to investigate the effect of nitric oxide (NO)
donors on SK-1 expression, and on cell migration and tube formation.

Key results: We showed that exposure of EA.hy926 cells to Deta-NO (125-1000 uM) resulted in a time- and concentration-
dependent up-regulation of SK-1 mRNA and protein expression, and activity with a first significant effect at 250 uM of
Deta-NO. The increased SK-1 mRNA expression resulted from an enhanced SK-1 promoter activity. A similar effect was also seen
with various other NO donors. In mechanistic terms, the NO-triggered effect occurred independently of cGMP, but involved
the classical mitogen-activated protein kinase cascade because the MEK inhibitor U0126 abolished the NO-induced SK-1
expression. The effect of NO was also markedly reduced by the thiol-reducing agent N-acetylcysteine, suggesting a redox-
dependent mechanism. Functionally, Deta-NO triggered an increase in the migration of endothelial cells in an adapted Boyden
chamber assay, and also increased endothelial tube formation in a Matrigel assay. These responses were both abolished in cells
depleted of SK-1.

Conclusions and implications: These data show that NO donors up-regulate specifically SK-1 expression and activity in
human endothelial cells, and SK-1 in turn critically contributes to the migratory capability and tube formation of endothelial
cells. Thus, SK-1 may be considered an attractive novel target to interfere with pathological processes involving angiogenesis.
British Journal of Pharmacology (2010) 160, 1641-1651; doi:10.1111/j.1476-5381.2010.00818.x
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Deta-NO, (2)-1-[2-(2-aminoethyl)-N-(2-ammonioethyl) amino] diazen-1-ium-1,2-diolate; DMEM, Dulbecco’s
modified Eagle’s medium; HUVEC, human umbilical vein endothelial cell;, MAHMA-NO, (2)-1-{N-[6-(N-
methylammoniohexyl)amino)} diazen-1-ium 1,2-diolate; NAC, N-acetylcysteine; NO, nitric oxide; NS2028,
4H-8-bromo-1,2,4-oxadiazolo(3,4-d)benz(b)(1,4)oxazin-1-one; oDQ, 1H-[1,2,4]oxadiazolo[4,3,a]
quinoxaline-1-one; STP, sphingosine 1-phosphate; SIN-1, 3-morpholino-sydnonimine; SK, sphingosine kinase;
SNAP, S-nitroso-N-acetyl-penicillamine; SNP, sodium nitroprusside; spermine-NO, (2)-1-{N-[3-aminopropyl]-
N-[4-(3-aminopropylammonio)butyl]amino} diazen-1-ium 1,2-diolate; YC-1, 3-(5’-hydroxymethyl-2’-furyl)-1-
benzylindazole

Abbreviations:

Introduction

Nitric oxide (NO) is a gaseous radical with multiple physi-
ological, but also pathophysiological, functions. The ability of
NO to diffuse freely across biological membranes enables it to
exert cellular actions in an autocrine and paracrine manner.

Correspondence: Professor Andrea Huwiler, Institute of Pharmacology, Univer-
sity of Bern, Friedblihlstrasse 49, CH-3010 Bern, Switzerland. E-mail: Huwiler@
pki.unibe.ch

Received 15 December 2009; revised 9 February 2010; accepted 8 March 2010

NO is synthesized from the amino acid L-arginine by specific
enzymes, the NO synthases (NOS). When produced in physi-
ological concentrations, mainly by the constitutively
expressed neuronal (nNOS) and endothelial (eNOS) enzymes,
it is involved in blood pressure regulation, nerve cell trans-
mission and protection against injuries. On the other hand,
excessive NO production derived mainly from the inducible
NOS (iNOS) is linked to a variety of pathophysiological con-
ditions, such as septic shock, neurodegeneration, arthritis and
stroke and Kkilling of pathogens (Moncada and Higgs, 1993;
Kroncke et al., 1998; Beck et al., 1999). In addition, NO has
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been shown to be a potent angiogenic factor (Chin et al.,
1997). Enhanced angiogenesis can lead to accelerated tumour
growth and promote the process of metastasis (Weidner et al.,
1991; Folkman, 1997). On the other side, the pro-angiogenic
potential of NO may also have beneficial effects such as in
ischaemia-induced angiogenesis (Amano et al., 2003) and in
wound-healing processes (Luo and Chen, 2005).

During the last decade, it has become apparent that sphin-
golipids are not only essential components of cell membranes,
but also serve as important signalling molecules involved in
the regulation of cellular functions. The most important bio-
active sphingolipid metabolites, sphingosine 1-phosphate
(51P), sphingosine and ceramide are forming a so-called sph-
ingolipid rheostat (Spiegel and Milstien, 2002). It is proposed
that the dynamic balance between cellular S1P, sphingosine
and ceramide determines a cell’s fate by triggering opposing
signalling pathways. Whereas ceramide accumulates under
stress conditions and leads to cell death, S1P promotes cell
survival and proliferation. Sphingosine kinases (SKs) catalyse
the conversion of sphingosine to S1P and therefore play a
central role in balancing the sphingolipid rheostat. So far, two
different SKs, denoted as SK-1 and SK-2, have been cloned and
characterized. Although both enzymes generate the same
product, that is, S1P, different biological functions have been
appointed to the different SKs (Alemany et al., 2007; Hofmann
et al., 2008). SK-1 expression is stimulated by various growth
factors and cytokines (Alemany et al., 2007), whereas not
much is known about the activation mechanism of SK-2,
although EGF has been reported to enhance SK-2 activity in the
breast cancer cell line MCF-7 (Hait et al., 2005). The common
product of the activation of SK, S1P, is known to act extracel-
lularly via binding to five G protein-coupled receptors of the
lysophospholipid receptor family (S1P,s) (Alexander et al.,
2008), but it has also been suggested that it has intracellular
effects and acts as a ‘second messenger’. However, the intra-
cellular targets of S1P have not been identified.

SK-1 and S1P have both been appointed a critical role in
endothelial cell migration and the process of angiogenesis
(Panetti, 2002). In a previous study, we showed that reduced
oxygen levels (hypoxia) can induce endothelial cell migration,
which strictly depended on SK-1 expression and activity
(Schwalm et al., 2008). Furthermore, S1P was shown to activate
vascular cells to produce vasoactive molecules including NO
and prostacyclin (Nofer et al., 2004; Rodriguez et al., 2009).

In this study, we show for the first time that exposure of
human endothelial cells to NO-releasing compounds results in
an up-regulation of SK-1 mRNA, and protein expression and
sustained activity. This up-regulation involves redox regula-
tion and the classical MAPK/ERK pathway, but is independent
of cGMP formation. Most importantly, we present evidence
that the process of NO-triggered migration and tube formation
of endothelial cells also critically involves functional SK-1.

Methods

Cell culture

The human endothelial cell line EA.hy 926 was provided by
Dr Edgell (University of North Carolina, Chapel Hill, NC,
USA) (Edgell et al., 1983) and cultured exactly as previously
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described (Huwiler et al., 2006). Primary cultures of human
umbilical vein endothelial cells (HUVECs) were obtained
from PromocCell (Heidelberg, Germany). Prior to stimulation,
cells were rendered quiescent for 24-48 h in Dulbecco’s modi-
fied Eagle’s medium (DMEM) that included 0.1 mg-mL™" of
fatty acid-free BSA. HUVECs were deprived
of nutrients for 24 h in 0.5 % fetal bovine serum prior to
stimulation.

Western blot analysis

Stimulated cells were homogenized in lysis buffer (Huwiler
etal., 2006) and centrifuged for 10 min at 14 000x g. The
supernatant was taken for protein determination, and 30 ug
of protein was separated by SDS-PAGE, transferred to nitro-
cellulose membrane and subjected to Western blot analysis, as
previously described (Huwiler et al., 2006), using the antibod-
ies indicated in the figure legends.

SK activity assay
In vitro SK-1 activity assays were performed exactly as previ-
ously described (Huwiler et al., 2006; Schwalm et al., 2008).

Quantitative Real-time PCR (TAQMAN)

One microgram of total RNA isolated with TRIZOL reagent
was used for reverse transcriptase-PCR (First Strand Synthesis
Kit, MBI Fermentas, St-Leon-Roth, Germany); a random
hexamer primer was utilized for amplification. The real-time
PCR reaction was carried out exactly as described previously
(Huwiler et al., 2006; Schwalm et al., 2008). All primers were
from Applied Biosystems (Darmstadt, Germany). The fold
induction values were obtained according to the AAC;
method, after normalization to the housekeeping gene
18S RNA.

Promoter studies

A 2217 bp fragment of the human SK-1 promoter was cloned
by PCR as previously described (Schwalm et al., 2008). For
promoter analyses, EA.hy 926 cells were seeded into 12-well
plates (1.5 x 10° cells per well) 1 day before transfection. Cells
were transfected with 400 ng of plasmid DNA plus 100 ng
Renilla luciferase DNA per well by use of Effectene transfection
reagent, according to the manufacturer’s recommendations.
Twenty-four hours after transfection, cells were rendered
serum free for an additional 24 h and then stimulated for
16 h. Promoter reporter assays were performed using the Dual
Luciferase assay kit (Promega Gmbh, Mannheim, Germany).
Luciferase activities were measured with a Lumat LB9507
luminometer (Berthold Detection Systems, Pforzheim,
Germany), and values for the relative SK-1 promoter activities
were calculated from the ratio of firefly/Renilla luciferase
activities.

SiRNA transfections
For gene silencing, specific siRNA sequences of human SK-1
and a scrambled sequence were used as previously described



(Huwiler et al., 2006). The cells, 5200 per cm? were seeded
24 h before transfection with 200 nM of the 21-nucleotide
siRNAs using oligofectamine as recommended by the manu-
facturer. The silencing effect was verified by Western blot
analysis as previously described (Huwiler et al., 2006).

Adapted Boyden chamber assay

To measure undirected endothelial cell migration, an adapted
Boyden chamber assay was performed exactly as previously
described (Schwalm et al., 2008).

Tube formation assay

Cells were cultured for 24 h under serum-free conditions.
Then, 10 uL of growth factor-reduced Matrigel (BD Discovery
Labware, Bedford, MA, USA) was placed into the lower cham-
bers of p-slide angiogenesis wells (ibidi GmbH, Munich,
Germany) and allowed to polymerize for 30 min at 37°C.
Next, 10* cells per well were seeded on the Matrigel and
stimulated for 20 h in the absence or presence of Deta-NO.
Images were taken with an LSM 510 confocal microscope
(Carl Zeiss AG, Gottingen, Germany) using the appended
software (ZEN). The images were analysed by a Web-based
image analysis system with the tube formation module of
S.CORE (S8.CO LifeScience GmbH, Garching, Germany; http://
www.sco-lifescience.eu/technology.phps).

Statistical analysis

Statistical analysis was performed by one-way ANOVA. For mul-
tiple comparisons with the same control group, the limit of
significance was divided by the number of comparisons
according to Bonferroni.

Chemicals and materials

[*2P-y]-ATP (specific activity, >5000 Ci mmol™"), secondary
horseradish peroxidase-coupled IgGs, Hyperfilm MP and
enhanced chemiluminescence reagents were from GE Health-
care Systems GmbH (Freiburg, Germany); U0126 and hista-
mine were from Calbiochem (Schwalbach, Germany); (2)-1-
[2-(2-aminoethyl)-N-(2-ammonioethyl) amino] diazen-1-ium-
1,2-diolate (Deta-NO) (2)-1-{N-[6-(N-methylammoni
ohexyl)amino)} diazen-1-ium 1,2-diolate (MAHMA-NO),
3-morpholino-sydnonimine (SIN-1) (Z)-1-{N-[3-aminopropyl]
-N-[4-(3-aminopropylammonio)butyl]amino}  diazen-1-ium
1,2-diolate (spermine-NO), sodium nitroprusside (SNP),

and S-nitroso-N-acetyl-penicillamine (SNAP), 1H-[1,2,4]
oxadiazolo[4,3,a]quinoxaline-1-one  (ODQ), 4H-8-bromo-
1,2,4-oxadiazolo(3,4-d)benz(b)(1,4)oxazin-1-one  (NS2028),

8-bromo-cGMP and 3-(5-hydroxymethyl-2’-furyl)-1-benzylin
dazole (YC-1) were all purchased from Alexis Biochemicals
(Laufelfingen, Switzerland); N-acetylcysteine (NAC) was from
Sigma Aldrich Fine Chemicals (Taufkirchen, Germany); Effect-
ene was from Qiagen AG (Hilden, Germany); oligofectamine
and all cell culture nutrients were from Life Technologies
(Karlsruhe, Germany). An affinity-purified antibody against
human SK-1 was generated and characterized as previously
described (Doll et al., 2005; Huwiler et al., 2006).

NO stimulates SK-1 expression in endothelial cells

S Schwalm et al 1643
. 500+
I
S 4004 —
8 I
©
2 ] —
P
= 200
“6 h— —
@
~ 1004 ——
4
7]
0
Ct 125 250 500
Deta-NO (in uM)
B
g 250- —e— Deta-NO .
g o DMEM
(&) *%
‘G 200-
N
2 150
=
© L
= 100¢ 2
X
17}
T T T T T
0 5 10 15 20 25

Time of treatment (hours)

Figure 1 Concentration- and time-dependent effects of Deta-NO
on SK-1 activity in EA.hy 926 cells. (A) EA.hy 926 cells were stimulated
for 24 h with either vehicle (Ct) or the indicated concentrations of
Deta-NO. (B) Cells were stimulated for the indicated time periods
with either vehicle (DMEM) or Deta-NO (500 uM). Thereafter, cell
lysates containing 30 ng of protein were taken for an in vitro SK-1
activity assay as described in the Methods section. The [*2P]-S1P
generated was analysed on an Imaging System. Data are expressed as
% of control values and are means *= SD (n = 3-4); **P < 0.01, ***P
< 0.001, significantly different when compared to the respective
control values.

Results

Treatment of the human endothelial cell line EA.hy 926 for
24 h with Deta-NO, a compound that induces the slow release
of NO, resulted in a concentration-dependent increase of SK-1
activity with a maximal, 3.5-fold, increase at 500 uM Deta-
NO, the highest concentration tested (Figure 1A). The
up-regulation of SK-1 activity by Deta-NO also occurred in a
time-dependent manner, and, with 500 uM Deta-NO, after an
initial delay of approximately 8 h, the response peaked at
24 h (Figure 1B). To see whether this delayed increase of SK-1
activity is due to increased protein expression, Western blot
analyses were performed. Deta-NO up-regulated the expres-
sion of SK-1 protein in a dose- and time-dependent manner
(Figure 2A,B respectively). According to our previous studies
(Huwiler et al., 2006; Schwalm et al., 2008), EA.hy 926 cells
express two variants of SK-1, that is, SK-1a and SK-1b, with
sizes of 42 and 51 kDa respectively. Both of these variants
were up-regulated by Deta-NO (Figure 2A,B).

In order to evaluate whether the NO-mediated
up-regulation of SK-1 protein expression is preceded by
enhanced synthesis of mRNA, we performed quantitative PCR

British Journal of Pharmacology (2010) 160 1641-1651
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Figure 2 Concentration- and time-dependent effects of Deta-NO
on SK-1 protein expression in EA.hy 926 cells. (A) EA.hy 926 cells
were stimulated for 24 h with either vehicle (Ct) or the indicated
concentrations of Deta-NO. (B) Cells were stimulated for the indi-
cated time periods with either vehicle (Ct) or Deta-NO (500 uM).
Thereafter, cell lysates containing 30 ug of protein were separated by
SDS-PAGE, transferred to nitrocellulose and subjected to Western
blot analysis using antibodies against SK-1 (dilution of 1:3000, upper
panels) and B-actin (1:2000, lower panels). Data are representative of
three independent experiments giving similar results.

analysis. Primers against SK-1 that recognized both splice
variants were generated. Exposure of EA.hy 926 cells for 24 h
to increasing concentrations of Deta-NO led to a dose-
dependent enhancement of SK-1 mRNA expression
(Figure 3A), whereas SK-2 mRNA expression was not affected
by Deta-NO (Figure 3A). The effect on SK-1 mRNA also
occurred in a time-dependent manner; after 4 h of exposure
to Deta-NO, SK-1 mRNA steady-state levels were already sig-
nificantly enhanced, and maximal values were reached after
16-24 h (Figure 3B). Again, SK-2 mRNA expression was not
affected over a time period of 24 h (Figure 3B). Importantly,
the up-regulating effect of NO on the expression of SK-1
mRNA seen in EA.hy 926 cells was also found in primary
cultures of HUVECs (Figure 3C).

To see whether the enhanced expression of SK-1 mRNA is
due to stimulation of SK-1 promoter activity, luciferase
reporter gene assays were performed using a 2217 bp frag-
ment of the human SK-1 promoter which was cloned as
previously described (Schwalm et al., 2008). As shown in
Figure 4, Deta-NO dose-dependently enhanced SK-1 promoter
activity in EA.hy 926 cells transfected with the promoter
construct.

All these data strongly suggest that cellular S1P levels
should increase upon NO treatment. However, mass spectro-
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Figure 3 Effect of Deta-NO on SK-1 and SK-2 mRNA expression in
EA.hy 926 cells and HUVECs. (A) EA.hy 926 cells were stimulated for
24 h with either vehicle (Ct) or the indicated concentrations of Deta-
NO. (B) EA.hy 926 cells were stimulated for 24 h with vehicle (0) or
for the indicated time periods with Deta-NO (500 uM). (C) HUVEC
cells were stimulated for 24 h with either vehicle (Ct) or Deta-NO
(500 uM). Thereafter, RNA was extracted and subjected to quantita-
tive PCR analysis using primers of human SK-1, SK-2 and 18S RNA.
AACt values were calculated as described in the Methods section, and
results are expressed as % of control values and are means = SD (n
=3). *P<0.01, ***P < 0.001, significantly different when compared
to the control values.
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Figure 4 Effect of Deta-NO on human SK-1 promoter activity in
EA.hy 926 cells. Subconfluent EA.hy 926 cells were co-transfected
with a 2217 bp SK-1 promoter DNA plus the plasmid coding for
Renilla luciferase; 24 h after transfection, cells were exposed for an
additional 16 h to either vehicle (Ct) or the indicated concentrations
of Deta-NO. The ratio between beetle luciferase activity and Renilla
luciferase activity was calculated and depicted as relative luciferase
activity. Data show the fold induction and are means = SD (n=3). *P
< 0.05, **P < 0.01, ***P < 0.001 significantly different when com-
pared to the control values.

metric quantification of S1P in cellular lipid extracts did not
reveal a significant change upon Deta-NO treatment (data not
shown). Possible explanations could be that either S1P is
rapidly interconverted to other sphingolipid species or that
S1P is only generated at very specific subcellular sites, which
do not alter the total cellular levels of S1P.

We further tested whether the effect of Deta-NO on SK-1
expression is also seen with other NO donors, which have
different kinetics of NO release. To this end, the very rapidly
NO-releasing compounds MAHMA-NO (half-life 1.3 min) and
spermine-NO (half-life 73 min), and the more slowly releas-
ing compounds SNAP (half-life 3 h) and SNP (half-life 12 h)
were compared with Deta-NO (half-life 20 h) (Mooradian
et al., 1995). After 24 h of stimulation using the same concen-
tration of 500 uM for all NO donors, all the compounds
triggered a comparable up-regulation of SK-1 protein expres-
sion (Figure SA). Additionally, the NO donor 3-morpholino-
sydnonimine (SIN-1), which simultaneously releases NO and
superoxide radicals leading to the generation of peroxynitrite,
was tested. However, this compound, at concentrations up to
3mM, had no significant effect on SK-1 expression
(Figure 5B).

Furthermore, we investigated whether the NO-triggered
up-regulation of SK-1 expression is mechanistically mediated
by activation of soluble guanylyl cyclase (sGC) and subse-
quent cGMP production. To this end, the cell-permeable
cGMP analog 8-Br-cGMP and the sGC activator YC-1 (Ko
et al., 1994) were tested. However, we found that these two
agents did not stimulate the expression of SK-1 (Figure 6).
Rather, 8-Br-cGMP reduced the basal expression of SK-1
protein. Additionally, the two sGC inhibitors ODQ (Schram-
mel et al., 1996) and NS2028 (Olesen et al., 1998) were unable
to reduce the increased expression of SK-1 triggered by
Deta-NO (data not shown). Collectively, these data indicate
that NO acts by a cGMP-independent mechanism probably
involving redox regulation (Pfeilschifter etal., 2001) to
up-regulate SK-1 expression. Indeed, we found that the thiol-
reducing agent and antioxidant NAC reduced the effect of
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Figure 5 Effect of different NO donors on SK-1 protein expression in
EA.hy 926 cells. Cells were incubated for 24 h with either vehicle (Ct)
or 500 uM of MAHMA-NO (MAH-NO, A), spermine-NO (sp-NO, A),
SNAP (A), SNP (A), Deta-NO (B) and 1 and 3 mM of 3-morpholino-
sydnonimine (SIN-1, B) as indicated. Thereafter, cell lysates contain-
ing 30 ug of protein were separated by SDS-PAGE, transferred to
nitrocellulose and subjected to Western blot analysis using antibodies
against SK-1 (dilution 1:3000, upper panels) and B-actin (dilution
1:2000; lower panels). Bands were stained with the ECL methods as
recommended by the manufacturer. Data are representative of two
independent experiments giving similar results.

Deta-NO (Figure 7). In addition, the MEK inhibitor U0126
(Favata et al., 1998) completely blocked the effect of Deta-NO,
suggesting the critical involvement of the classical MAPK/ERK
cascade (Figure 7). We further tested whether the SK-1
up-regulating effect seen with exogenously applied NO
donors also occurs through endogenously generated NO. To
this end, histamine was used, as we have previously identified
it as a potent inducer of SK-1 in EA.hy 926 cells (Huwiler et al.,
2006). Histamine is also known to be an activator of eNOS in
endothelial cells (Venema et al., 1997), and it is very likely
that histamine-triggered NO formation participates in the
up-regulation of SK-1. As shown in Figure 8, the up-regulating
effect of histamine on SK-1 protein expression was not
reduced in the presence of the NOS inhibitor N®-monomethyl
L-arginine (L-NMMA); this indicates either that NO is not
involved in this effect of histamine or that the concentration
of eNOS-derived endogenous NO was not sufficient to exert
an effect.

As a next step, the functional consequence of SK-1 induc-
tion by NO was addressed. NO is known to act as an angio-
genic factor on endothelial cells (Ziche etal., 1994; 1997;
Murohara et al., 1999). Therefore, we tested the effect of
Deta-NO on EA.hy 926 cell migration by using an adapted
Boyden chamber assay. Consistent with previous reports
(Ziche et al., 1997; Murohara et al., 1999), Deta-NO enhanced

British Journal of Pharmacology (2010) 160 1641-1651
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Figure 6 Effects of a cGMP mimetic and an sGC activator on SK-1 expression in EA.hy 926 cells. Cells were treated for 24 h with either vehicle
(Ct), Deta-NO (NO, 500 uM) or the indicated concentrations of 8-Br-cGMP or the sGC activator YC-1. Thereafter, cell lysates containing 30 pug
of protein were separated by SDS-PAGE, transferred to nitrocellulose and subjected to Western blot analysis using antibodies against SK-1.
Bands corresponding to SK-Ta were densitometrically evaluated. Data are expressed as % of control and are means + SD (n = 2-4). *P < 0.05,
***P < 0.001, significantly different when compared to the control values. The inset shows one representative Western blot of SK-1 (upper

panel) and B-actin as a loading control (lower panel).

the migration of the endothelial cells (Figure 9). This effect
was completely abolished after SK-1 had been down-regulated
by siRNA transfection. The silencing efficiency of the siRNA
transfection was verified by Western blot analysis of SK-1
(Figure 9, inset).

Finally, endothelial tube formation was measured in a
Matrigel assay. To this end, EA.hy 926 cells were stably
depleted of SK-1 by transducing the cells with a lentiviral
shRNA construct of SK-1 (Figure 10B, inset). Again, this pro-
cedure significantly reduced Deta-NO-stimulated tube forma-
tion (Figure 10A,B).

Finally, we investigated whether Deta-NO had an impact on
the expression of S1P receptors. The expression of the mRNA
of S1P receptor subtypes was quantified by real-time PCR
analyses. Interestingly, Deta-NO triggered a dose-dependent
fivefold increase of S1P; receptor mRNA (Figure 11). In con-
trast, S1P; receptor mRNA was reduced, whereas S1P, receptor
expression was unaffected by Deta-NO (Figure 11).

Discussion

In this study, we showed, for the first time, that NO donors
can trigger a sustained activation of SK-1 in human endo-
thelial cells. This is mechanistically due to an activation of
the SK-1 promoter, resulting in increased gene transcription
and de novo protein synthesis. The effect is specifically
exerted by the NO radical, because various NO donors,
which only differ in their kinetics to release NO, showed a
similar effect on SK-1 expression. However, SIN-1, which
simultaneously releases NO and superoxide leading to the
scavenging of both radicals and supposedly to peroxynitrite
formation, as well as superoxide-generating agents, had no
significant effect on SK-1 expression (Figure 5B). Hence, the
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mechanism by which NO activates the SK-1 promoter and
especially which transcription factors contribute to this
effect is still unclear. However, the classical MAPK/ERK
cascade seems to be a key enzyme in the transcriptional
regulation of SK-1 (Dol etal., 2005; 2007; Huwiler et al.,
2006; Schwalm et al., 2008; Ren et al., 2009). The human
SK-1 promoter was first cloned and characterized in the
MEG-O1 leukaemia cell line by Nakade et al. (2003). These
authors identified the phorbol ester as a potent inducer of
the SK-1 promoter. More detailed promoter sequence analy-
ses revealed potential transcription factor-binding sites for
SP-1, AP-2 and AP-4 (Nakade et al., 2003). However, whether
these sites are functional and involved in the phorbol ester-
induced gene transcription were not addressed. Our own
previous studies in EA.hy 926 endothelial cells, the breast
cancer cell line MCF-7 and glomerular podocytes revealed
additional important and functional binding sites such as a
hypoxia responsive element (HRE), which mediates the
effect of hypoxia on SK-1 transcription in EA.hy 926 cells
(Schwalm et al., 2008), a STAT-5 binding element, which
mediates the effect of prolactin on SK-1 in MCF-7 cells (D61l
etal., 2007), and two Smad-binding elements, which
mediate the actions of TGF-f on SK-1 in glomerular
podocytes (Ren et al., 2009).

In the past, extensive work has been performed to charac-
terize NO-triggered signalling events. The physiologically
most relevant action of NO is the activation of sGC, which
occurs through direct nitrosylation of its haem moiety and
results in an increased generation of cGMP (Ignarro, 1990).
However, in our study, the possibility that NO induces SK-1
expression through a sGC/cGMP-dependent mechanism can
be excluded. This is based on the following findings: (i) the
cell-permeable cGMP analog 8-Br-cGMP and (ii) the direct
sGC activator YC-1 did not increase the expression of SK-1
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Figure 7 Effect of the antioxidant NAC and the MEK inhibitor
U0126 on Deta-NO-induced SK-1 expression in EA.hy 926 cells. Cells
were pretreated for 1 h with either U0126 (10 uM), or NAC (3 and
10 mM) prior to stimulation for 24 h with either DMEM (Ct) or
Deta-NO (500 uM). Thereafter, cell lysates containing 30 ug of
protein were separated by SDS-PAGE, transferred to nitrocellulose
and subjected to Western blot analysis using antibodies against SK-1.
Bands corresponding to SK-1a were densitometrically evaluated.
Data are expressed as % of control and are means * SD (n = 3-4).
***P < 0.001, significantly different when compared to the control
values. ##P < 0.01, ###P < 0.001, significantly different when com-
pared to the Deta-NO-stimulated values. The inset shows one repre-
sentative Western blot of SK-1 (upper panels) and B-actin (lower
panels).
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Figure 8 Effect of endogenous NO production on SK-1 protein
expression in EA.hy 926 cells. Cells were incubated for 24 h with
either vehicle (DMEM, -) or histamine (1 uM) in the absence () or
presence of L-NMMA (1 mM, +). Thereafter, cell lysates containing
30 pg of protein was separated by SDS-PAGE, transferred to nitrocel-
lulose and subjected to Western blot analysis using antibodies against
SK-1 (dilution 1:3000). Bands corresponding to SK-Ta were densito-
metrically evaluated. Results are expressed as % of control and are
means = SD (n=3). The inset shows one representative Western blot.
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Figure 9 Effect of SK-1 depletion on NO-induced migration of
EA.hy 926 cells. EA.hy 926 cells were transfected with either a
scrambled siRNA (scr) or a siRNA specific for SK-1 (siSK-1) as
described in the Methods section. (A) Cells were then seeded onto
8 um polycarbonate insets and treated for 20 h with either DMEM
(Ct) or Deta-NO (500 uM). Migrated cells were analysed as described
in the Methods section. Data are expressed as % of control values and
are means = SD (n=4). *P < 0.05 considered statistically significant
when compared to the control values. Inset: scrambled transfected
cells (Ct) and siSK-1-transfected cells (siSK-1) were taken for deter-
mination of SK-1 protein expression levels by Western blot analysis.

(Figure 6); and (iii) the two sGC inhibitors ODQ and NS2028
failed to reduce the NO-triggered increase in SK-1 expression
(data not shown). Strikingly, in our study, 8-Br-cGMP even
significantly suppressed the expression of SK-1. However,
because the sGC activator YC-1 showed no such suppression,
the possibility that this effect of 8-Br-cGMP was non-specific
cannot be excluded.

Alternatively, NO may act as a redox mediator and affect
gene expression in a wide variety of cells and influencing
many target genes (Pfeilschifter et al., 2001; 2002). In fact, this
mechanism of action is supported by our finding that the
thiol-reducing agent and antioxidant NAC down-regulated
the effect of NO on SK-1 expression (Figure 7). In this context,
NO was shown to affect a large panel of protein kinase cas-
cades which ultimately leads to altered gene transcription. It
has been reported that NO can activate all three MAPK cas-
cades, that is the classical MAPK/ERK, the stress-activated
protein kinase SAPK/JNK and the p38-MAPK in various cell
types including T-cells (Lander et al., 1996), glomerular endot-
helial and mesangial cells (Pfeilschifter and Huwiler, 1996;
Callsen et al., 1998). Indeed, in our study, we found that the
classical MAPK/ERK cascade had a key role in the effect of NO,
because the MEK inhibitor U0126 completely blocked the
up-regulation of SK-1 mediated by NO (Figure 7). Mechanis-
tically, the activation of the MAPK cascade by NO may occur
by direct activation of the small GTP-binding protein p21**
located upstream of MAPK. The activation of p21** by NO has
been reported to be due to the direct S-nitrosation of a critical
cysteine residue of p21* (Lander etal., 1995; Yun etal.,
1998). Other potential direct targets of NO also located
upstream of the classical MAPK/ERKs are heterotrimeric G
proteins. Previously, it was shown that NO accelerated the
GTPase activity of Gsa and Gia in intact T-cells, and also in
vitro when using recombinant proteins (Lander et al., 1993).

Functionally, we showed that NO is involved in the process
of endothelial migration, which is an important event in
angiogenesis. However, controversial data exist about the
involvement of NO in angiogenesis. On the one hand, NO
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Figure 10 Effect of SK-1 depletion on NO-induced tube formation.
EA.hy 926 cells, which were either transduced with a control shRNA
construct (sh control) or transduced with a lentiviral shRNA construct
to stably deplete SK-1 (shSK-1), were plated onto Matrigel-coated
dishes and treated for 20 h with either DMEM or Deta-NO (500 uM).
Thereafter, cells were photographed and tube formation was quan-
tified as described in the Methods section. Red coloured structures
represent well-developed tubes, whereas yellow structures represent
poorly developed tubes. Data in (A) show one representative sample
of each group. Results in (B) are expressed as % of control and are
means = SD (n = 8-10). **P < 0.01, significantly different when
compared to the DMEM sh-control values. #P < 0.05 when compared
to the Deta-NO-stimulated sh-control values. The inset shows the
expression of SK-1 in control EA.hy 926 cells (sh control) and in stably
SK-1 depleted cells (shSK-1).

can trigger increased endothelial cell migration and thereby
positively contribute to angiogenesis. Thus, Ziche et al. (1997)
showed that the NOS inhibitor L-NAME blocked VEGF-
induced angiogenesis in postcapillary endothelial cells in vitro
and in vivo in rabbits, suggesting that NO is a downstream
mediator of the action of VEGF. Also in human glioblastoma
cells and in HepG2 liver carcinoma cells, NO donors were
found to increase VEGF synthesis (Chin etal., 1997), and,
thereby, indirectly promote endothelial cell migration and
new vessel formation. Furthermore, in an in vivo mouse model
of angiogenesis in which vascular sprouting in the cornea was
measured, L-NAME reduced vascular sprouting in response to
an angiogenic stimulus (Kon et al., 2003). Similar to the clas-
sical angiogenic factor VEGE, endothelin has also been shown
to induce angiogenesis, which was shown to involve eNOS
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Figure 11 Effect of NO on S1P receptor subtype mRNA expression in
EA.hy 926 cells. EA.hy 926 cells were stimulated for 24 h with either
vehicle (Ct) or the indicated concentrations of Deta-NO. Thereafter,
RNA was extracted and subjected to quantitative PCR analysis using
primers of human S1P;, S1P,, and S1P;3 receptors. AACt values were
calculated as described in the Methods section. Results are expressed
as fold induction and are means * SD (n=3). **P<0.01, ***P<0.001,
significantly different when compared to the control values.

activation and NO synthesis, because depletion of eNOS abol-
ished endothelin-induced endothelial cell migration (Noiri
et al., 1997; 1998; Goligorsky et al., 1999). On the other hand,
various groups have reported data that indicate a negative
effect of NO on angiogenesis. Thus, in an embryo chorioal-
lantoic membrane (CAM) chicken model, the NO donor SNP
inhibited angiogenesis, whereas the NOS inhibitor L-NMMA
promoted angiogenesis (Pipili-Synetos et al., 1993). In addi-
tion, the NO-producing nitrovasodilators isosorbide mononi-
trate and isosorbide dinitrate were shown to reduce
angiogenesis in the CAM model, and reduce the growth and
metastatic properties of Lewis lung carcinoma cells implanted
into mice (Pipili-Synetos ef al., 1995). More recently, it was
shown that in a transcellular system, NO produced by the
endothelial eNOS inhibited smooth muscle cell migration
induced by PDGF and angiotensin II; migration of smooth
muscle cells is an important event in vascular remodelling.
Mechanistically, it was proposed that NO inhibited the migra-
tion of smooth muscle cells by blocking the RhoA pathway
(Largiader etal. 2008; Suzuki et al., 2009). Obviously, the
effects of NO on migratory events occur in a tissue- and cell
type-specific manner.

Similar to NO, the sphingolipid S1P has also been accred-
ited to have angiogenic potential. It is now clear that the
contribution of S1P to cell migration may either be positive or
negative, depending on the cell type and the S1P receptor
subtypes expressed. In endothelial cells, S1P stimulates cell
migration by activating the S1P, and S1P; receptors (Kimura
et al., 2000). In contrast, the S1P, receptor mediates a negative
effect on endothelial cell migration, because blocking the S1P,
receptor with an antagonist up-regulated S1P-induced migra-
tion (Osada et al., 2002; Skoura and Hla, 2009). Most interest-
ingly, it became evident that the S1P; receptor is essential for
in vivo embryogenesis, as it mediates smooth muscle cell
migration, and thereby vessel maturation. Thus, S1P,
receptor-deficient mouse embryos die at day 14 of embryo-
genesis due to a failure in vessel maturation resulting in vas-
cular bleeding (Allende et al., 2003). Our data revealed that
expression of the S1P; receptor mRNA especially is highly



up-regulated by Deta-NO treatment, whereas S1P; receptor
mRNA was reduced. These data make it tempting to suggest
that the S1P; receptor is mediating the migratory response
towards NO. However, because mRNA expression of receptors
is not necessarily indicative of receptor functioning, further
studies are clearly needed to unravel a clear contribution of
the S1P receptor subtypes to endothelial cell migration.

The intracellular mechanisms leading to cell migration are
still not fully understood. However, the small G-proteins Rho,
Rac and cdc42 seem to play a key role (Mufioz-Chépuli et al.
2004). Notably, S1P has been shown to activate small
G-proteins in cell culture experiments (Okamoto et al., 2000).
Small G-proteins lead to a rearrangement of cytoskeletal pro-
teins with the formation of lamellipodia and membrane
ruffles, and inhibition of the formation of stress fibres (Burr-
idge and Wennerberg, 2004). However, the exact sequence of
events taking place from SK-1 activation by NO to cell move-
ment needs to be addressed in further studies. Clearly, it
would be important to determine whether cellular S1P levels
indeed increase upon NO treatment. So far, we were unable to
see clear increases in cellular S1P levels by quantitative mass
spectrometry, which suggests that either the S1P generated is
rapidly eliminated again, for example, by a constitutively
active S1P lyase or phosphatase, or that there is only a spa-
cially restricted generation of S1P which does not significantly
alter the total cellular levels.

Another interesting question that arises from our findings
is whether SK-1 also mediates other cell responses such as
the crucially important vasodilatator action of NO at blood
vessels. In this regard, Nofer etal. (2004) showed that in
mouse isolated aortas, S1P via activation of the S1P; receptor
triggered vessel relaxation, which was abolished in eNOS-
deficient mice. These data support the hypothesis that S1P
has an anti-atherosclerotic effect, an effect that has also
been attributed to NO (Wohlfart etal., 2008). However,
whether S1P is indeed anti-atherogenic or rather is pro-
atherogenic is still controversial (Okajima, 2002). Very
recently, McDonald et al. (2010) showed that the SK inhibi-
tor N,N-dimethylsphingosine drastically reduced neointimal
growth in an in vivo porcine model of coronary artery
balloon injury, suggesting a role for S1P in neointimal
growth.

Furthermore, Suzuki etal. (2007) recently showed that
iNOS-derived NO is involved in the expression of SK-1 in the
liver, and contributes to a hepatoprotective effect; fumonisin
Bl-induced hepatotoxicity was significantly enhanced in
iNOS-deficient mice, and this correlated with a loss of SK-1
expression.

The effects of NO are strictly dependent on the microenvi-
ronmental conditions, such as the availability of oxygen and
reactive oxygen species that modulate the ability of NO to
affect hypoxia sensing and the redox state of a cell respec-
tively. In this context, NO has been reported to affect the
expression of many important genes and mediators derived
therefrom (Pfeilschifter et al., 2001; 2002). The involvement
of SK-1 and possibly S1P downstream of NO thus adds
another intriguing facet to the multitude of actions of this
versatile gaseous mediator.

In summary, we have shown that NO donors can
stimulate the chronic activation of SK-1 in endothelial cells.
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This, in turn, critically contributes to NO-induced endothe-
lial cell migration and tube formation. Finally, these obser-
vations provide the framework to understand how
mediators like NO, targeting lipid signalling cascades like
SK-1, can be harnessed for drug development and clinical
applications.
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