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Abstract

Background—Sphingosine-1-phosphate (S-1-P) is a bioactive sphingolipid released from
activated platelets, which stimulates migration of vascular smooth muscle cells (VSMC) in vitro.
S-1-P will activate akt, which can regulate multiple cellular functions including cell migration. Akt
activation is downstream of phosphatidyl-inositol 3’ kinase (P13-K) and Phosphoinositide-dependent
protein kinase-1 (PDK1).

Objective—To examine the regulation of akt signaling during smooth muscle cell migration in
response to S-1-P.

Methods—Murine arterial SMCs were cultured in vitro. Linear wound and Boyden
microchemotaxis assays of migration were performed in the presence of S-1-P with and without an
akt inhibitor (aktl). Assays were performed for PI13-K, PDK1, akt and GSK3p activation in the
presence of various inhibitors and after transfection with the GBy inhibitor. BARKcT.

Results—S-1-P induced time dependent P13-K, PDK1 and akt activation. The migratory responses
in both assays to S-1-P were blocked by akt inhibitor (aktl). Activation of akt and dephosphorylation
of its downstream kinase, GSK3 3, were inhibited by aktl. Inhibition of P13-K with LY294002
significantly reduced both PI3-K and akt activation. Inhibition of G By inhibited akt activation
through a reduction in both P13-K and PDK1 activation. While inhibition of the ras with manumycin
A had no effect, inhibition of rho with C3 limited both PI3K and akt activation. PDK1 responses
were unchanged by inhibition of GTPases. Inhibition of reactive oxygen species generation with N-
acetylcysteine and of EGFR with AG1478 inhibited PDK1 activation in response to S-1-P.

Conclusion—S-1-P mediated migration is akt dependent. S-1-P mediated akt phosphorylation is
controlled by G By dependent, PI3-K activation, which requires the GTPase rho and Gpy. PDK1
activation requires Gpy reactive oxygen species generation and EGFR activation.
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INTRODUCTION

Atherosclerosis remains a significant public problem and changes in the vessel wall and in
smooth muscle cell (VSMC) biology are keys to plaque formation and development. One key
VSMC function in plaque development is cell migration. S-1-P is a ligand for a family of G-
protein-coupled receptors (S-1-P1, S-1-P2 and S-1-P3) that are highly regulated and
differentially expressed in various tissues. S-1-P1 and S-1-P3 are considered the major
receptors for S-1-P-stimulated VSMC migration, while S-1-P2 seems to suppress VSMC
motility (1). S-1-P1/S-1-P3 receptors promote, whereas S-1-P2 receptors antagonize,
phenotypic modulation in vivo after vascular injury (2). S-1-P activates mitogen activated
protein kinases (MAPK) in VSMC. Through a Gai mediated, ras-dependent mechanism, S-1-
P activates MEK1/2 and ERK1/2; MKK3/6 and p38MAPK are activated by a Gai mediated
phosphatidyl-inositol 3’ kinase (P13-K) -dependent mediated pathway in vascular smooth
muscle cells (3,4). S-1-P can also activate mTOR through a P13-K mediated pathway (5) and
S-1-P can activates the small GTPase, rho, and induces the generation of reactive oxygen
species, which both modulate MAPK activation and cell migration in VSMC and are known
to interact with PI13-K mediated pathways (6,7). Most of the aforementioned mechanisms
involve PI3-K, which in turn can activate akt (a.k.a. Protein kinase B). Akt activation is
downstream of PI3-K and Phosphoinositide-Dependent protein Kinase-1 (PDK1) (Fig 1A).
Therefore, akt is a key intracellular kinase that has been shown to regulate multiple cellular
functions including cell migration. The aim of this study is to examine the mechanisms and
regulation of akt signaling during VSMC migration in response to S-1-P.

MATERIALS AND METHODS

Experimental Design

Materials

Murine arterial VSMCs were cultured in vitro. Linear wound and Boyden microchemotaxis
assays of migration were performed in the presence of S-1-P with and without an akt inhibitor.
Assays were performed for activation of PI13-K, PDK1, akt and GSK3p activation in the
presence of various inhibitors and after transfection with the GBy inhibitor BARKT. Additional
experiments were performed to determine the role of oxygen free radical generation and the
epidermal growth factor receptor (EGFR) in akt activation.

D-erythro-sphingosine-1-phosphate was purchased from Avanti Polar-Lipids (Alabaster, AL).
C3 (rho inhibitor), LY?294002 (PI3-K inhibitor), N-acetyl cysteine (free radical scavenger,
NAC) and akt inhibitor (Calbiochem #124008; Co9H5901oP) were purchased from Calbiochem
(La Jolla, CA). Manumycin A (ras inhibitor, MA), AG1478 (EGFR inhibitor) and di-
phenylene-iodonium (NAD(P)H oxidase inhibitor, DPI) was purchased from Sigma Chemical
Co. (St. Louis, MO). Peroxidase-conjugated anti-rabbit 1gG antibody (raised in goat) and
peroxidase-conjugated anti-mouse IgG antibody (raised in goat) were purchased from Jackson
ImmunoResearch Laboratories Inc. (West Grove, PA). Phospho-akt (ser472) and Phospho
GSK3 (ser9) and phospho EGFR (tyr1068) were purchased from Cell Signaling (Beverley,
MA). Empty adenovirus and adenoviral BARKcT were purchased from Weigen Inc.
(Worchester, MA). Dulbecco’s Minimum Essential medium (DMEM) and Dulbecco’s
phosphate buffered saline (dPBS) were purchased from Cellgro (Manassas, VA).

Wound Assay

The wound assay was performed with VSMC as previously described (8,9). Trials with each
reagent or inhibitor were performed in six separate dishes, and the results were averaged. Cells
were then allowed to migrate over 24h at 37°C in DMEM with or without S-1-P (100nM). In
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a second series of experiments, migration in response to S-1-P was examined in the presence
and absence of the inhibitors.

Boyden Chamber

Chemotaxis was measured using a 48-well Boyden chamber (Neuroprobe Inc. Gaithersburg,
MD) and polycarbonate filters (Neuroprobe, Inc., 10 um pore size, 25 x 80 mm, PVP free)
with VSMC as previously described (8,9). S-1-P (100nM) was added to the lower wells. For
trials with the inhibitors, the inhibitor was added to 2 ml of the cell suspension 1h prior to
addition of cells to the upper wells. Trials included eight or twelve wells per reagent or inhibitor
per trial, and were repeated no fewer than three times.

Western Blotting

Cells were allowed to grow to 80% confluence and starved for 48h. Cells were then stimulated
with S-1-P alone and in the presence of pharmacologic inhibitors (see Results) and harvested
at time points from 0 to 30 minutes. Western blotting was performed as previously described
(5). Activation of PI3-K was determined by phosphorylation of its p85 subunit, that of PDK1
by phosphorylation of its active site, that of akt by phosphorylation of S473 and T308, and that
of GSK3p by determination of its dephosphorylated state at Ser9. Activation of EGFR was
determined by phosphorylation of the Tyr 1068 site. Total protein was determined using
antibodies against each intact kinase.

Adenoviral Infection

Adenoviral vectors were constructed by Welgen, Inc. using purified plasmid encoding
BARKcT, obtained from Guthrie cDNA Resource center (Sayre, PA). VSMC were plated at
70% confluence in 100mm dishes and allowed to grow overnight. Recombinant adenovirus
was then added at the appropriate concentrations (BARKcT; 100 MOI) in a reduced volume of
media (1.5 — 2 ml). After 48h incubation, the media was changed and cells grown for an
additional 24h. The cells were then used for assays. Empty vector served as control.
Transfection was performed as previously described (6).

Data and Statistical Analysis

All data are presented as the mean =+ standard error of the mean (s.e.m.), and statistical
differences between groups were tested with a Kruskal-Wallis nonparametric test with post
hoc Dunn’s multiple comparison correction, where appropriate. A p-value less than 0.05 was
regarded as significant. Non-significant p-values were expressed as p=ns.

RESULTS

Cell Migration

To determine if akt was important in cell migration, we examined VSMC migration in the
wound and Boyden chamber assays. S-1-P induced a concentration dependent cell migration
in both migration assays and these responses were blocked by both the P13-K inhibitor
LY294002, and the akt inhibitor (Fig 2). These findings suggest that P13-K and akt are involved
in S-1-P mediated migration.

Akt activation pathways

To assess if S-1-P can activate both the kinases upstream of akt (PI13-K and PDK1), we
examined its effects on PI3-K, PDK1 and akt phosphorylation and GSK3p dephosphorylation
by western blotting in VSMC. S-1-P induced a time dependent phosphorylation of
phosphatidyl-inositol 3’ kinase (P13-K) and phosphoinositide-dependent protein kinase-1
(PDK1) and activated akt (Fig 3A). There was the expected concomitant dephosphorylation
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of GSK3p, one of the down stream kinases of akt (Fig 3A). There are two phosphorylation
sites on akt, S473 and T308, and both are required for maximal activation of the kinase (Fig
3A). There was time dependent activation of both activation sites of akt in response to S-1-P
(Fig 3B). Activation of akt and concomitant lack of dephosphorylation of GSK3p were
inhibited by the akt inhibitor (Fig 3C). Inhibition of P13-K with the P13-K inhibitor, LY294002,
significantly reduced both P13-K and akt activation (Fig 3C). Activation of the PDK1 was
unaffected by pre-incubation with the PI3-K inhibitor, LY294002 and the akt inhibitor
suggesting that it is not down stream of P13-K(Fig 3C).

Upstream activation of Akt pathways

S-1-P is known to mediate its responses via G-proteins (Gai and Gpy) and the small GTPases
(ras and rho). GPy is a potent, G-protein dimer formed after G-protein coupled receptor
activation and Gy has been linked to P13-K activation. Inhibition of the G-protein, Gy, with
adenovirus contianing BARKcT, decreased akt activation in response to S-1-P through a
reduction in both PI3-K and PDK1 activation (Fig 4). An empty adenovirus had no effect. To
determine the role of the small GTPases ras and rho, we incubated VSMC with inhibitors of
ras (manumycin A) and rho (C3). While inhibition of ras with manumycin A (10mM) had no
effect, inhibition of rho with C3 at a concentration that inhibits rho activation, limited both
P13-K and akt activation. PDK1 responses were unchanged by inhibition of the ras and rho
GTPases (Fig 4).

G-protein coupled receptors have also been shown to activate epidermal growth factor receptor
(EGFR) and to generate reactive oxygen species, both of which are important intermediate
mediators of transmembrane signaling. We chose to examine these alternative pathways of
activation. Inhibition of oxygen free radical signaling with the general oxygen free radical
scavenger, NAC, and of NAD(P)H oxidase with di-phenylene-iodonium (DPI) inhibited PDK1
activation. Inhibition of EGFR with AG1478 (10nM) also inhibited PDK1 activation in
response to S-1-P (Fig 5). Activation of EGFR by S-1-P was inhibited by both NAC and DPI.
Activation of PI13-K was unchanged by these conditions and akt activation was blunted (Fig
5).

DISCUSSION

This report demonstrates that S-1-P mediated migration is akt dependent and that the S-1-P
mediated akt phosphorylation is controlled by GBy dependent, PI3-K activation, which also
requires the GTPase rho and by PDK1 activation, which requires Gpy, generation of reactive
oxygen species and activation of EGFR. The novel findings are the role of NAD(P)H oxidase
rho and EGFR in the activation of akt. The present study has extended our previous
observations on the role of PI3-K pathway in cell migration in response to S-1-P, in that we
have shown its role in MAPK activation, rho activation and mTOR regulation during VSMC
migration (3-7). The phospho-inositol-3'-kinase (PI13-K) family of kinases is a lipid kinase
family which phosphorylate the inositol ring 3'-OH group in inositol phospholipids to generate
the second messenger phosphatidylinositol 3,4,5, triphosphate (PIP3). PIP3 lipids can then
activate ras, PKA, akt, PKC, PKG, p70S6 kinase, serum- and glucocorticoid-inducible kinases
(SGK) (10). PI13-K is linked to both receptor-linked tyrosine kinase and G-protein coupled
receptors. It is known that GBy will activate PI13-K after ligand receptor interaction and that
leads to MAPK activation (11). Interruption of GPy signaling leads to attenuated VSMC
migration and MAPK activation (6,12,13). The current data supports these contentions but also
suggests that GBy may modulate PDK1, a second kinase in the PI13-K network and that
interference in the activity of both kinases alters akt activation at one or both of its
phosphorylation sites. P13-K can also interact with the small GTPase, ras, which leads to
ERK1/2 pathway. Unsustained early activation of ERK1/2 is required for VSMC migration.
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This report confirms that ras is downstream of PI13-K and that Gy and rho are upstream of
P13-K activation. As ras can activate raf, which in turn can activate MEK1/2, P13-K can
modulate the ERK1/2 pathway and thus cell migration (3).

Activation of P13-K can also promote cytoskeletal re-arrangements and cell motility by the
activation of guanine exchange factors such as Vav, Tiam1 and sos (14). There is also a reported
interaction with rho and PI3-K during this cytoskeletal re-arrangement. We had previously
shown that S-1-P can activate rho and that both rho and rho kinase can modulate ERK1/2 and
p38MAPK activation during S-1-P induced cell migration (7). The present data suggests that
P13-K activation has a requirement for rho and not the GTPase protein, ras. Maximal P13-K
activation requires the cytosolic protein to be on the membrane and for its substrates to be in
the same compartment for activation. Interference with rho may interfere with substrate and/
or kinase localization and thus, interfere with maximal P13-K and akt activation. However,
there is one caveat. PI3-K actions are tightly modulated by PTEN. PTEN (phosphatase and
tensin homologue deleted in chromosome 10) is a phosphatase, whose main physiologic lipid
substrate is PIP3, the product of P13-K. PI-3,4,5-P3 allows for akt translocation to the membrane
and this enhances its activity. The regulation of PTEN by rho and Gy is not defined. The local
balance between PI3K and PTEN activity can allow for distinct activation pathways in various
compartments/regions of the cell. Interference in PTEN signaling could also produce the results
we have demonstrated.

PDK1, a 63 kDa protein kinase, plays a pivotal role as a master kinase in receptor tyrosine
kinase signaling (e.g. EGFR). It consists of an N-terminal kinase domain and a C-terminal
pleckstrin homology (PH) domain. The PH domain of PDK1 binds to the P13-K products PIP3
and PIP2, which target PDK1 to the plasma membrane where it phosphorylates Akt at T308.
The presence of PIP3 and PIP2 are required for PDK1 activation. PDK1 is activated by
phosphorylation in the activation loop S241 (15,16) and this phosphorylation has been shown
to be mediated by dimerization and transphosphorylation (17). Little is defined on the
regulation of PDK1 activation except that it is integral to receptor-linked tyrosine kinases and
that compartmentalization to the membrane, cytosol or nucleus allow for the many differential
effects attributed to PDK1 (18). The present study supports the contention that PDK1 is
activated by receptor-linked tyrosine kinases and in the current paradigm by EGFR. Gy and
reactive oxygen species have been implicated in this study but it is likely that these are related
to mechanism of EGFR transactivation by S-1-P and not involved in the direct action on PDK1.

Akt is downstream of P13-K and PDK1. There are three family members of the akt family:
each of which has a PH domain followed by a kinase domain (19). Within this region is the
T308 phosphorylation site, which is required for akt activation. Following the kinase domain
is the C-terminal tail containing the second regulatory phosphorylation site, S473. Both T308
and S473 sites must be phosphorylated for maximal akt activation (20). We saw that both sites
could be activated by S-1-P and that interruption of either P13-K or PDKZ1, blunted akt
activation. T308 is phosphorylated by PDK1, while S473 is phosphorylated by PDK2, both of
which require P13-K (18). There are multiple targets of akt : Glycogen synthase kinase-3
(GSK-3B), Phosphodiesterase-3B, mTOR, insulin receptor substrate -1(IRS-1), Forkhead
family member: FKHR, cyclin dependent inhibitors, p21CIPYWAFL and p27KIP1 and possibly
Raf-1 allowing it to regulate multiple processes (21). We chose to examine GSK3 in this
report and have previously examined mTOR in VSMC stimulated with S-1-P (5). GSK3p is
normally in a phosphorylated state and its active role in cell signaling occurs with
dephosphorylation. GSK-3p inhibition by akt prevents the phosphorylation of the cytoplasmic
signaling molecule, B-catenin, slowing its degradation and permitting its translocation to the
nucleus. This process also involves end-binding protein, APC (Adenomatosis Polyposis Coli).
Once in the nucleus, B-catenin combines with various transcription factors to induce the
expression of several genes (e.g. cyclin D1, which induces cell cycle progression via regulation
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of retinoblastoma hyperphosphorylation). In a similar manner, decreased cyclin D1
phosphorylation by GSK3p promotes the stabilization of this protein (22). Akt can also
phosphorylate p21 and inhibits its anti-proliferative effects by retaining it within the cytoplasm
(23). A similar mechanism has recently been described for p27 (24,25). There is an interaction
between the ERK1/2 pathways and the akt pathways at the level of p21. ERK1/2 will increase
p21 phosphorylation, while akt through GSK3p will inhibit p21 activation. p21 has also been
shown to modulate Rho kinase. This modulation of Rho kinase will affect the cytoskeleton at
the level of myosin light chain kinase and L1M kinase. Sun et al have also demonstrated a role
for p27-dependent and p27-independent mechanisms in smooth muscle cell migration (26).
Therefore, the akt dependent migration in response to S-1-P may be modulated by several
mechanisms, which lead to alterations in cytoskeletal structure and decreased motility.

We showed a role for EGFR in PDK1 activation. S-1-P has been shown to transactivation of
the EGFR and PDGFR-f through src or reactive oxygen species mediated pathways (27). In a
previous report, we demonstrated that S-1-P can induce the generation of reactive oxygen
species through a Gy PLC-f mediated pathway (6). At present, the triple membrane passing
signaling (TMPS) mechanism of G-protein coupled induced EGFR activation is a widely
accepted model of EGFR transactivation (28). In this model, there is a sequence of three
transmembrane signaling events: receptor activation followed by metalloproteinase activation
to release a tethered ligand and subsequent activation of the EGFR by the release ligand, such
as heparin binding EGF. Activation of this pathway has been shown to involve one or more of
the following signaling molecules: src, intracellular calcium, and protein kinase C (28). An
alternative mechanism may be inactivation of protein tyrosine phosphatases due to the
generation of reactive oxygen species by the NAD(P)H oxidase complex. Activation of PDK1
appears to be dependent on reactive oxygen species generation and EGFR suggesting that
EGFR transactivation is occurring through the alternative mechanism.

Conclusion

S-1-P mediated migration is akt dependent. S-1-P mediated akt phosphorylation is controlled
by Gy dependent, P13-K activation, which requires the GTPase rho and Gpy. PDK1 activation
requires reactive oxygen species generation and EGFR activation. Inhibition of either PI3K-
akt will disrupt migration most likely through disruption of events at the leading edge and
microtubule reorganization.
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Figure 1.

(A) Summary of S-1-P signaling in VSMC: S-1-P has been shown to interact with PI3-K and
akt in other tissues. Activation akt leads to dephosphorylation of GSK3p. P13-K activity is
modulated by its inhibitor PTEN. A role for PDK1 has not been defined. S-1-P activation of
P13-K involves the Gai and Gy proteins and can lead to activation of MAPK and mTOR. S-1-
P can mediate rho activation and modulate MAPK activity. Other data has shown that S-1-P
can induce the production of oxygen free radicals through NAD(P)H oxidase and can activate
the EGF receptor (EGFR).

(B) Summary of S-1-P PI3-K/PDK1/akt activation pathways in VSMC: S-1-P mediated
akt phosphorylation is controlled by GBy dependent, PI3-K activation, which requires the
GTPase rho and by PDK1 activation, which requires GBy, generation of reactive oxygen
species and activation of EGFR.
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Figure 2.

VSMC migration in response to S-1-P is does dependent (0.1-1000nM) in both the wound
assay (A) and the Boyden chamber assays (B) of migration. This response was inhibited by
the PI3K inhibitor LY294002 and akt inhibitor (aktl, Calbiochem #124008; CogHg9010P)
(C). Values are the mean+SEM (n=6, **p<0.01 compared to control).
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Figure 3.

S-1-P (100nM) induced time dependent P13-K, PDK1 and akt phosphorylation and
dephosphorylation of GSK3p (A) as detected by changed in protein phosphorylation. There
was time dependent activation of both the activation sites of akt S472 and T308 in response to
S-1-P (B). Activation of PI3-K was inhibited by the PI3K inhibitor LY294002 and akt by the
akt inhibitor (aktl) (C). Values are the mean+SEM of the ratio of the phosphorylation of the
respective protein relative to the total unphosphosylated protein (n=6, *p<0.05 compared to
control). Representative Western blots are shown above the graphs.
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Figure 4.

Inhibition of the ras with manumycin A had no effect had no effect on S-1-P mediated PI3K
and akt phosphorylation, while inhibition of rho with C3 limited both PI13K and akt activation.
PDK1 responses were unchanged by inhibition of GTPases, ras and rho. Inhibition of the G-
protein, Gy, with BARK T, inhibited akt activation in response to S-1-P through a reduction
in both PI3-K and PDK1 activation. Values are the mean+SEM of the ratio of the
phosphorylation of the respective protein relative to the total unphosphosylated protein (n=6,
*p<0.05 compared to control). Representative Western blots are shown above the graphs.
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S-1-P mediated activation of PDK1 and akt was inhibited by the presence of the oxygen free
radical scavenger N-acetylcysteine and the NAD(P)H oxidase inhibitor DPI. Inhibition of
EGFR with AG1478 (10nM) also inhibited PDK1 and akt activation in response to S-1-P.
Values are the mean+SEM of the ratio of the phosphorylation of the respective protein relative
to the total unphosphosylated protein (n=6, *p<0.05 compared to control). Representative
Western blots are shown above the graphs.
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