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Sphingosine kinase (SK)-1 promotes endothelial cell
(EC) survival through the cell junction molecule CD31
(platelet endothelial cell adhesion molecule-1). The
integrin �v�3 is also essential for EC survival; inhibi-
tion of �v�3 ligation promotes apoptosis. Herein we
demonstrate that under basal conditions, SK-1, �v�3,
and CD31 exist as a heterotrimeric complex. Under
conditions that affect EC survival such as loss of
contact with the extracellular matrix or growth fac-
tor activation, more of this heterotrimeric complex
forms. Overexpression studies demonstrate a require-
ment for SK-1 phosphorylation at serine 225 for in-
creased heterotrimeric complex formation, activa-
tion of �v�3, and EC survival signals, including Bcl-X
and nuclear factor-�B pathways. Moreover, �3 inte-
grin depletion confirmed the requirement for this
heterotrimeric complex in SK-1-mediated EC survival.
Thus, with �v�3 integrin being identifiable primarily
on angiogenic ECs and SK-1 being highly expressed in
tumors, targeting SK-1 may affect multiple survival
pathways, and its inhibition may be highly efficacious
in controlling pathological EC survival. (Am J Pathol
2009, 175:2217–2225; DOI: 10.2353/ajpath.2009.090076)

Survival of vascular endothelial cells (ECs) demands
three specific conditions: attachment to an extracellular
matrix (ECM),1 cell-cell interactions (reviewed in Ref. 2),
and exposure to growth factors (GF) (for example, vas-
cular endothelial growth factor [VEGF]) and fibroblast
growth factor [FGF]).3 ECM and GF-induced survival sig-
nals involve integrins, a family of transmembrane het-
erodimeric cell surface proteins that are formed by two
noncovalently associated subunits, � and �. Integrins

exist in two distinct functional states, an inactive nonad-
hesion-promoting state and a ligand-bound, active, and
adhesion-promoting conformation.4 On ligand binding,
integrins are aggregated in transmembrane complexes
(focal contacts) that are enriched in cytoskeletal proteins
(eg, talin and vinculin) as well as signaling proteins (eg,
focal adhesion kinase [FAK]) (reviewed in Refs. 5,6).
Integrin �v�3 is key to EC survival because disruption of
�v�3 ligation inhibits blood vessel formation and initiates
apoptosis7 and is also found at its highest levels on
angiogenic ECs in wounds and tumors.8 GF receptors
also collaborate with integrins by partitioning into com-
mon complexes within which they become activated and
signal more efficiently.9,10

Sphingosine kinase (SK) is a lipid kinase that catalyzes
the phosphorylation of sphingosine to form sphingosine-
1-phosphate (S1P) (reviewed in Ref. 11). SK has two
isoforms (SK-1 and -2), and although most cells can
synthesize S1P, large amounts are present in platelets12

and recent reports have identified erythrocytes as well as
vascular endothelium as major contributors of S1P in
circulation.13–15 S1P can act extracellularly through the G
protein-coupled S1P receptors (S1P1-5). Mature ECs ex-
press S1P receptors S1P1-3, and these ligand/receptor
interactions promote EC survival, migration, proliferation,
adherens junction assembly, increased revasculariza-
tion, and wound healing both in vitro and in vivo (reviewed
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in Ref. 16). SK-1 can also act intracellularly through as yet
unknown binding partners in which the ablation of S1P
receptor signaling through both chemical or genetic
mechanisms does not abrogate SK-1 effects on cell pro-
liferation, Ca2� mobilization, or the survival and motility of
ECs (reviewed in Ref. 11). SK-1 seems to have two func-
tional states: an intrinsic or basal state and an agonist-
induced activation state that requires its phosphorylation
and translocation to the plasma membrane and is re-
sponsible for its oncogenic properties.17

Recently, we demonstrated that SK-1 can promote EC
survival through the cell junction molecule CD31 (platelet
endothelial cell adhesion molecule-1) acting specifically
through phosphatidylinositol 3-kinase/Akt and not the mi-
togen-activated protein kinase pathway.18 With previous
reports that CD31 and SK-1 can interact, at least when
overexpressed in cells19 and that there is cross talk be-
tween CD31 and integrins in ECs,20 we investigated
whether SK-1 and integrins may be linked in their capac-
ities to regulate EC survival. The results presented here
show that enforced overexpression of SK-1 increases the
levels of �v�3 integrin as well as its activation state,
resulting in regulation of the Bcl-XL/Bim and nuclear fac-
tor-�B (NF-�B) survival pathways. Moreover, we demon-
strate that under basal conditions, a complex of �v�3,
SK-1, and CD31 exists, and, on conditions of cell stress,
enhanced levels of this heterotrimeric complex form.
Complex formation and �v�3 integrin activation requires
SK-1 to be phosphorylated, thus suggesting that agonist-
induced activation of SK-1 is essential for cell survival.
These results, combined with our previous work showing
that CD31 is an important intermediary in SK-1-induced
survival, demonstrates that SK-1 is a fulcrum for the ac-
tivities of these two well known key survival proteins in
ECs, the integrin �v�3 and CD31.

Materials and Methods

Cells and Cell Culture

Primary human umbilical vein endothelial cells (HUVECs)
were grown as described.21 Cells were used at two or
fewer passages. Unless otherwise stated, all HUVECs
used underwent extensive washing and 120 minutes of
culture in media without serum and GF (endothelial
growth factor supplement, BD BioSciences, North Ryde,
NSW, Australia). Cells were then trypsin-digested (Invitro-
gen, Carlsbad, CA) to dislodge them from their tissue
culture plates and resuspended in media (without serum
and GF) for 30 minutes in a 37°C water bath with inter-
mittent mixing.

SK-1 Adenoviral Constructs

Wild-type human SK-1 (SK-1), FLAG, and green fluores-
cent protein tagged versions were generated and a
mutant possessing an alanine mutation at serine 225
(S225A) were made as described previously.18,22 For
infection of adenoviral constructs, HUVECs were ex-
posed to 1 plaque forming unit/cell for 2 hours in M119

medium (Sigma-Aldrich, St. Louis, MO) with 2% fetal calf
serum (Hyclone, Waltham, MA) and a further 94 hours
with medium containing 20% fetal calf serum. Cells were
infected with a dose of virus demonstrated to lead to a 5-
to 10-fold increase in SK-1 protein and activity (Supple-
mental Figure S1, see http://ajp.amjpathol.org). The same
dose of control empty vector (EV) adenovirus was used.

SK-1 Activity Assay

SK-1 activity was determined in HUVECs, after serum/GF/
ECM deprivation, as described previously23 using D-erythro
sphingosine (Biomol Industries, Plymouth Meeting, PA)
solubilized by Triton X-100 (0.05%) and [�-32P]ATP
(PerkinElmer, Melbourne, VIC, Australia) as substrates.
The results were quantified by PhosphorImaging Ty-
phoon 9410 system (Beckman Coulter, Fullerton, CA)
and the ImageQuant 5.2 program.

Immunoprecipitation and Immunoblotting

HUVECs were serum/GF/ECM-deprived (as above) and
lysed in 0.5 to 1 ml of lysis buffer (50 mmol/L HEPES, 150
mmol/L NaCl, 5 mmol/L EDTA, 0.1% Nonidet P-40/Triton
X-100, 20 mmol/L NaF, 1 mmol/L sodium orthovanadate,
and 10 �g/ml leupeptin and aprotinin). The lysates equal-
ized with the same amount of proteins (Bradford assay,
Bio-Rad Laboratories, Hercules, CA) were used in immu-
noblots or immunoprecipitated with the M2 anti-FLAG
(Sigma-Aldrich), anti-SK-1,22 anti-�v�3 (Chemicon, North
Ryde, NSW, Australia), or control mouse IgG1 (Sigma-
Aldrich) monoclonal antibodies before immune com-
plexes were precipitated by incubation with protein A
magnetic beads (Miltenyi Biotech, Gladbach, Germany)
and immunoprecipitates were separated by SDS-poly-
acrylamide gel electrophoresis and transferred to Hy-
bond-P (Amersham Biosciences, Piscataway, NJ.).

Antibodies against FLAG-epitope (M2), �3 (Cell Signal-
ing Technology, Danvers, MA), CD31 (Santa Cruz Bio-
technology, Inc., Santa Cruz, CA), SK-1, talin (Cell Sig-
naling Technology), �6 (Cell Signaling Technology), �1

(Santa Cruz Biotechnology, Inc.), Tyr576-FAK (Santa Cruz
Biotechnology, Inc.), Bcl-XL (Cell Signaling Technology),
Bim (BD BioSciences), inhibitor of nuclear factor-�B
(I�B�) (Santa Cruz), and actin (Boehringer Mannheim,
Mannheim, Germany) were used before washing and
incubation with horseradish peroxidase-conjugated sec-
ondary antibody. Reactive bands were detected by
chemiluminescence (ECL-Plus Western Blotting Detec-
tion Reagents, Amersham Pharmacia Biotech, Little Chal-
font, Buckinghamshire, UK) using an LAS-4000 (Fuji
Photo Film Co. Ltd., Valhalla, NY.) and quantified using
the ImageQuant 5.2 program.

Immunofluorescence and Confocal Microscopy

HUVECs were replated into fibronectin-coated glass
LabTek chamber slides (Nalg Nunc, Rochester, NY) 48
hours after adenovirus infection. Twelve hours later ad-
herent cells were washed, serum/GF-deprived for 150
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minutes, and then fixed with 4% paraformaldehyde and
blocked with 5% bovine serum albumin/PBS and, if re-
quired, 0.1% Triton X-100 in PBS was used to permeabil-
ize cells before 1 �g of antibody to WOW-1 (gift of S
Shattil, University of California, San Diego, La Jolla, CA),
Tyr576-FAK, talin, vinculin (Chemicon), or isotype control
was administered followed by Alexa 594 (Invitrogen). Cell
nuclei were counterstained with 0.5 �g/ml 4,6-diamidino-
2-phenylindole (Sigma). Cells were viewed and captured
using a �60 water-immersion objective on an Olympus
IX70 inverted microscope linked to a Bio-Rad Radiance
2100 confocal microscope (Bio-Rad, Gladesville, NSW,
Australia). Fluorescence intensity was quantified using
AnalySIS Life Sciences software (Olympus); an average
of 15 cells were captured per experiment and six sepa-
rate experiments were executed.

Attachment Assay

HUVECs (3 � 104 cells) were plated in quadruplicate into
vitronectin (1 �g/ml, Promega, Madison, WI) or laminin
(0.5 �g/ml, Roche Diagnostics, Indianapolis, IN)-pre-
coated 96-well plates and allowed to adhere for 30 min-
utes at 37°C before aspiration of nonadherent cells and
extensive washing. MTS reagent (Invitrogen) was used to
determine the percentage of cells remaining (as per the
manufacturer’s instructions) and compare with control
wells still containing 3 � 104 cells.

Small Interfering RNA Transfection

As adapted from methods described previously,24 small
interfering RNA (siRNA) targeted to human �3 (5�-CCA-
CUGUAUAAAGAGGCCACGUCUA-3� and 5�-UAGACG-
UGGCCUCUUUAUACAGUGG-3�) and control “Validated
Stealth” siRNA were synthesized by Invitrogen before
transfection into HUVECs using HiPerfect (Qiagen,
Gaithersburg, MD) in EGMII medium (Clonetics, Lonza,
Basel, Switzerland) when cells were at 60% confluent. After
24 hours, culture media were changed to complete Medium
199-20% fetal calf serum until cells were harvested at 48
hours post-transfection.

Caspase 3 Activity

Activity of the enzyme caspase 3 was measured using a
colorimetric assay kit (R&D Systems, Lille, France) ac-
cording to the manufacturer’s instructions.

Statistical Analysis

Data are expressed as the mean � SEM from at least four
experiments, unless stated otherwise. Statistical analysis
was performed by Student’s t-test or two-way analysis of
variance for multiple comparisons, and P � 0.05 was
considered significant.

Results

Sphingosine Kinase-1 Enhances �V�3

Expression and Activity by ECs

To investigate a role for SK-1 in �v�3 function we used an
adenovirus delivery system to overexpress SK-1 cDNA in
HUVECs. The dose of virus was adjusted to give a 4- to
8-fold increase in SK-1 protein and activity above EV
control (Supplemental Figure S1, A–C, see http://ajp.
amjpathol.org). This level has previously been shown to
enhance EC survival18 and is similar to the levels
achieved for endogenous increases in SK activity when
stimulated with known activators of ECs (eg, tumor ne-
crosis factor-�).25 On exposure of the cells to pro-apop-
totic conditions, namely removal of serum, GFs, and the
ECM, the �3-integrin protein levels in the SK-1-overex-
pressing ECs demonstrated a significant increase com-
pared with EV (Figure 1A). Notably, this 150-minute se-
rum/GF/ECM deprivation was the minimum time required
for significant differences to be seen between EV and
SK-1-overexpressing ECs. To determine whether overex-
pression of SK-1 promotes integrin activity we investi-
gated the phosphorylation status of FAK with the catalytic
site of tyrosine 576 being indicative of integrin activa-
tion.26 Figure 1B shows that ECs overexpressing SK-1
and depleted of serum and GF exhibit an increase in
Tyr576 phosphorylation of FAK. In addition, immunopre-

Figure 1. SK-1 promotes �v�3 expression and activation on ECs in response
to serum/GF/ECM deprivation. A: Levels of �3 protein in HUVECs infected
with adenovirus containing SK-1 cDNA (SK-1) or empty vector control (EV)
and deprived of serum/GF/ECM for 150 minutes were examined for �3

integrin (A) and FAK phosphorylation (B) at tyrosine 576 by immunoblotting.
Actin levels were used to confirm equal loading; results are normalized to
actin and EV control and expressed as the mean � SEM of three experiments;
*P � 0.05 versus EV control. C: Equal lysate amounts from factor-deprived
HUVECs overexpressing empty vector control or SK-1 were immunoprecipitated
(ip) with an anti-�v�3 antibody. Precipitates were examined for talin co-associ-
ation via immunoblotting (wb) and quantified with results being normalized to
EV control and expressed as the mean � SEM of three experiments; *P � 0.05
versus EV control. Integrin �3 levels were used to confirm pulldowns.
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AJP November 2009, Vol. 175, No. 5



cipitation of �v�3 from SK-1-overexpressing ECs not only
showed increased �3 protein levels but also showed a
3.5 � 1.4-fold increase in �v�3-associated talin in these
cells (Figure 1C), a further indication of integrin activa-
tion. This SK-1-mediated increase in �v�3 integrin ex-
pression and activation of ECs seems restricted to �3 as
no change was observed for �1 integrin (Supplemental
Figure S2, see http://ajp.amjpathol.org).

Sphingosine Kinase-1 Activates �v�3 Integrin
and Mediates Focal Adhesion Development

To determine whether the affinity of �v�3 was also mod-
ulated by SK-1 we used the monovalent ligand-mimetic
antibody, WOW-1, which selectively binds to activated
�v�3 with high affinity.27 As shown in Figure 2A, very little
WOW-1 binds to EV cells deprived of serum/GF. In con-
trast, the SK-1 overexpressing ECs exhibit distinct WOW-
1-positivity as reported previously.28

Activated integrins relocate and cluster into focal ad-
hesions in conjunction with talin and vinculin for contri-
bution to cell survival signaling.28,29 ECs were seeded
onto chamber slides at subconfluent numbers such that
the serum/GF-deprived cells could be assessed inde-
pendent of cell-cell contact interactions. As shown in
Figure 2A, an increase in talin clustering was observed in
ECs overexpressing SK-1. An increase in clustering of
phosphorylated FAK and vinculin was also observed in
ECs overexpressing SK-1 (Figure 2A) further supporting
integrin activation. AnalySIS Life Sciences software con-
firmed differences in fluorescence intensity between
groups, and liposome-mediated transfection of pcDNA3-
SK-1 recapitulated these results (not shown). To investi-
gate whether �v�3 activation translated to functional dif-
ferences, we assessed the ability of SK-1 to alter EC
attachment. As shown in Figure 2B, ECs overexpressing
SK-1 exhibited significantly greater attachment to vitro-
nectin compared their EV controls. This difference was
not observed on laminin to which multiple integrins bind.
Thus, enhanced SK-1 expression up-regulates and acti-
vates �v�3 in EC after survival factor deprivation.

Sphingosine Kinase-1, �3, and CD31 Form a
Complex in ECs

Because SK-1 has previously been identified to associate
with membrane proteins19 we next used immunoprecipi-
tation assays to investigate whether SK-1 was associated
with �v�3 in HUVECs. As shown in Figure 3A (top panel),
immunoprecipitations targeting overexpressed SK-1 (us-
ing anti-FLAG) in serum/GF/ECM-deprived ECs together
with subsequent immunoblots identified �3 integrin in a
complex with SK-1. Immunoblotting with anti-CD31 also
identified its association with SK-1 and �3 (Figure 3A,
middle panels). Reciprocal immunoprecipitations with
antibodies to either �v�3 or CD31 confirmed these asso-
ciations. Importantly, this association was not seen with
two other EC-expressed integrin subunits, �6 and �1

(Figure 3B).

The SK-1, �v�3, and CD31 complex is not just an
artifact of SK-1 overexpression but occurs with endoge-
nous proteins in ECs. In untreated HUVECs endogenous
SK-1 forms a complex with �3 and CD31 (Figure 4, NT),
and the amount of this complex is significantly increased
after serum/GF/ECM deprivation (Figure 4, SFsus). EC
deprivation of serum/GF/ECM also caused a significant
increase in the expression of the prosurvival factor Bcl-XL

and a decrease the anti-apoptotic factor Bim (Figure 5A).
NF-�B activation has been linked to �v�3 integrin-in-
duced EC survival30 and in response to factor deprivation
ECs also exhibit reduced I�B� levels (Figure 5A), thus
suggesting an attempt by ECs to activate a repertoire of
cell survival signals under these conditions. However, the
increased caspase 3 levels suggest that the cells are

Figure 2. SK-1 promotes WOW-1 binding and focal adhesion formation in ECs.
A: HUVECs overexpressing SK-1 or EV control after serum/GF deprivation for
120 minutes were assessed for localization of activated �v�3 (WOW-1), talin,
P-FAK, and vinculin (red) with cells identified by nuclei staining with 4,6-
diamidino-2-phenylindole (DAPI; blue), immunofluorescence, and confocal
microscopy. Results are representative of six experiments. B: EV and SK-1
cells were serum/GF-deprived for 120 minutes and plated on laminin (ln) or
vitronectin (vn) for 30 minutes before extensive washing. Attached cell
numbers were determined by microscopy. Results are the mean � SEM of six
experiments; *P � 0.05 versus EV control.
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challenged in their survival and ultimately undergo apo-
ptosis (Figure 5B). We assume that this failure to rescue
the cells is a result of the extent and duration of the
apoptotic challenge.

Sphingosine Kinase-1 Phosphorylation Is
Required for Heterotrimeric Complex Formation
and EC Survival

To test whether the activation of SK-1 is critical for SK-1/
�3/CD31 complex formation during serum/GF/ECM de-
privation we overexpressed wild-type SK-1 or the SK-1
mutant (S225A), which retains intrinsic catalytic activity
(Supplemental Figure S3A, see http://ajp.amjpathol.org)
but cannot be further activated and therefore does not
translocate to the plasma membrane.17,22 Figure 6A
shows increased association of �3, CD31 and SK-1 in
SK-1 wild-type-overexpressing ECs compared with EV
controls. In cells overexpressing the S225 mutant there
was no increase in this heterotrimeric complex (Figure
6A) (at times, below the level of detection for endogenous
SK-1 in EV and S225A ECs). Furthermore, the S225A
mutant failed to induce the phosphorylation of FAK (Fig-
ure 6B) and failed to induce clustering of phosphorylated
FAK (Figure 6C), both of which were changed with wild-
type SK-1 overexpression. Taken together, these results
suggest that the recruitment of more SK-1, �3 and CD31
into a complex and subsequent integrin activation is,
in part, dependent on SK-1 activation via serine 225
phosphorylation.

Figure 3. SK-1 overexpression induces co-association of SK-1, �v�3 and
CD31. A: HUVECs overexpressing SK-1 or EV control were serum/GF/ECM-
deprived for 150 minutes before immunoprecipitation (ip) of equal lysate
amounts with an anti-FLAG antibody to pulldown FLAG-tagged SK-1. Pre-
cipitates were examined for �3 and CD31 co-association as well as FLAG
pulldown via immunoblotting (wb). Results are representative of five exper-
iments. B: Precipitates were examined for �6 and �1 association with FLAG-
SK-1 via immunoblotting. Results are representative of three experiments.

Figure 4. HUVECs deprived of serum/GF/ECM exhibit increased endoge-
nous co-association of SK-1, �v�3 and CD31. Equal lysate amounts from
HUVECs either untreated (NT) or serum/GF/ECM-deprived (SFsus) were
immunoprecipitated (ip) with an anti-SK-1 antibody to pull down endoge-
nous SK-1. Precipitates were examined for �3 and CD31 co-association via
immunoblotting (wb). Quantified results shown are the mean � SEM of five
experiments and normalized untreated (NT) controls. *P � 0.05 versus NT.

Figure 5. Activation of Bcl-XL/Bim and NF-�B survival pathways after se-
rum/GF/ECM deprivation of ECs. A: Equal lysates from HUVECs either
untreated (NT) or serum/GF/ECM-deprived (SFsus) were assessed for Bcl-XL,
Bim and I�B� protein expression by immunoblotting. Membranes were
counterblotted with antibody to actin to confirm equal loading. All results are
normalized to NT control and expressed as the mean � SEM of at least nine,
nine, and five experiments, respectively. *P � 0.05 versus NT control. B:
Equal lysate amounts were assessed for caspase 3 activity. Results depict the
mean � SEM of six experiments and normalized to NT controls. *P � 0.05
versus NT controls.

EC Survival via SK-1/�V�3 interaction 2221
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In ECs deprived of serum/GF/ECM, overexpression of
wild-type SK-1 significantly increased the expression of
the prosurvival factor Bcl-XL and decreased the anti-
apoptotic factor Bim. In contrast, ECs overexpressing the
S225A mutant did not significantly alter their levels of
Bcl-XL, Bim, or I�B� compared with EV controls (Figure 7,
A–C; immunoblots shown in Supplemental Figure S3B,
see http://ajp.amjpathol.org). The levels of I�B� and Bim,
under the conditions of analysis, are low and although the
decreases seen are small (Supplemental Figure S3B, see
http://ajp.amjpathol.org), they are the consistent as seen with
the quantification of three to five lines (Figure 7, B and C).

�3 Integrin Association with SK-1 Promotes
EC Survival

Finally, to confirm a role for �3 integrin with SK-1 in EC
survival after factor deprivation we depleted �3 using

siRNA when �3 protein levels were reduced to 0.5 �
0.1 of control levels (Supplemental Figure S4, see
http://ajp.amjpathol.org). In these cells the increased
survival capabilities gained by overexpression of SK-1
are attenuated when �3 is knocked down as evidenced
by the reduced caspase 3 activity levels (Figure 8A).
Knockdown of �3 also resulted in a significant loss of
�3/SK-1/CD31 complex formation (Figure 8B). Together
with our previous results linking CD31 in SK-1-mediated
survival, these results suggest that the complex formation
of �3, CD31 and SK-1 is important in SK-1-mediated EC
survival during times of EC stress.

Discussion

Our studies here demonstrate a physical association be-
tween three major signaling molecules involved in EC
survival: SK-1, �v�3, and CD31. Because depletion of any
of these proteins result in cell death,18,30–32 we postulate
that this heterotrimeric complex is essential for mainte-

Figure 6. SK-1 phosphorylation promotes co-association of SK-1, �v�3 and
CD31 in factor-deprived HUVECs. A: Equal lysate amounts from HUVECs over-
expressing empty vector control (EV), SK-1 (SK-1), or SK-1 mutant (S225A) after
serum/GF/ECM deprivation were immunoprecipitated (ip) for �v�3. Precipitates
were examined for �3, CD31 and SK-1 co-association via immunoblotting. Gel
lanes from the same experiment have been cut and re-orientated to better
illustrate the changes from EV to SK and S225A. Results are quantified and
normalized to EV controls and show the mean � SEM of three experiments. *P �
0.05 versus EV. B: Immunoblotting of EV-, SK-1-, and S225A-overexpressing
HUVECs deprived of serum/GF/ECM were examined for protein levels of
P-FAK. Membranes were counterblotted with antibody to tubulin to confirm
equal loading and gel lanes from the same experiment have been cut and
re-orientated to better illustrate the changes from EV to SK-1 and S225A. Results
are quantified, normalized to EV control, and expressed as the mean � SEM of
three experiments. *P � 0.05 versus EV control; **P � 0.05 versus SK-1.
C: Immunofluorescence and confocal microscopy determined localization of
P-FAK in HUVEC overexpressing EV, SK-1, or S225A (red) with nuclei staining
by 4,6-diamidino-2-phenylindole (DAPI; blue). Results are representative of four
experiments.

Figure 7. SK-1 phosphorylation is required for the activation of Bcl-XL/Bim
and NF-�B survival pathways. Quantification of immunoblots of equal lysates
from HUVECs overexpressing empty vector control (EV), SK-1 (SK-1), or
SK-1 mutant (S225A) and serum/GF/ECM-deprived were examined for pro-
tein levels of Bcl-XL (A), Bim (B) and I�B� (C). Membranes (exemplified in
Supplemental Figure S3, see http://ajp.amjpathol.org) were counterblotted
with antibody to actin to confirm equal loading before quantification. All
results are normalized to EV control and expressed as the mean � SEM of
three to five experiments; One-way analysis of variance with Bonferroni
correction. *P � 0.05 versus EV control.
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nance of EC survival. Our results also suggest that SK-1
is a key signaling molecule linking the integrin and CD31
survival pathways in EC.

Herein we demonstrate that SK-1 overexpression, to
levels of activity equivalent to that seen after VEGF or GF
stimulation, leads to increased �v�3 integrin activation
and increased SK-1/�v�3/CD31 complex formation. Evi-
dence for this observation comes from the phosphoryla-
tion of FAK at tyrosine 576 (P-FAK) when SK-1 is overex-
pressed. Because FAK is an early modulator of the
activated integrin signaling cascade, phosphorylation at
this site is known to increase its catalytic activity and is an
important step in formation of an active signaling com-
plex.26 In addition, SK-1 overexpression results in en-
hanced binding of the WOW-1 antibody, which contains
an RGD tract in its variable region and binds only to
unoccupied, high-affinity �v�3 and �v�5 integrins.27 Fi-
nally, P-FAK, talin and vinculin are reorganized into clus-
ters consistent with integrin activation.33–35 We demon-
strate that SK-1, �v�3 and CD31 are closely associated in
ECs, and modification of this heterotrimeric complex is
biologically important with increased complex formation
during a stress response (such as proapoptotic condi-
tions of serum, GF, and ECM deprivation). On ECs, �V�3

integrin is intimately linked with the receptor for VEGF
(VEGFR-2) with its ligation also promoting �v�3 integrin
expression and activation.36 This is a reciprocal relation-
ship with �v�3 being able to enhance the phosphorylation
of VEGFR-2 in response to VEGF and subsequent acti-

vation of stress-activated protein kinase 2/p38 and FAK.
More recently, a role for SK/S1P in VEGFR-2 phosphory-
lation has been identified.37,38 Together with our own
observations of SK-1 promoting EC survival through
CD3118 there is now increasing evidence for a complex
and convoluted relationship between SK-1/S1P, �v�3,
CD31 and VEGF signaling.

SK-1 can exist in a basal, intrinsic state, which we have
shown inhibits EC permeability.24 SK-1 also has an ago-
nist-induced activation state, which occurs, at least in
response to tumor necrosis factor-� and phorbol esters,
as a direct consequence of phosphorylation at serine 225
by extracellular signal-regulated kinase 1/2.22 The effects
of this single phosphorylation are twofold: it is required for
agonist-induced increases in the catalytic activity of SK-1
and is necessary for translocation of this protein from the
cytosol to the plasma membrane.17 In the current study,
we report that the co-association of SK-1 with �v�3 and
CD31 requires SK-1 phosphorylation at serine 225. Mu-
tation at serine 225 (S225A) retained an equivalent in-
crease in SK protein levels as the wild-type SK-1 but was
not available for recruitment into a complex with �v�3 nor
did it enhance the recruitment of �3 and CD31 into the
complex. Furthermore, S225A did not activate integrins
as judged by its failure to induce FAK phosphorylation or
FAK cluster formation nor did it induce changes in Bcl-XL,
Bim, or NF�B activation. With previous reports identifying
a role for SK-1 phosphorylation to induce translocation of
SK-1 to the plasma membrane for oncogenic signaling17

but not required at the phagosomal membrane for
phagocytosis,39 we now extend these findings to suggest
that phosphorylation of SK-1 is integral for �v�3 integrin
activation, SK-1/�v�3/CD31 complex formation, and sub-
sequent downstream signaling for EC survival. Although
factor-deprived ECs overexpressing SK-1 exhibit a re-
duction in caspase 3 (Figure 8), this is not seen in normal
ECs under factor-free conditions despite the pro-survival
Bcl-X and NF-�B being up-regulated (Figure 5). These
results may suggest that under the experimental system
used the levels of endogenous SK-1 are insufficient to
overcome the major stress stimulant of GF removal. Al-
though we have not yet fully elucidated these seemingly
opposing results, increasing evidence suggests that
these survival pathways are intimately linked. Serum-
deprived ECs overexpressing SK-1 have been shown to
exhibit increased Akt phosphorylation18 and prolonged
activation of Akt is likely to delay caspase 3 activity.40 In
addition, studies suggest that caspase 3, NF-�B and
the Bcl family may act in both directly competing and
noncompeting pathways to control cell survival.41,42

Thus, the recovery effect of ECs to factor deprivation is
likely to involve an intricate network of survival path-
ways and further investigations are required to unravel
their relationship.

Sphingosine, the substrate of SK-1, is concentrated in
the plasma membrane43 and one explanation for the
need to localize SK-1 is to place it in the appropriate
sphingosine microenvironment. Indeed, the generation of
S1P at the plasma membrane may result in S1P secretion
and an extracellular mode of action via its surface recep-
tors (S1P1-5), a pathway previously identified to promote

Figure 8. SK-1-induced SK-1/�v�3/CD31 complex formation and rescue of
EC apoptosis is attenuated with �3 knockdown. HUVECs overexpressing
SK-1 or control EV were transfected with siRNA against �3 or control (ctl) and
serum/GF/ECM deprived for 150 minutes. A: Equal lysate amounts were
assessed for caspase 3 activity. Results depict the mean � SEM of three
experiments and normalized to EV controls. *P � 0.05 versus EV controls;
#P � 0.05 versus SK-1 ctl controls. B: Equal lysate amounts were immuno-
precipitated (ip) for �v�3 and immunoblotted for �3, CD31 or SK-1. Results
depict the mean � SEM of four experiments.
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cell survival (reviewed in Ref. 11). S1P also acts intracel-
lularly and independent of S1P receptors to enhance EC
proliferation and suppress apoptosis.44 Increasing evi-
dence for S1P as a bone fide second messenger11 in-
cludes our own studies showing that S1P receptor inhib-
itors VPC23019 and JTE-013, although efficient for
inhibiting agonist-induced SK-1 activity,24,45 failed to
have any effect on survival in the SK-1-overexpressing
EC24 or on the differentiation of endothelial progenitor
cells.46 Paik et al47 previously described S1P1- and S1P3-
mediated Rho signaling in �v�3 activation for EC migra-
tion. This current study suggests a mode of action via
membrane-localized components that is key to survival
signaling pathways. Whether this involves one or more of
the S1P family of receptors is yet to be fully elucidated.

Fukuda et al19 previously showed a physical interac-
tion, at least in transfected cells, between CD31 and SK-1
with SK-1 binding at residues 594 to 643 in the cytoplas-
mic domain of CD31, and the association strengthened
with CD31 de-phosphorylation. Our previous study iden-
tified increased EC survival with SK-1 overexpression
and was congruent with increased CD31 protein levels
and decreased CD31 dephosphorylation.18 Formation of
a heterotrimeric complex also supports Wong et al20 for
cis-interaction between �v�3 with CD31 on pro-T cells.
Indeed, in vivo studies of CD31-, �v-, and SK-1-deficient
mice all demonstrate vascular abnormalities either during
their development or angiogenic responses to foreign
body challenges.24,48–50 Although these vascular de-
fects have not been attributed to a functional deficiency
of the SK-1/�v�3/CD31 complex, it is tantalizing to spec-
ulate on its involvement. Evidence for SK-1 having multi-
ple associations and binding partners comes from recent
data identifying its association with filamin A, an actin-
binding protein for regulation of cell migration and lamel-
lipodia formation51 as well as the eukaryotic elongation
factor 1A, an association that regulates the catalytic ac-
tivity of SK-1.52 Herein we have identified the formation of
a heterotrimeric complex between SK-1, �v�3 and CD31
in ECs that is integral for their survival.

Angiogenic vessels in wounds and in tumors express
high levels of SK (reviewed in Ref. 53) and �v�3

8 and
indeed therapeutic targeting of this integrin is currently
being evaluated. Our results presented here establish the
link between endogenous SK-1 and two signaling cas-
cades deemed essential for EC survival (integrins and
CD31). Thus, targeting of SK-1 may serve to inhibit tumor
cell growth by controlling the aberrant tumor-associated
angiogenesis through action on the integrin �v�3 as well
as CD31, both of which mediate EC survival.
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