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Abstract: Sphingosine kinase-1 (SK1) promotes the formation of sphingosine-
1-phosphate (S1P), which has potent pro-inflammatory and pro-angiogenic
effects. We investigated the effects of raised SK1 levels on endothelial cell
function and the possibility that this signaling pathway is activated in
rheumatoid arthritis. Human umbilical vein endothelial cells with 3- to 5-fold
SK1 (EC%) overexpression were generated by adenoviral and retroviral-
mediated gene delivery. The activation state of these cells and their ability to
undergo angiogenesis was determined. S1P was measured in synovial fluid from
patients with RA and OA. EC*® showed an enhanced migratory capacity and
a stimulated rate of capillary tube formation. The cells showed constitutive
activation as evidenced by the induction of basal VCAM-1 expression, and
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endothelial cells over-expressing SK1; E selectin — endothelial selectin; EV — empty
vector; GPCR — G-protein coupled receptor; HUVEC — human umbilical vein endothelial
cells; IL-1 — interleukin 1; PTX — pertussis toxin; SIP — sphingosine 1 phosphate; SK —
sphingosine kinase 1; TNF — tumour necrosis factor; VCAM-1 — vascular cell adhesion
molecule-1; VEGF — vascular endothelial growth factor
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further showed a more augmented VCAM-1 and E selectin response to TNF
compared with empty vector control cells (EC*Y). These changes had functional
consequences in terms of enhanced neutrophil binding in the basal and TNF-
stimulated states in EC®*. By contrast, over-expression of a dominant-negative
SK inhibited the TNF-induced VCAM-1 and E selectin and inhibited PMN
adhesion, confirming that the observed effects were specifically mediated by
SK. The synovial fluid levels of S1P were significantly higher in patients with
RA than in those with OA. Small chronic increases in SK1 activity in the
endothelial cells enhance the ability of the cells to support inflammation and
undergo angiogenesis, and sensitize the cells to inflammatory cytokines. The
SK1 signaling pathway is activated in RA, suggesting that manipulation of SK1
activity in diseases of aberrant inflammation and angiogenesis may be
beneficial.
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INTRODUCTION

The location of the endothelium at the interface between the blood and tissues
endows upon it an obligatory role in the regulation of leukocyte trafficking and
angiogenesis. The normal endothelium is in a non-activated state, evidenced by
its inability to support leukocyte adhesion and angiogenesis. Angiogenesis and
inflammation are to a large extent coordinately regulated, and a number of
cytokines are known to induce endothelial activation resulting in leukocyte
adhesion and the stimulation of angiogenesis. The inflammatory cytokines
tumour necrosis factor (TNF), interleukin-1 (IL-1) [1] and the key angiogenic
factor, vascular-endothelial growth factor (VEGF) [2] induce the expression of
the adhesion molecules E selectin and VCAM-1, thus enhancing inflammation.
Interestingly, E selectin, considered an inflammatory marker of the endothelium,
has been detected in non-inflammatory angiogenic tissues including the human
placenta and hemangiomas [3]. Moreover, antibodies to E selectin inhibit tube
formation in vitro [4], while the addition of exogenous E selectin stimulates
angiogenesis in the rat cornea [5].

The enzyme sphingosine kinase-1 (SK1) catalyzes the phosphorylation of
membrane-associated sphingosine to form sphingosine-1-phosphate (S1P),
a lipid signaling molecule which regulates cell proliferation, survival, and
differentiation [6]. The cellular levels of S1P are regulated by SKI1 activity,
although S1P phosphatase is also important in determining these levels [7]. The
cellular levels of SK are generally low, but can be rapidly increased by
numerous agonists including TNF [8, 9], platelet-derived growth factor and
serum [10], phorbol esters [11], nerve growth factor [12, 13], FceRI [14], FcyRI
[15], antigen receptor occupancy, and VEGF [16].

Sphingosine-1-phosphate is a ligand for the S1P family of G-protein-coupled
receptors (GPCR) to regulate cell migration [17] and angiogenesis [18, 19]. In
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endothelial cells (EC), exogenously added SIP is an important angiogenic
regulator, by virtue of its mitogenic actions through the activation of the
mitogen-activated protein kinase (MAPK) pathway [20, 21], the enhancement of
cell survival by activating the phosphatidylinositol-3 kinase/Akt (PI-3K/Akt)
pathway [22, 23] and the stimulation of cellular migration and remodeling [24].
In addition to regulating angiogenesis, SIP mediates the TNF-induced up-
regulation of adhesion proteins in human umbilical vein endothelial cells
(HUVEC) and SKI1 is obligatory in mediating these effects. However, an
intracellular second messenger role for S1P has also been postulated, since it can
mobilize calcium from internal stores [25] and can stimulate mitogenic and anti-
apoptotic effects [26]. We have also shown that modest increases in intracellular
SK activity in the EC enhance cell survival in a receptor-independent manner
through a novel pathway involving an interaction between the junctional
molecule, platelet endothelial cell adhesion molecule-1 (PECAM-1) and the
PI-3K/Akt pathway [27].

Since SK1 over-expression enhances EC survival, we sought to determine
whether there are other functional consequences to the cell. In particular, we
reasoned that the ability of the cells to support inflammation and angiogenesis
would be altered. As endothelial activation is a key feature of rheumatoid
arthritis, we then investigated whether the SK1/S1P signaling pathway was
activated in RA.

MATERIALS AND METHODS

HUVEC culture

HUVEC were isolated and cultured as described [28], in a medium
supplemented with 50 pg/ml EC growth supplement (Collaborative Research,
MA, USA) and 50 pg/ml heparin (Sigma, St Louis, Missouri, USA).

Retrovirus production: stable cell lines

FLAG-epitope tagged SK [29] and SK%*?P [30] were cloned into vector PrufNeo
[31]. Retroviral production was done via calcium phosphate transfection of
PrufNeo-SK, PrufNeo-G82D, or empty PrufNeo into Bing cells. The retroviral
supernatant was collected after 48 h. Stable cell lines were generated by
infecting HUVEC with the retroviral supernatant carrying SK (to yield EC®®),
and empty vector (to yield EC®Y) or G82D (to yield EC®*), followed by
selection with G418 (Promega, Madison, WI, USA) at 48 h.

Adenovirus production: transient cell lines

The recombinant adenovirus carrying SK, G82D, or an empty vector (EV) was
produced according to the Qbiogene Version 1.4 AdEasy™ Vector system
manual (http:www.gbiogene.com/products/adenovirus/adeasy.shtml). The viral
titre was determined using the TCIDsy, method according to the manufacturer’s
protocol. Transient transfection of HUVEC was achieved by infection with
adenoviral preparations of SK (to yield EC*) or EV (to yield EC*), measured
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using equivalent plaque-forming units (pfu)/cell, and this yielded a similar level
of green fluorescent protein expression.

SK detection and activity, and flow cytometry

SK over-expression was detected by immunoblot analysis with anti-FLAG
antibodies [27]. SK activity was determined using D-erythro-sphingosine and
[y-*P]JATP as substrates [32]. Flow cytometric analysis of the cell-surface
expression of E-selectin and VCAM-1 was performed [8].

Cell migration

Cell migration was measured using transwells [33]. The lower surface of a 6.5-mm
transwell (pore size 8 um; Corning Inc, NY, USA) was coated with fibronectin
(50 pg/ml in HBSS/Ca®*/Mg™") for 30 min at 37°C. HUVEC were re-suspended
in HBSS/Ca*/Mg*", and 1 x 10’ cells in 100 pl was added to the top well. To the
lower well, 500 pl of HBSS was added with 0.5% BSA/Ca*"/Mg*". The cells
were incubated at 37°C for 24 h, then aspirated and washed with PBS, and
adherent cells were removed by wiping the membrane with a PBS-soaked bud.
Cells that had migrated to the lower surface of the membrane were fixed with
methanol (15 min) and stained with 0.1% crystal violet in 0.1 M borate buffer,
pH 9.0. The wells were washed three times with PBS. Stained cells in the lower
transwells were eluted with 10% acetic acid (300 pl) for 30 min, and the optical
density was determined using an ELISA plate-reader and a single wavelength,
595 nm. The percentage of cells that had migrated was determined from
a standard curve.

Tube formation

A 96-well microtitre tray was coated with Matrigel Basement Membrane Matrix
(Beckton Dickinson Labware, Bedford, MA, USA). 3 x 10° EC*Y or ECS* per ml
in HUVE medium was prepared and 140 pl was added to each well. Tube
formation was observed visually at the start of the experiment and after 30 min,
60 min, 4 h and 24 h.

Neutrophil adhesion

HUVEC were seeded into fibronectin-coated Lab-Tek slides (3 x 10* cells/well)
and incubated at 37°C for 24 h. The cells were washed and 1 x 10’
neutrophils/well were added. Following incubation at 37°C for 30 min, non-
adherent neutrophils were removed by washing three times. The EC were fixed
with methanol. The number of adherent neutrophils in consecutive fields was
determined by microscopy.

S1P measurements

S1P was quantitated using the SK-based method [34]. Briefly, SIP from
synovial fluid was isolated (Bligh-Dyer extraction under alkaline conditions) and
dephosphorylated with alkaline phoshatase. The resultant sphingosine was
quantitatively converted to S1P by the addition of recombinant SK and
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[y-*P]ATP. The resultant S1°°P was isolated (Bligh-Dyer extraction), subjected
to thin-layer chromatography, and quantitated using phosphorimaging and
comparison with an S1P standard.

Statistical analysis

Student’s t-Test was used for parametric data with p < 0.05 considered
significant. Significance testing for ratios was performed via ANOVA-style
regression (Statistica Version 6.1, Statsoft, Inc.). The outcome measurements
were log transformed enabling interpretation of the analysis as the median-fold
change relative to a chosen baseline (MFI). The majority of the analyses were
performed by normal linear regression; p-values were determined using the
t-Test with appropriate degrees of freedom. Mean (p) effects, relative to
a specified baseline, and associated standard errors (s.e.) were determined by
appropriate linear contrasts of the regression coefficients. For analyses of log
transformed outcome data, approximate large sample 95% confidence intervals
(CI) were obtained (p+/- 1.96*s.e.). MFI with approximately 95% CI were
obtained by back-transformation.

RESULTS

Over-expression of SK1 alters adhesion molecule expression in HUVEC

As we previously reported, adenovirus-mediated SK1 over-expression was
titrated to yield an approximately 5-fold increase in SK1 activity above EC""
[27]. To determine whether chronic SK1 over-expression alters the activation
state of EC, we measured their cell surface expression of adhesion molecules.
EC®* showed up-regulated basal VCAM-1 expression (Fig. 1A) although there
was no consistent change in basal E selectin levels in four separate endothelial
cell lines over-expressing SK (p = 0.44; not shown).

We next determined whether ECS* exhibited an altered adhesion molecule
response to stimulation with TNF. EC® generated by adenoviral-mediated
delivery significantly augmented the normal TNF-induced up-regulation of
VCAM-1 (Fig. 1B) and also showed a trend towards increasing the magnitude of
the E selectin response to TNF (Fig. 1C), although this did not reach statistical
significance (p = 0.08). It is noted however that in all four endothelial cell lines
tested, over-expression of SK resulted in a consistent increase (15-80% above
control) in the magnitude of the E selectin response to TNFa. The lack of
statistical significance needs to be interpreted in the context of the small sample
size (n = 4), and the large sample confidence intervals used.

We confirmed our observations with a complementary method of SK1 over-
expression in EC using the retrovirus, which yielded a 3.5-fold (95% CI 1.9-6.4;
p < 0.05) increase in SK1 activity above that in the control. EC* generated
using the retrovirus also showed higher basal VCAM-1 expression (Fig. 1D),
and augmented the VCAM-1 and E selectin responses to stimulation with TNF
(Fig. 1E, F).



CELLULAR & MOLECULAR BIOLOGY LETTERS 429

-
o
)
w
I

c .~ A [ D
ss s
w
210 22 21
(=i ] QT
5N SN
‘T% ‘,'-I_TI
= E 05 SE 11
3¢ 32
> = > =
0.0 o 0 ECEV
15 7 30 -
§s 5 5§ .
Eu.l EI.I.I
@2 101 28 20
QT QT
a8 58
TE <
SE 5+ =E 10
32 g
> S =
0 ECEY 0 ECEV
20 20 -
e c : F
S )
52 52
3% 44 58 .
N 10 SR 10
'gr—n EE
s E e E
® G @ O
mE w c
w w

ECEV ECSK ECG82D

ECEV

Fig. 1. Basal (A, D) and TNF-stimulated adhesion molecule expression (B, C, E, F) for
EC, EC% and EC"Y obtained by infection with an adenovirus (A, B, C) or retrovirus
(D, E, F). The cells were stimulated with TNF (0.5 ng/ml) for 4 h. VCAM-1 expression is
given in A, B, D and E, and E selectin expression in C and F. The results are normalized to
ECH =1 for the basal, and EC®Y = 10 for the stimulated expression, and the bars represent
95% confidence intervals. A-F show the pooled data respectively from 3, 4, 4, 6, 5 and 6
sepg\r]ate experiments, using different isolates of endothelial cells. *p < 0.05 compared with
EC™".

The mutant SK“" acts as a dominant-negative to block agonist-induced
activation of SK1 without altering basal cellular activity [30]. In the EC, over-
expression of SK?° significantly inhibited TNF-induced VCAM-1 and
E selectin expression compared with EC* (Fig. 1E, F), confirming an important
role of SK1 in TNF-induced adhesion molecules and substantiating an activity-
dependent function of SK1 in mediating the adhesion protein expression.

Stimulating cells with TNF in very low doses that failed to up-regulate VCAM-1
or E selectin in EC"Y resulted in significant induction of both adhesion
molecules in EC** (Fig. 2A, B). The induction of VCAM-1 expression by TNF
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in EC% was 4.42-fold (95% CI 1.51-12.94) greater than in EC®Y (p < 0.05,
n = 3); the induction of E selectin expression by TNF was 1.7- and 3.1-fold
greater in EC than in EC"" in two separate EC lines. Thus, SKI1 over-
expression primes cells for a greater response to inflammatory cytokine.

204 A B

(MF1)

VCAM-1 expression
(MFI)
=

E selectin expression

ECEV ECSK ECEV

EC®Y ECSK ECE®Y ECSK
TNFa 0.004 ng/ml TNFa 0.004ng/ml

Fig. 2. The response of VCAM-1 (A) and E selectin (B) as reflected by the median
fluorescence intensity (MFI) to very low doses of stimulation with TNFa. (0.004 ng/ml) for
4 h in EC®Y and EC™® generated by adenovirus-mediated gene delivery. The figure shows
the data from a single experiment which is representative of two separate experiments in
which the same trend was observed.

The induction of E selectin on EC by TNF peaks at 4-6 h and declines to near
basal levels by 18-24 h [35, 36]. To determine whether the over-expression of
SK1 altered this time course, EC* and EC"" generated by retroviral infection
were treated with TNF for 18 h. In four separate EC lines, the E selectin
expression in EC** remained 2.01-fold (95% CI 1.14-3.53) higher than in EC®Y
at 18 h post-TNF stimulation. EC®*® showed a significant inhibition of this
response (MFI above EC*" 0.44, 95% CI 0.26-0.76, p = 0.014).

The results above show that retroviral and adenoviral delivery of SK1 generated
similar phenotypes in EC. The adenoviral system enabled large numbers of cells
to be rapidly generated, so this method was used for all subsequent experiments.

The effects of intracellular over-expression of SK1 are not mediated
through S1P; receptors

The S1P; receptor, which is the major S1P receptor expressed in HUVEC, and is
responsible for S1P-induced up-regulation of adhesion molecules, is sensitive to
inhibition by pertussis toxin (PTx). To investigate whether our results could be
explained by S1P acting on the S1P; receptor, we pre-treated cells with PTx and
measured the adhesion molecule expression. PTx did not inhibit basal VCAM-1
expression in EC* or EC®V (Fig. 3A); conversely, adhesion molecule expression
was enhanced in two separate EC isolates. This is consistent with a previously
reported inhibition mediated through the GPCR, which are PTx-sensitive [37].
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Fig. 3. The effect of 18 hours of treatment with 50 ng/ml pertussis toxin (PTx) on basal (A)
and TNFo-stimulated (B) VCAM-1 expression, as reflected by the median fluorescence
intensity (MFI) in EC®* and control EC*Y. C — The effect of stimulation with 5 uM S1P for
four hours on VCAM-1 expression in EC** and EC*V. The figure shows the data from
a single experiment which is representative of two (A, B) or five (C) separate experiments
using different endothelial cell isolates.

Likewise, pretreatment with PTx had no effect on the TNF-mediated induction
of VCAM-1 expression in EC*" or EC®* (Fig. 3B), although PTx was functional
on the cells in inhibiting their migratory capacity towards the chemoattractant
fibronectin, a function dependent on the GPCR [38]. Similarly, basal and TNF-
induced E selectin expression was not inhibited by pre-treatment with PTx (data
not shown). Notably, EC® and EC®* retained the capacity to respond to
exogenous SIP, and showed a similar, significant up-regulation of VCAM-1
expression (Fig. 3C), indicating that the SIP, receptor pathway is intact in these
cells. We further assessed if EC®* shifted the dose-response curve to exogenous
S1P stimulation (0.6, 1.2, 2.5 and 5.0 uM). EC®* consistently showed a greater
VCAM-1 expression across all the doses of SIP tested, but there was no
significant difference at any one dose. Overall, there was a tendency for the
dose-response curve to shift to the left (p = 0.08; data not shown).
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Fig. 4. Neutrophil adhesion to EC™ (A, D), ECS* (B, E) and EC®**® (C, F) in the basal
state (A-C) and when stimulated for four hours with 0.04 ng/ml TNFa (D-F)
(80 x magnification). The white arrow indicates an adherent neutrophil. The figure shows
the results from one experiment which is representative of two separate experiments.
G — The number of adherent neutrophils per 100 endothelial cells, as determined from the
pooled data of five separate microscopic fields obtained from four separate experiments for
EC% and EC", and three separate experiments for EC®*®. The bars represent SEM.
*p < 0.05 compared with the corresponding EC"", **p < 0.001 compared with the
corresponding EC™Y using Student’s t-Test.

SK enhances endothelial-neutrophil binding

We sought to determine whether the changes in the expression of the adhesion
molecule observed in EC®* had functional consequences in terms of neutrophil
binding. In the basal state, EC*V did not bind neutrophils, which is consistent
with the behaviour of normal EC. However, EC®* showed significant neutrophil
adhesion (Fig. 4A, B). Stimulating EC with a low dose of TNF resulted in
minimal neutrophil adhesion in EC® (Fig. 4D), but significantly greater
adhesion in EC®* (Fig. 4E). Consistent with a role for SK1 in mediating PMN
adhesion, and with the TNF-activation of the SK1 signalling pathway, EC®*"
cells inhibited TNF-induced PMN adhesion (Fig. 4C, F, G).
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SK1 promotes tube formation and cell migration

To determine whether SK1 over-expression alters the ability of EC to undergo
capillary tube formation, cells were plated onto the complex basement
membrane matrix, Matrigel. Equivalent numbers of EC* and EC"Y were
seeded; the cells were visualized as single cell populations. After 30 min, ECS®
showed greater evidence of tube alignment than EC®" (Fig. 5A). After one hour,
tube formation by EC®* was highly developed compared with EC*Y (Fig. 5B),
although after 18 h, both EC®* and EC"" showed a similar pattern of tube
formation (data not shown). The stimulated rate of tube formation in EC*
suggests an alteration in their migratory capacity. Indeed, EC™® showed
enhanced migration towards the chemoattractant fibronectin (Fig. 5C). This
SK1-induced migration was significantly attenuated by PTx, suggesting a role
for Gyj,-linked GPCRs (p < 0.05). Even in the presence of PTx, EC** maintained
an enhanced rate of cell migration compared with EC* (p < 0.05), indicating
that a component of SK1-stimulated cell migration to fibronectin is independent
of a Gj,,-linked GPCR.

100

% cell migration towards
fibronectin

ECEV ECSK nil PTx

Fig. 5. Tube formation by EC®* and control EC®Y in Matrigel at 30 min (A) and at one
hour (B). C —The percentage of ECS* and EC®" which migrated towards a gradient of
fibronectin (migration towards transwells not coated with fibronectin was subtracted). The
effect of pretreatment with 50 ng/ml pertussis toxin (PTx) for 18 hours is shown. The
figure shows the pooled data of two separate experiments performed in duplicate, and bars
represent SEM. *p < 0.001 untreated EC™* compared with untreated EC"", and EC%*
treated with pertussis toxin compared with untreated EC®*. **p < 0.05 EC** compared
with EC™ in the presence of pertussis toxin.

The SK pathway is activated in RA

As rheumatoid arthritis (RA) is characterized by chronic inflammation and
enhanced angiogenesis, we sought evidence for the enhanced activity of SK1 in
RA compared with the traditionally accepted control of osteoarthritis (OA). The
levels of S1P were higher in the synovial fluid from patients with RA (n = 14)
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compared with the levels from patients with OA (n = 8; Fig. 6) indicating
activation of the SK pathway in RA.
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Fig. 6. The S1P levels from 14 patients with RA (10 F, mean age 57.9y; mean level
10.38 uM =+ 1.07) compared with the levels from 8 patients with OA (5 F, mean age 69.5y;
mean level 3.66 uM = 0.23), p = 0.00005.

DISCUSSION

The results of this study demonstrate that the levels and activity of SK1 are
a major regulator of endothelial function. We show that minor but lasting
increases in SK1 activity in the EC can have major functional consequences in
the vasculature with resetting of the angiogenic and inflammatory potential of
the endothelium, and sensitization to inflammatory cytokines. The significance
of our findings was corroborated by our demonstration that the SK pathway is
activated in RA, implicating SK as a potential therapeutic target.

Using two complementary methods of SK1 over-expression in EC, we generated
cells with a 2- to 5-fold increase in SK1 activity, which is of similar magnitude
to the endogenous SK1 activity induced following TNF-stimulation of normal
EC [8]. Thus, we were able to investigate the effects of chronic SK1 over-
activity at what we estimate to be “normal” physiological levels. In contrast to
TNF-stimulated SK1 activity, which is extremely transient, peaking at 10 min
and returning to basal levels within 30 min [8], our system enabled us to
investigate the effects of chronic sustained increases in SK1 activity. Although
chronic activation of SK1 activates the endothelium in the absence of cytokine,
as evidenced by basal VCAM-1 induction (Fig. 1), by far the most dramatic
changes were in the sensitization of EC** to subliminal doses of TNF (Fig. 2),
suggesting that SKI1 over-expression resets the threshold of endothelial
responsiveness. Although the magnitude of the changes in adhesion molecule
expression was small, the effect on neutrophil adhesion was large (Fig. 4),
suggesting that either the levels of adhesion molecules are synergistic in their
regulation of neutrophil adhesion and/or that SK1 alters other pathways which
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influence the endothelial binding of neutrophils. Our findings are consistent with
our previous demonstration that SK1 is an obligatory enzyme in mediating the
adhesion molecule up-regulation induced by TNF [8]. This role is substantiated
by the over-expression of the dominant-negative SK1, which blocked TNF-
induced VCAM-1 and E selectin expression (Fig. 1) and inhibited TNF-induced
neutrophil adhesion (Fig. 4). This inactive mutant also confirms that the catalytic
activity of SK1 is critical in mediating the TNF-induced effects in EC.

In addition to altering the inflammatory potential of the endothelium, we found
that SK1 over-expression sensitizes the cells to angiogenic factors, as evidenced
by the induction of capillary tube formation (Fig. 5). Receptor regulation is
unlikely to be the mechanism, as changes in the levels of the VEGF receptors,
Flk-1 or Flt-1, were not seen in the EC® (data not shown). However, the ECSK
did show enhanced migration to a chemoattractant (Fig. 5), which was at least
partially mediated through a PTx-insensitive mechanism. Exogenous SI1P
induces cell spreading on Matrigel and enhances migration [39], which are
effects mediated via binding to S1P, and S1P; receptors [19, 40] resulting in the
activation of the Rho family of GTP-binding proteins [39]. Rho is involved in
the organization of the actin cytoskeleton, and its activity is essential in
regulating EC organization during angiogenesis [41, 42]. Although our studies
cannot dismiss a role for extracellular S1P in stimulating migration and
angiogenesis, it is noteworthy that even in the presence of PTx, EC®* maintained
a migratory advantage (Fig. 5) suggesting that at least a component of the
response is mediated independently of the Gj,-linked S1P;, the most abundant
S1P receptor in the EC. Indeed, previous studies have suggested intracellular
roles for SIP. For example, microinjection of SIP into Swiss 3T3 cells
stimulates mitogenesis and anti-apoptosis, two additional features of
angiogenesis, along with the activation of phospholipase D and the
phosphorylation of p125"*€ [43]. Phospholipase D is involved in MAPK
activation and EC migration [44], while p125™* promotes angiogenesis, largely
through enhancing cell migration [45]. Thus, it is reasonable to speculate that the
effects of SK1 over-expression in HUVEC described here are mediated by
intracellular S1P. Notably, PTx failed to inhibit adhesion molecule expression in
HUVEC by SK1 over-expression (Fig. 3), suggesting an SI1P;-independent role
for SK1. It is possible that S1P, and S1P; also expressed in HUVEC, albeit at
considerably lower levels than S1P,, may mediate the effects of SK1 expression
observed here, although micromolar concentrations of S1P are required to
induce adhesion molecule expression [8], whereas the activation of S1P
receptors requires only nanomolar S1P concentrations [18]. It is acknowledged
that S1P; signaling was inhibited only with the use of pertussis toxin, and that
the use of S1P, antagonists such as JTE103 and S1P,/S1P; antagonists such as
VPC2309 would further help clarify the role of SI1P receptors in the observed
responses.

The recent finding that raised SKI1 activity in HUVEC inhibits basal
permeability [46] is out of keeping with the pro-angiogenic phenotype observed.
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PECAM-1 has a well documented role in cell survival, migration and
permeability. It is to be noted that TNF and VEGF, which stimulate SK1
activity, enhance endothelial leakiness, and stimulate PECAM-1
phosphorylation [47, 48], whilst angiopoietin, which also stimulates SKI
activity, inhibits EC permeability [46]. Thus, SK1 appears to have dichotomous
effects, i.e. a pro-inflammatory pro-angiogenic phenotype, but also the ability to
exert anti-permeability effects. At this stage, we would suggest that this may
reflect agonist and context-specific differences in the level of PECAM-1
phosphorylation.

Our finding of raised S1P levels in RA synovial fluid indicates activation of the
SK signaling pathway in RA. Indeed our findings are consistent with those of
Kitano et al., who, using high performance liquid chromatography, also found
elevated levels of S1P in synovial fluid from patients with RA compared with
the levels for patients with OA [49]. This same group demonstrated that S1P,
expression is up-regulated in RA synovium and that the binding of S1P to its
receptor regulates synovial proliferation and enhances the COX-2 and PGE2
production induced by inflammatory cytokine [49]. Furthermore, the resistance
to Fas-induced death of lymphoblastoid B-cell lines from patients with RA [50]
was shown to be mediated by extracellular S1P acting through GPCR to enable
a PI-3K-dependent activation of SK1 [51]. Hence, the recent demonstration that
SK1-knockout mice are not protected from collagen-induced arthritis [52] is
surprising. Certainly the role of SK1 in inflammation was supported in a murine
model of ulcerative colitis wherein the inhibition of SK ameliorated the disease
[53].

This study not only broadens our understanding of the function of SK1 in EC,
but also suggests a role for SK1 in the pathogenesis of conditions characterized
by aberrant angiogenesis and inflammation, such as RA. Of note, TNF, IL-1, and
VEGF are found in greater abundance in patients with RA, and clinical interest
has thusfar been directed towards targeting these cytokines. As each of these
may also activate SK1 [54], a rationale exists for manipulating the intracellular
SK1 activity to create the desired therapeutic effects.

CONCLUSIONS

Modestly raised intracellular SK1 activity in the EC enhances the expression of
adhesion molecules, sensitizes the cells to inflammatory cytokines, and results in
enhanced leukocyte adhesion in the basal and stimulated states. These pro-
inflammatory changes are accompanied by the stimulation of tube formation and
migration. The effects on endothelial cell function of more marked increases in
SK1 activity have recently been described [55]. Evidence for the activation of
the SK/SIP signaling pathway in RA, a disease characterized by aberrant
inflammation and angiogenesis was found, suggesting the possibility of
manipulating this pathway for therapeutic purposes.
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