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PROSPECTS

G Protein Mediated Signaling Pathways in
Lysophospholipid Induced Cell Proliferation and Survival
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Abstract Agonist activation of a subset of G protein coupled receptors (GPCRs) stimulates cell proliferation,
mimicking the better known effects of tyrosine kinase growth factors. Cell survival or apoptosis is also regulated via
pathways initiated by stimulation of these same GPCRs. This review focuses on aspects of signaling by the lysopho-
spholipid mediators, lysophosphatidic acid (LPA), and sphingosine 1 phosphate (S1P), which make these agonists
uniquely capable of modulating cell growth and survival. The general features of GPCR coupling to specific G proteins,
downstream effectors and signaling cascades are first reviewed. GPCR coupling to Gi and Ras/MAPK or to Gq and
phospholipase generated second messengers are insufficient to regulate cell proliferation while G12/13/Rho engagement
provides additional complementary signals required for cell proliferation. Survival is best predicted by coupling to Gi

pathways that regulate PI3K andAkt, but other signals generated through differentGprotein pathways are also implicated.
The unique ability of LPA and S1P to concomitantly stimulate Gi, Gq, andG12/13 pathways, given the proper complement
of expressed LPA or S1P receptors, allows these receptors to support cell survival and proliferation. In pathophysiological
situations, e.g., vascular disease, cancer, brain injury, and inflammation, components of the signaling cascade
downstream of lysophospholipid receptors, in particular those involving Ras or Rho, may be altered. In addition, up or
downregulation of LPA or S1P receptor subtypes, altering their ratio, and increased availability of the lysophospholipid
ligands at sites of injury or inflammation, likely contribute to disease and may be important targets for therapeutic
intervention. J. Cell. Biochem. 92: 949–966, 2004. � 2004 Wiley-Liss, Inc.
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RECEPTOR-G PROTEIN COUPLING
AND CELL GROWTH

Hormones, neurotransmitters, and other
extracellular mediators that bind to cell surface
receptors initiate complex intracellular bio-
chemical signaling cascades. The largest family
of hormone receptors, the G protein-coupled
receptors (GPCRs), signal via interaction of the
agonist-bound receptor with heterotrimeric

G proteins. Hormone binding induces a con-
formational change in the GPCR that leads to
receptor-G protein coupling. The alpha (a)
subunit of the G protein releases GDP in
exchange for GTP and is thereby ‘‘activated.’’
Once the activated a subunit dissociates from
the beta-gamma (bg) subunits, either a or bg can
interact with enzymes, scaffolds, or ion chan-
nels to induce biochemical changes that ulti-
mately affect contraction, gene expression, or
cell growth.

There are four major families of hetero-
trimeric G protein alpha subunits: Gas, Gai/o,
Gaq/11, and Ga12/13. Gas activates adenylyl
cyclase (AC) resulting in increases in cAMP,
leading to activation of cAMP dependent pro-
tein kinase A (PKA) and subsequent phosphory-
lation of cellular proteins. Elevated cAMP
stimulates cell growth in only a few cell systems
(e.g., thyroid cells). In most, cAMP/PKA and the
closely related cGMP/PKG pathway, inhibit
cell growth and proliferation by modulating
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components in the signal transduction cascade.
Gai is also linked to AC, but in contrast to Gas,
Gai inhibits AC and thus lowers cellular cAMP.
The bacterial toxin, pertussis toxin (PTX) ADP
ribosylates the a subunits of the Gi/o proteins.
This prevents a subunit dissociation from bg,
and thereby inhibits the ability of Gi/o-coupled
receptor agonists to affect downstream re-
sponses. Not only is the Gai-dependent in-
hibition of AC PTX-sensitive, but so is the
regulation of effectors such as phospholipase C
(PLC), AC, Src, and PI3 kinase by bg subunits
released from Gi.

Gaq binds to and activates phospholipase C b,
which in turn catalyzes the conversion of
phosphatidylinostiol bisphosphate to diacylgly-
cerol (DAG) and inositol trisphosphate (IP3).
DAG activates protein kinase (PKC), a response
mimicked by phorbol esters, compounds origin-
ally identified as tumor promoters. The exist-
ence of various PKC isoforms in multiple
subcellular locations throughout the cell con-
tributes to the pleiotropic effects of PKC ac-
tivation. InsP3 binds to receptors on the
endoplasmic reticulum, resulting in the mobili-
zation of stored Caþþ. The subsequent increase
in cytosolic Caþþ can activate a variety of Caþþ-
dependent enzymes involved in signal trans-
duction cascades. Some isoforms of AC and
phosphodiesterase are regulated by changes in
intracellular Caþþ, as are PLCd, conventional
PKCs, myosin light chain kinase, phospholipase
A2, and Caþþ/calmodulin-dependent kinase. In
light of the myriad responses that can be elicited
secondary to PKC activation and/or Caþþ

elevation, it is not surprising that activation of
some Gq-coupled receptors, or overexpression of
GTPase-deficient, constitutively active Gaq, can
result in cell proliferation. Notably however,
activation of PLC, Caþþ, or PKC signaling
pathways are generally observed to be insuffi-
cient to promote cell proliferation.

The most recently identified class of hetero-
trimeric G proteins includes those of the Ga12/13

family. Ga13 was first identified as an oncogene,
and overexpression of GTPase-deficient Ga12 or
Ga13 has been demonstrated to alter cell shape,
gene expression, and cell growth. It is now clear
that these responses result, at least in part,
from activation of the small G protein Rho. This
conclusion has been deduced from investiga-
tions using dominant interfering forms of Rho,
Clostridium difficile Toxin B, and C3 exoen-
zyme from Clostridium botulinum toxin, which

ADP ribosylates and inactivates Rho. The Rho
family of small G proteins includes more than
18 members, the best characterized of these
being RhoA, Rac1, and Cdc42. A molecular link
between the Ga12/13 family and RhoA was
recently identified through work demonstrating
that a Rho guanine nucleotide exchange factor
(GEF) p115RhoGEF binds Ga12/13 proteins and
is activated by Ga13 [Hart et al., 1998]. Similar
interactions have been shown for other GEFs,
e.g., PDZRhoGEF and LARG, and Ga13.

While Rho signaling was once considered
most relevant to control of the actin cytoskele-
ton, it is now clear that RhoA also collaborates
with the small G protein Ras to produce cell
cycle progression. Ras activation can be elicited
through a variety of GPCRs. Beta/gamma
subunits released through activation of Gi-
coupled receptors, as well as signals generated
through activation of Gaq can increase Ras
activity. Other mechanisms described for Ras/
MAPK activation, include transactivation of
receptor tyrosine kinases by release of para-
crine or autocrine factors. In the case of the
epidermal growth factor (EGF) receptor, stimu-
lation of GPCRs leads to the shedding of an
EGFR ligand. This activation of the EGF
receptor can initiate a canonical sequence of
events (i.e., Shc/Grb2/Sos) or recruit signaling
molecules such as PI3K, which then lead to Ras
and ERK activation. MAPK signaling cascades
have also been shown to be elicited through
scaffolding proteins. For example, GPCR-sti-
mulation can promote complex formation
between b-arrestin and ERK or JNK MAPK
cascades, leading to their activation. Thus
stimulation of GPCRs coupled to many different
G proteins activate Ras through various path-
ways and lead to subsequent MAPK signaling.
Notably, while Ras-dependent MAPK signaling
has been described in many systems and in
response to many GPCR ligands, not all GPCRs
are able to promote proliferation. MAPK activa-
tion includes both a transient and a sustained
activation phase. The sustained phase appears
to reflect MAPK translocation to the nucleus
where it can initiate gene transcription and cell
cycle progression. This occurs only with a subset
of GPCRs. Recent evidence indicates that G12/13

signaling to Rho may be one factor that
contributes to the nuclear translocation or
maintenance of MAPK activity.

Our previous studies examining GPCR sig-
naling pathways regulating gene expression
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and proliferation included a comprehensive
comparison of the effects of thrombin and
muscarinic receptor activation. Activation of
several signaling cascades was uniquely
observed with thrombin. Since thrombin recep-
tors are strongly coupled to G12/13, we hypothe-
sized that receptors which couple to G12/13

family proteins and Rho pathways are most
likely to generate growth-promoting signals.
Simultaneous activation of either Gq or Gi may
also be required, as there appears to be a
synergy between activation (by Gq or Gi) of
Ras/MAPK pathways and activation (by G12/13)
of Rho. There are several proposed mechanisms
that can explain the positive effect of Rho on cell
cycle progression. These include decreasing the
expression of cell cycle inhibitors such as p21
and p27, increasing the expression of cyclin A,
and facilitating the nuclear localization of ERK.

LYSOPHOSPHOLIPID RECEPTORS AND
G-PROTEIN COUPLING

Lysophospholipids including lysophosphati-
dic acid (LPA) and sphingosine 1-phosphate
(S1P) have emerged as important regulators of
cell growth and survival. While it was once
thought that high concentrations of these
mediators were required to alter cellular
responses, and did so via membrane perturba-
tions, it is now clear that most responses to LPA
and S1P are mediated via activation of GPCRs.
LPA and S1P receptor subtypes have been
identified, cloned, and expressed. The four
LPA receptors identified to date are LPA1,
LPA2, LPA3 and the distantly related and newly
identified LPA4. For S1P, five receptors have
been identified: S1P1, S1P2, S1P3, S1P4, and
S1P5. Previous nomenclature classified all of
the LPA and S1P receptors as EDG receptors,
but the currently accepted nomenclature is
LPA1–4 and S1P1–5. While some GPCR receptor
subtypes show selectivity in their interaction
with particular G proteins, LPA and S1P
receptor subtypes appear to couple to multiple
heterotrimeric G proteins. Thus in heterologous
expression studies, receptor subtype coupling to
G proteins and downstream responses may only
indicate what is possible rather than what
occurs under physiological conditions. Accord-
ingly, the precise LPA and S1P receptor sub-
types that couple to specific G proteins have not,
for the most part been satisfactorily delineated.
However, studies using LPA receptor knockout

mice and examining downstream signaling
pathways suggest that LPA1 couples efficiently
to Gi-dependent regulation of AC, LPA2 couples
to G12/Rho, and cytoskeletal responses and
LPA3 couples to Gq-mediated PLC activation
[Ye et al., 2002]. For S1P receptor subtypes, G
protein activation has been measured directly
in both insect and mammalian heterologous
expression systems using [35S]GTPgS binding.
These experiments reveal that S1P1 is singu-
larly coupled to Gi, while S1P2 and S1P3

receptors can all couple not only to Gi but also
to Gq and G12 [Windh et al., 1999]. Studies using
S1P receptor knockout mice suggest that cou-
pling to PLC (via Gq) is mediated largely via
S1P3, while Rho activation (via G12/13) occurs
through S1P2 and S1P3 receptors. The receptor
subtype mediated signaling mechanisms will be
covered in greater detail below and are sum-
marized in Figure 1.

The goal of this article is to review and put
into context the current literature regarding
LPA and S1P receptor coupling to G proteins
and their downstream effectors in order to
understand how these pathways translate into
LPA and S1P mediated changes in cell growth
and survival. How these pathways relate to both
physiological and pathophysiological conditions
will be addressed.

LYSOPHOSPHOLIPID SIGNALING PATHWAYS

Rho Activation

LPA. It has been known for over a decade
that LPA can produce Rho-dependent cytoske-
letal responses such as stress fiber formation,
cell rounding, and neurite retraction. More
recently it has been demonstrated that LPA
produces Rho-dependent gene expression and
DNA synthesis. Rho was initially implicated in
these pathways through experiments using
activated or dominant-negative RhoA or by
Rho inactivation with C3 exoenzyme. Only over
the past few years has direct evidence for the
ability of LPA to activate RhoA been obtained.
Initially this evidence came from cell fractiona-
tion studies, which showed an increase in
membrane-associated RhoA following treat-
ment with LPA [Fleming et al., 1996]. In 1999,
work from two separate laboratories used
affinity precipitation of GTP-liganded, active
RhoA, with a GST-fusion protein of the Rho
binding domain of either Rho kinase or rhote-
kin, to show unequivocally that RhoA was
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activated by LPA [Kranenburg et al., 1999; Ren
et al., 1999].

LPA activates RhoA through LPA receptor
coupling to the Ga12/13 family of proteins. Gohla
et al. [1998] demonstrated that LPA could
activate several G proteins (Gaq/11, Ga12, Ga13,
or Gai), in fibroblasts, as assessed by GTP
azidoanilide photolabeling of the a subunit of
these G proteins. However, RhoA activation in
these cells was demonstrated to occur in
response to overexpression of activated Ga12 or
Ga13. Observations from other labs are consis-
tent in demonstrating that Ga12 and Ga13

stimulate RhoA activation [Kranenburg et al.,
1999; Sagi et al., 2001], whereas Gai appears to
be largely ineffective inthisregard [Kranenburg
et al., 1999]. Conflicting data exists regarding
the ability of Gaq to activate RhoA [Sagi et al.,
2001; Chikumi et al., 2002]. LPA appears to
signal preferentially through Ga13, rather than

Ga12, to produce Rho-dependent cytoskeletal
changes(theoppositeappearstrueforthrombin)
in Swiss 3T3 fibroblasts, and the mechanism by
which Ga13 activates RhoA involves EGFR
tyrosine kinase [Gohla et al., 1998]. Preferential
couplingofLPAtoGa13hasalsobeenobserved in
HEK 293T cells using a novel assay based on
active Ga12 or Ga13 binding to a GST-fused
tetratricopeptide repeat domain of Ser/Thr
phosphatase type 5 [Yamaguchi et al., 2003].
Seminal work from Sternweis and colleagues
provides an important link between Ga13 and
RhoA activation, asmentionedabove,bydemon-
strating that Ga13 interacts with p115RhoGEF
and enhances its ability to catalyze nucleotide
exchange on RhoA [Hart et al., 1998].

While G12/13 have been shown to link LPA
receptors to activation of RhoA, recent evidence
suggests that Gi couples LPA to activation of
Rac1 [Van Leeuwen et al., 2003]. The balance

Fig. 1. Proposed model of lysophosphatidic acid (LPA) and
sphingosine 1 phosphate (S1P) receptor-mediated regulation of
cell proliferation and survival. LPA and S1P receptor subtypes
cancouple toGi,Gq, andG12/13 familyheterotrimericGproteins.
Selectivity in receptor subtype coupling to specific G proteins is
likely, but only partially resolved, as indicated here in the
pairings shown. The coupling shown here is reflective of reports
from endogenous or knockout systems rather than data from
heterologous systems. Complex signaling cascades that ulti-

mately regulate cell growth and protection from apoptosis
are elicited through LPA and S1P receptor activation. Input
from G12/13-mediated Rho activation complement Gi and Gq-
mediated Ras-ERK activation to coordinately regulate cell
proliferation; Gi-mediated signaling through PI3K/Akt contri-
butes to cell survival. Abberrant receptor subtype expression
and altered ligand availability could contribute to a variety of
pathophysiological disorders due to alteration of these tightly
regulated signaling events.
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between Rho and Rac activity appears to be
critical for changes in cell shape and resultant
cell motility responses. Rac activation leads to
increased focal contacts and cell spreading, as
observed at the leading edge of migrating cells,
whereas Rho produces cell rounding and con-
traction and contributes to the loss of adhesion
observed at the trailing edge. These observa-
tions suggest that coordinated regulation of
these two small G proteins is necessary for cell
movement, with activation of Rac serving as a
critical signal for cell migration (see below
for S1P1 receptor). The ratio of LPA receptor
subtypes coupled to or signaling via Gi versus
G12/13 may determine the relative extent of
activation of Rac and Rho and thus dictates the
nature of the cytoskeletal response. Reciprocal
modulation of Rho and Rac activation may be
facilitated by the ability of Rho and Rac to
negatively regulate the activity of one another.
With regard to effects of Rho and Rac on cell
proliferation, both have been reported to posi-
tively influence cell cycle progression although
there is less mechanistic evidence for Rac than
for Rho involvement (as discussed above). In the
case of Rac, activation of its effector p21-
activated kinase (PAK), superoxide production,
and cyclin D1 accumulation have been sug-
gested mechanisms.
S1P. There is a growing literature regarding

the effect of S1P and specific S1P receptor
subtypes on activation of Rho family proteins,
in particular as associated with the ability of
these receptors to stimulate or inhibit cell mig-
ration. Studies using endogenous S1P receptors
or overexpression of S1P receptor subtypes,
indicate that S1P1 activates Rac1, presumably
through Gi stimulation of a Rac GEF [Okamoto
et al., 2000]. In contrast, S1P2 inhibits Rac1
activation through stimulation of a Rac GAP
[Okamoto et al., 2000]. This may reflect the
ability of the S1P2 receptor to couple to G12/13,
while S1P1 couples exclusively to Gi. In
line with this explanation, S1P2 activates RhoA
whereas S1P1 is ineffective in this regard. S1P3

[Sugimoto et al., 2003] and S1P4 [Graler et al.,
2003] activate both Rac1 and RhoA thus these
receptors do not appear to confer the selectivity
afforded by S1P1 versus S1P2 signaling. Data
obtained using MEF cells from S1P receptor
knockout mice also reveal that S1P2 plays a
major role in the activation of RhoA [Ishii et al.,
2002], but combined deletion of S1P2 and S1P3 is
necessary for complete loss of S1P receptor

stimulated RhoA activation [Ishii et al., 2002].
The observation that the S1P1 receptor remain-
ing in S1P2/3 null MEF cells fails to support
RhoA activation is consistent with the primary
coupling of S1P1 to Gi and Rac rather than to
G12/13 and RhoA.

Phospholipase Activation

LPA. LPA mediated increases in PI hydro-
lysis occur primarily through what is now
considered to be Gq regulated activation of
phospholipase C (PLC). Early studies by
van Corven et al. [1989] demonstrated that PI
hydrolysis and subsequent increases in Caþþ

and PKC were elicited by LPA and that these
responses were not PTX-sensitive. Plevin et al.
[1991] reported that LPA increased InsP3

transiently, and led to parallel decreases in
PIP2 in fibroblasts. It is presently unclear
whether only particular LPA receptor subtypes
are involved in activating PLC. LPA1, LPA2,
and LPA3 receptors are all capable of increasing
PLC activity in heterologous expression sys-
tems [Ishii et al., 2000]. In MEF cells from LPA1

and LPA2 receptor double knockout mice,
LPA-stimulated PLC activation and Caþþ

mobilization are markedly decreased, while loss
of either single receptor alone confers a partial
inhibition of these responses [Contos et al.,
2002]. Thus, there appears to be redundancy
between LPA1 and LPA2 receptor functions in
PLC activation. As MEF cells have only low
endogenous levels of the LPA3 receptor, one
cannot assess the relative role of the LPA3

receptor from these studies. However, retro-
viral expression of LPA receptors in the LPA1/2

double knockout MEFs restored PLC activation
with LPA3 being most efficacious [Contos et al.,
2002]. That all three receptor subtypes can
regulate PLC may be explained by the existence
of several isoforms of PLC (a, b, g, e), regulated
via different G-proteins or indirect pathways, as
described in ‘‘Receptor-G protein coupling and
cell growth.’’

It is now well-established, that receptor
mediated phosphoinositide hydrolysis can be
elicited not only through Gaq effects on PLCb1–

3, but also via stimulation of PLCb2 by released
bg subunits (generally released from Gi). In
addition, PI hydrolysis can occur via indirect
activation of tyrosine kinase receptors that in
turn phosphorylate and stimulate PLCg. Most
recently, PLC epsilon (PLCe) has emerged as
a novel PLC isoform that can be activated
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through bg, Ras, and via G12/13-Rho signaling
[Wing et al., 2003]. Activation by growth
stimulatory signals such as G12/13, Ras, and
Rho suggests that PLCe may provide a novel
pathway contributing to the regulation of cell
growth.

LPA has also been demonstrated to activate
phospholipase D (PLD). PLD hydrolyzes phos-
phatidylcholine (PC), generating phosphatidic
acid (PA), and choline. Since PA can be further
converted to DAG by phosphatidic acid phos-
phohydrolase, PKC can also be activated by
this pathway, often in a more prolonged fashion.
PLD activity can also be modulated through
other second messengers including PKC, Caþþ,
and small G proteins such as RhoA and ADP
Ribosylation Factor (ARF), thus there are a
variety of mechanisms for feedback or crosstalk
to PLD signaling. LPA can stimulate PLD
activity in a PKC-sensitive manner in fibro-
blasts [van der Bend et al., 1992]. In addition,
LPA mediated NFkB and p70(S6K) activation
have been shown to depend upon PLD sig-
naling, as well as on PLC, PKC, and Caþþ

[Shahrestanifar et al., 1999].
Interestingly, in several cultured cell systems

LPA fails to activate PLC, as assessed by InsP3

formation. Despite this, LPA induces intra-
cellular Caþþ mobilization. This behavior
is observed in both SH-SY5Y cells [Young
et al., 1999] and in 1321N1 astrocytoma cells
[Seasholtz et al., 2004]. A proposed explanation
for this is that InsP3-independent Caþþ mobili-
zation occurs through a sphingosine kinase
mediated generation of intracellular S1P which
then affects Caþþ homeostasis as demonstrated
for responses to muscarinic agonists [Meyer zu
et al., 1998; Young et al., 2000; van Koppen et al.,
2001] or EGF [Meyer zu et al., 1999]. This is
discussed in more detail below.

S1P. S1P receptor coupling to Gq-mediated
PLC activation, InsP3 formation, and Caþþ

mobilization, has also been demonstrated in a
number of cell systems. Heterologous expres-
sion studies reveal that the S1P1, S1P2, and
S1P3 receptor subtypes are all capable of
activating PLC and mobilizing Caþþ [An et al.,
1999]. However, S1P receptor knockout studies
demonstrated that in MEF cells there is
preferential coupling of the S1P3 receptor to
Gq-mediated PLC and Caþþ signaling, as the
response is abolished in S1P3 receptor knockout
cells [Ishii et al., 2001, 2002]. In these studies,
the observed loss of S1P stimulated PLC activity

could also be restored by retroviral introduction
of the S1P3 receptor. In contrast, in S1P2 null
mice, PLC and Caþþ signaling in MEF cells
were not significantly diminished [Ishii et al.,
2002]. S1P1 receptors can also mediate PLC and
Caþþ but this is achieved by signaling through a
PTX-sensitive mechanism that involves the bg
subunits of Gi [Okamoto et al., 1998].

As cited above, an unusual property of S1P-
mediated Caþþ signaling is that S1P appears
capable of regulating Caþþ not only through
action at its cell surface GPCR, but also via its
action as an intracellular second messenger.
This signaling mechanism can occur in response
to various stimuli, including S1P and other
GPCR agonists (e.g., muscarinic receptor ago-
nists as stated above). While the precise intra-
cellular targets of S1P are not fully understood,
there is evidence that S1P can mobilize intra-
cellular Caþþ by direct effects on the ER [Meyer
zu et al., 1998] and can affect the store operated
calcium channel (SOCE) that replenishes Caþþ

stores following intracellular Caþþ depletion
[Itagaki and Hauser, 2003].

S1P has also been shown to activate PLD
signaling [Natarajan et al., 1994]. As described
above, multiple pathways converge on or are
required for PLD activation. A Gi mediated
pathway has been implicated in S1P-stimulated
PLD along with activation of PKC, Caþþ, Rho,
and Rho kinase [Orlati et al., 2000; Wang et al.,
2002; Meacci et al., 2003].

EFFECTS OF LYSOPHOSPHOLIPIDS
ON ERK ACTIVATION AND CELL

PROLIFERATION

LPA. LPA stimulates proliferation in many
cell types. A seminal paper from Moolenar’s
laboratory published in 1989 [van Corven et al.,
1989] demonstrated pronounced increases in
3H-thymidine incorporation into Rat1 and
human foreskin (HF) fibroblasts and character-
ized the signaling pathways underlying this
response. Notably, and as now confirmed in
numerous systems, the mitogenic response
was sensitive to PTX pretreatment, implicating
G-proteins of the Gi/o family in the signaling
pathway from LPA to cell proliferation. While
LPA also increased InsP3 formation and mobi-
lized intracellular Caþþ in these cells, the
phosphoinositide/PKC pathway was determin-
ed to be neither necessary nor sufficient to elicit
cell proliferation.
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The PTX sensitive pathway that contributes
to the proliferative response is likely that
mediated through ERK activation. Biphasic
increases in ERK activation, and the require-
ment for a sustained late ERK response to elicit
cell cycle re-entry, were originally proposed
by studies from Pouyssegurs laboratory in
which responses to thrombin were investigated
[Vouret-Craviari et al., 1993]. Similar observa-
tions were made for LPA which was shown to
elicit both an early PKC and Caþþ dependent
initial phase, and a sustained second phase of
ERK activation in Rat-1 cells. The sustained
response was PTX sensitive and required for
mitogenesis [Cook and McCormick, 1996].
There are several pathways by which Gi/o

protein activation might contribute to ERK
activation. Activation of Ras is likely involved
as an initiating step upstream of ERK and has
been shown to be PTX sensitive in response to
LPA [van Corven et al., 1993]. Multiple possible
mechanisms for Gi/o affecting Ras activation are
described earlier. Most involve the effects of
released bg subunits (as opposed to effects of the
Ga1 subunit, which inhibits AC) and include
transactivation of EGF receptors, activation
of tyrosine kinases, activation of PI3K and
recruitment of cell scaffolds composed of b-
arrestin and other signaling molecules [Hall
and Lefkowitz, 2002].

LPA acts as a mitogen in fibroblasts, cell lines
of embryonic or transformed origin, HeLa and
PC12 cells, vascular smooth muscle cells, astro-
cytes and astrocytoma cell lines, neuronal cells
and others. In cardiomyocytes, which are
terminally differentiated, LPA induces hyper-
trophic cell growth, mediated through Gi and
Rho dependent pathways [Goetzl et al., 2000;
Hilal-Dandan et al., 2003]. On the other hand in
some cell lines, particularly those of lymphoid
origin, LPA is inhibitory to cell growth [Tigyi
et al., 1994]. Inhibition of cell growth could
result from LPA mediated increases in cAMP.
Increases in cAMP have been observed in
response to LPA, but LPA1–3 receptors are not
coupled to Gs (but rather to Gi). Increases in
cAMP would likely occur only when a particular
ratio of LPA receptor subtypes and AC isoforms
prevails. LPA4 has been shown to increase
cAMP, but this receptor is only distantly related
to the other LPA receptor subtypes. It has not
yet been proven that this increase in cAMP
occurs directly via Gs versus indirectly through
a cyclase or phosphodiesterase (PDE), for

example. An inhibitory effect of LPA on cell
proliferation appears to be the exception to the
usual pronounced proliferative response to this
mitogen.

Which receptor subtypes are most intimately
involved in LPA mediated proliferation is not
known. The LPA1 receptor appears to be tightly
coupled to Gi signaling pathways and mediates
PTX-sensitive AC inhibition [Ishii et al., 2000;
Contos et al., 2002]. Heterologous expression of
the LPA1 receptor induces DNA synthesis
[Fukushima et al., 1998]. However, similar
observations have been made for other recep-
tor subtypes. Cell proliferation is regulated
through more than a single receptor subtype,
which is suggested by studies using MEF cells
from LPA1 and LPA2 knockout mice. The ability
of LPA to increase BrdU incorporation was only
modestly diminished with loss of either recep-
tor, but abolished when both LPA1 and LPA2

receptors were absent [Contos et al., 2002].
S1P. S1P was demonstrated to stimulate

DNA synthesis in Swiss 3T3 cells in seminal
studies published by the Spiegel laboratory in
1991 [Zhang et al., 1991]. Several lines of
evidence suggested that this did not occur
through PKC dependent pathways but rather
through a PTX-sensitive mechanism, parallel-
ing observations made regarding LPA receptor
coupling to cell proliferation via Gi. Activation of
Ras, MAP kinase and increases in the transcrip-
tion factor AP-1 accompanied the proliferative
response and were also largely PTX-sensitive.
Astrocytes also respond to S1P with PKC-
independent proliferative responses regulated
through PTX-sensitive pathways, probably via
PI3K activation [Pebay et al., 2001]. A wide
range of cell types, including fibroblasts, astro-
cytes, endothelial cells, vascular smooth muscle
cells, hepatoma cells and glioma and breast
cancer cell lines have now been shown to pro-
liferate in response to S1P. Cardiomyocytes
respond to S1P with hypertrophy, as indexed by
increased cell size and protein synthesis; the
S1P1 receptor has been implicated in mediating
this response [Robert et al., 2001]. However, as
seen with LPA, S1P can also lead to inhibition of
proliferation in some systems. This occurs, for
example, in keratinocytes and is partially PTX-
sensitive [Vogler et al., 2003].

As indicated above and in Figure 1, the SIP1

receptor is the subtype most exclusively linked
to a Gi/PTX sensitive signaling [Windh et al.,
1999]. However, S1P2 and S1P3 receptors, can
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also activate Gi, but additionally couple to Gq

and G12 family proteins [Windh et al., 1999].
The S1P2 and S1P3 receptors, by engaging Rho
in addition to Gi-mediated signaling pathways,
should have the greatest capacity to elicit
cell proliferation or perhaps by virtue of Rho
signaling, enhance cell survival. In support of
this, hepatoma cells stably expressing either
S1P2 or S1P3 receptors responded to S1P with
enhanced cell proliferation, and altered gene
expression mediated through both PTX and Rho
sensitive pathways [An et al., 2000].

EFFECTS OF LYSOPHOSPHOLIPIDS
ON CELL SURVIVAL AND APOPTOSIS

LPA. LPA has been shown to protect against
apoptosis in a number of cell types including
ovarian cancer cells, intestinal epithelial cells,
fibroblasts, osteoblasts, hepatocytes, Schwann
cells, macrophages, T-cells, and renal proximal
tubular cells. The primary signaling mechan-
isms that appear to be involved in this protec-
tion include Gi, PI3K, Akt, and eNOS. In
addition, ERK pathways may serve protective
functions. A role for Rho in cell survival has also
been suggested in studies with ovarian cancer
cells [Baudhuin et al., 2002]. Specific LPA
receptor subtypes have been implicated in
activation of pathways that protect from apop-
tosis in some cell types. For example, over-
expression of the LPA1 receptor in Schwann
cells [Weiner and Chun, 1999] or hepatocytes
[Sautin et al., 2001] leads to PI3K-mediated
decreases in apoptosis. Further support for a
role of the LPA1 receptor in protection from
apoptosis is that there is an 80% increase in
apoptosis in sciatic nerve Schwann cells from
LPA1 receptor null mice [Contos et al., 2000].

LPA induced protection from apoptosis has
also been demonstrated to occur in vivo. In
irradiated mice orally administered LPA, there
was a decrease in apoptotic bodies in intestinal
crypts [Deng et al., 2002]. Another study used a
renal ischemia reperfusion injury model to
show that LPA dose dependently inhibited
apoptosis of tubular epithelial cells, as well as
renal expression of TNF-a and influx of
neutrophils, both markers of inflammation [de
Vries et al., 2003].

While the data cited above indicates that LPA
is generally protective, there are several reports
that indicate that LPA can actually stimulate
apoptosis. In TF-1 cells, Rho and Rho kinase

appear to mediate LPA-induced apoptosis via
loss of cell adhesion [Lai et al., 2003]. In hippo-
campal neurons, LPA also stimulates apoptosis
and this response appears to be mediated via
oxidative stress and increased NO production
[Holtsberg et al., 1998]. Airway smooth muscle
cells respond to low concentrations of LPA
with mitogenesis, while higher concentrations
of LPA stimulate apoptosis [Ediger and Toews,
2001].

S1P. Like LPA, S1P also acts as a survival
signal for many cell types including melano-
cytes, hepatoma cells, neutrophils, macro-
phages, acute leukemia cells, PC-12 cells,
HUVECs, keratinocytes, and hepatic myofibro-
blasts. As described above with regard to
intracellular effects of S1P on Caþþ mobiliza-
tion, S1P can act within the cell as well as via
its GPCR and there is ample evidence for both
receptor-mediated and intracellular effects
of S1P on cell survival and protection from
apoptosis.

S1P-mediated protection from apoptosis, like
that of LPA, also appears to be mediated
primarily through Gi-mediated PI3K/Akt/
eNOS signaling. ERK and p38MAPK have also
been implicated. A few examples are described
below. S1P protects melanocytes [Kim et al.,
2003] and hepatic myofibroblasts [Davaille
et al., 2002] from apoptosis in an ERK and Akt
dependent manner. In ovarian cancer cells, S1P
elicits its protective effects through ERK, Akt,
and p38MAPK [Baudhuin et al., 2002]. In
neutrophils, the protective effects of S1P occur
via Gi and p38, while ERK, Akt, and JNK are
not required [Chihab et al., 2003]. In vascular
endothelial cells, S1P has been shown to stimul-
ate eNOS phosphorylation through a PTX-
sensitive, Akt-mediated pathway [Igarashi
et al., 2001]. Morales-Ruiz et al. [2001] have
demonstrated that the S1P1 receptor is respon-
sible for Gi and Akt-dependent eNOS phosphor-
ylation in endothelial cells. Consistent with
this, S1P appears to activate NOS through a
PTX-sensitive pathway and thereby mediate
cytoprotection in HUVECs [Kwon et al., 2001].
This cytoprotection is mediated via S1P1 or
S1P3 receptors since antisense to these recep-
tors inhibited S1P stimulated increases in NO
[Kwon et al., 2001]. S1P3 receptor mediated
signaling to PI3K and Akt has also been
demonstrated in CHO cells [Banno et al.,
2003]. Overall, the evidence indicates that
S1P1 and S1P3 receptors signal via Gi to the
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PI3K/Akt pathway to mediate S1P cytoprotec-
tion from apoptosis, and Akt-dependent phos-
phorylation and activation of eNOS is a primary
contributor.

Several lines of evidence indicate that intra-
cellularly generated S1P can also serve as a
survival signal via its actions within the cell.
Olivera et al. [1999] demonstrated that over-
expression of sphingosine kinase in NIH3T3
fibroblasts and HEK293 cells increased intra-
cellular S1P levels, without detectable S1P
released into the media. They concluded that
this was sufficient to increase cell growth in low
serum media and protect against apoptosis.
Intracellular S1P also protects cells from cer-
amide-induced apoptosis [Cuvillier et al., 1996]
and blocks cytochrome C release and caspase
activation [Cuvillier and Levade, 2001]. Micro-
injection of S1P into fibroblasts has been shown
to increase DNA synthesis and to suppress
apoptosis in HL-60 and PC-12 cells [Van
Brocklyn et al., 1998]. Likewise, in PC-12 cells,
overexpression of sphingosine kinase, which
leads to an increase in intracellular S1P, sup-
pressed apoptosis, independent of Akt, ERK,
and Gi, suggesting non-receptor mediated
mechansims [Edsall et al., 2001]. In HUVECs,
TNF-a increased sphingosine kinase activity
with a subsequent increase in S1P that pro-
tected against TNF-a stimulated apoptosis,
further supporting a role for intracellular S1P
in protection [Xia et al., 1999a]. Also, in rat
heart fibroblasts, the ganglioside GM-1 in-
creased intracellular S1P and protected these
cells from apoptosis [Cavallini et al., 1999]. Most
recently, it has been shown that overexpression
of sphingosine kinase promotes cell survival
and proliferation in MEF cells from S1P2/3

knockout mice even in the presence of PTX,
conditions under which there should be no
signaling from any of these S1P receptors
[Olivera et al., 2003]. Thus, at least in terms
of cell protection and survival S1P signaling
through its receptors is not required.

In some cell models intracellular S1P and
GPCR-mediated S1P can combine to protect
cells from apoptosis. For example in neuro-
blastoma� glioma hybrid cells, inhibition of
sphingosine kinase increased thapsigargin-
induced apoptosis and exogenous S1P pro-
tected cells from FCCP-induced cell death
[Chin et al., 2002]. In hepatic myofibroblasts,
which express S1P1,2 and 3 receptors, receptor-
dependent effects of S1P led to cell survival via

Gi signaling through ERK and Akt pathways
[Davaille et al., 2002]. Interestingly, intracel-
lular S1P was shown to increase apoptosis, thus
in these cells S1P effects on extra- and intracel-
lular signaling pathways have opposing effects
on cell survival [Davaille et al., 2002]. There is
also evidence that S1P can function via ‘‘inside
out’’ signaling, where intracellularly generated
S1P is released and then acts upon its cell
surface GPCR; this mechanism contributes to
stress fiber formation and cell migration, rather
than proliferation and survival [Olivera et al.,
2003].

ROLE OF LYSOPHOSPHOLIPIDS
IN PATHOPHYSIOLOGY

Lysophospholipids in Oncogenesis

As detailed above, GPCR stimulation can lead
to cell proliferation, a response dependent on Gi

and/or Gq activation of Ras MAPK pathways,
which may also depend upon G12/13 activation of
Rho. Under normal physiological conditions,
activation of the G12/13-Rho pathway and hence
cell proliferation, may be appropriately limited,
because agonists for the G12/13-coupled recep-
tors (e.g, LPA, S1P, thrombin, and thromboxane
A2) are largely formed and released during
stress, injury, and inflammation. However,
upregulation of growth signals that activate
Ras- or Rho-dependent pathways at various
points in the signaling cascades described
above, are now known to result in aberrant cell
growth. Concomitant alterations in migration
and invasion would further contribute to patho-
physiological progression of metastatic cancer.
Indeed, numerous findings indicate alterations
in these processes in transformed cells. For
example, in pancreatic carcinoma cell lines,
LPA stimulates cell migration via a Gi/ERK
pathway that requires Ras, Rac1, and RhoA
[Stahle et al., 2003]. Not only have well-known
mutations in Ras been identified in human
tumors but various mutant forms of Rho GEFs
(e.g., lbc, larg, dbl) have also been isolated from
leukemic and other cancer cells. Expression of
these Rho GEFs, like expression of the G12/13

proteins that activate them, results in enhanced
cell proliferation [Toksoz and Williams, 1994;
Kourlas et al., 2000a,b]. Overexpression of
RhoC, a homolog of RhoA, has also been
observed in pancreatic and inflammatory breast
cancer, and microarray data demonstrated an
association between increases in RhoC and
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metastasis [van Golen et al., 1999, 2000; Clark
et al., 2000; Kleer et al., 2002].

Another potential mechanism by which dys-
regulated growth responses might occur is
through increased production of ligands for
G12/13-coupled receptors. This has been reported
to occur in ovarian cancer, where elevated con-
centrations of LPA and S1P have been found in
the ascitic fluid of patients with ovarian cancer
[Hong et al., 1999; Tanyi et al., 2003]. In addi-
tion, sphingosine kinase, the lipid kinase
responsible for formation of S1P from ceramide
has been reported to act as an oncogene and
stimulate cell proliferation [Xia et al., 2000].
Several studies report overexpression of sphin-
gosine kinase conferring a growth advantage of
tumor cells. Conversely, lipid phosphate phos-
phatase-3, which selectively hydrolyzes LPA in
vivo, has been shown to decrease the growth,
survival, and tumorigenesis of ovarian cancer
cells [Tanyi et al., 2003]. This suggests that
balance between formation and metabolism of
either S1P or LPA can determine cell fate and
thus tumorigenic potential.

Signaling by mediators such as LPA and S1P
could also be dysregulated through altered
ratios of expression of the various receptor sub-
types. In human ovarian cancer cells obtained
from early and advanced tumors, LPA2 and
LPA3 receptor expression is reported to be
increased [Fujita et al., 2003] and indeed LPA2

receptor expression has been suggested to serve
as a ‘‘distinctive functional marker’’ for this
disorder [Huang et al., 2002]. A carboxy-
terminally extended gain of function mutation
of the LPA2 receptor has also been reported in
ovarian cancer [Huang et al., 2002]. The ratio of
receptor subtypes, and thus the appropriate
balance in the signaling pathways that they
control, may be of particular importance in
determining cell survival and migration. Since
LPA1 has been shown to increase apoptosis of
ovarian cancer cells, an increased LPA2/LPA1

ratio could prevent normal programmed cell
death in response to LPA. In the case of S1P, the
S1P2 receptor has been shown to inhibit B16
melanoma cell invasion. Thus, the loss of S1P2

receptors or increases in activation of competing
pathways could alter the balance between
proliferative and apoptotic signals, or pro-
versus inhibitory-migratory signals, and thus
could contribute to conversion from normal to
carcinogenic to invasive phenotype. As a gen-
eral concept, it is likely that in pathophysiolo-

gical situations, the lysophospholipid receptors,
(or molecules critical to their downstream
signaling) may become limited or upregulated,
altering the nature of the response. Compart-
mentation of cell signaling components loca-
lized in membrane domains such as lipid rafts or
caveolae, may also be altered in and contribute
to pathophysiological responses.

Lysophospholipids in Vascular Pathology

As described in detail above, in many cell
types including vascular smooth muscle cells,
LPA and S1P induce cell cycle progression and
proliferation. In the case of vascular smooth
muscle cells, enhanced cell growth responses
are observed in vascular diseases such as
hypertension and diabetes, and are involved in
the pathogenesis of atherosclerosis, peripheral
vascular disease, and renal failure. Since LPA
and S1P are released from platelets and are key
components in serum responsible for cell pro-
liferation, one would predict that they could
have profound effects on angiogenesis and
vascular function and dysfunction.

S1P receptor deletion studies have revealed a
crucial role for S1P1 in angiogenesis and vascu-
lar maturation. S1P1�/� mice undergo intrau-
terine death at age E12.5-E14.5 due to defects in
vascular smooth muscle migration subsequent
to an inability to activate the small G protein
Rac [Liu et al., 2000]. Interestingly, S1P1

receptor levels are lower in VSMC from adult
(versus young) animals [Kluk and Hla, 2001],
an observation that may explain the diminished
ability of S1P to induce cell migration, or proli-
feration in adult VSMC.

Decreased responsivity of adult VSMC to
lysophospholipid mediators would serve as an
adaptive response which acts to inhibit the
proliferation of smooth muscle cells under
normal physiological conditions. During vascu-
lar injury or the initiation and progression of
vascular disease, however, alterations in signal
transduction pathways might shift the balance
toward enhanced lysophopholipid proliferative
signaling. For example, evidence is rapidly
accumulating which suggests that upregulation
of Rho expression, activity and/or signaling
might play a role in at least a subset of vascular
disorders. Rho kinase inhibitors [Sawada
et al., 2000; Shibata et al., 2001], dominant
negative Rho kinase [Morishige et al., 2001],
and statins [Mulder et al., 2000], which inhibit

958 Radeff-Huang et al.



the geranylgeranylation and therefore mem-
brane-targeting of Rho, have been shown to
reduce neointimal formation and coronary con-
strictive remodeling [Mulder et al., 2000]. Like-
wise, enhanced vascular RhoA expression,
RhoA activity and Rho-dependent DNA synthe-
sis have been reported in vessels and smooth
muscle cells from hypertensive rats [Seasholtz
et al., 2001]. Similar increases in Rho activation
have also been described for animal models of
diabetes, and hyperinsulinemia has been shown
to potentiate LPA-stimulated, Rho-dependent
gene expression [Chappell et al., 2000].

In addition to the effects of lysophospholipids
on vascular smooth muscle cells, LPA and S1P
have both been shown to mediate endothelial
cell activation, which ultimately affects vascu-
lar function. These changes occur during the
initiation and progression of vascular disease.
The alterations include endothelial cell stress
fiber formation and contraction, increased
expression of adhesion molecules and decreased
production of nitric oxide, which normally
exerts inhibitory effects on vascular contrac-
tion, proliferation, and migration. Upon upre-
gulation of adhesion molecules, leukocytes such
as neutrophils and monocytes adhere to the
endothelial cell layer and migrate into the
intimal layer where they accumulate lipid,
transform into foam cells and release factors
that stimulate vascular smooth muscle cell
growth and inflammation. An expanding litera-
ture also suggests that LPA is an important
mediator of oxidized LDL effects on the vascu-
lature. For instance, oxidized LDL has been
shown to activate platelets presumably via
platelet LPA receptors and through production
of LPA [Siess et al., 1999]. In addition, biologi-
cally active LPA is found to be accumulated in
human atherosclerotic plaques [Siess et al.,
1999]. S1P has also been implicated in oxLDL
mediated vascular smooth muscle cell mito-
genesis [Auge et al., 1999] and in TNF-a-
mediated adhesion protein expression in
vascular endothelial cells [Xia et al., 1999b].

Progression of vascular disease, vessel occlu-
sion, and plaque rupture are primary contribu-
tors to myocardial infarction and stroke. Other
contributing factors include vasospasm. Inter-
estingly, several reports suggest that S1P is
particularly potent at eliciting contraction of
cerebral (versus peripheral) vessels, suggesting
a possible role for S1P in cerebral vasospasm.
The basis for this selectivity may be that the

expression of S1P3 and S1P2 receptors is
approximately 4-fold higher in cerebral versus
peripheral vessels [Coussin et al., 2002].
Another study using antisense constructs
against either S1P3 or S1P2 demonstrated that
only inhibition of S1P3 receptor expression
blocked S1P-stimulated constriction of cerebral
arteries [Salomone et al., 2003]. Since C3
[Salomone et al., 2003] and the Rho kinase
inhibitor, Y-27632 [Tosaka et al., 2001], (but not
PTX), were also able to block the response, S1P
would appear to produce contraction of cerebral
vessels through activation of S1P3 (and possibly
S1P2) but not S1P1 receptors, consistent with a
Rho-dependent signaling pathway. While many
Gq- and Gi-coupled GPCR’s mediate vascular
contraction through increases in intracellular
Caþþ and activation of myosin light chain
kinase, Rho has been shown to increase con-
tractility in the absence of changes in intracel-
lular Caþþ. Rho through activation of Rho
kinase promotes phosphorylation of the myosin
binding subunit of myosin phosphatase,
thereby inactivating the enzyme resulting in
an accumulation of phosphorylated myosin.
In addition to actions on cerebral vessels, S1P
also appears to produce contraction of coronary
artery smooth muscle cells, possibly through
S1P2 [Ohmori et al., 2003].

Lysophospholipids in Brain Injury

The first lysophospholipid receptor identified,
vzg1/edg2/LPA1, was isolated and cloned on the
basis of its appearance in the ventricular zone, a
region of the cortex in which there is active
neuronal proliferation during development
[Hecht et al., 1996]. Interestingly, S1P1 is also
expressed in this brain region during develop-
ment [McGiffert et al., 2002]. LPA and S1P
receptors appear to be temporally as well as
spatially regulated during brain development
[Hecht et al., 1996; Fukushima et al., 2002;
McGiffert et al., 2002]. While the specific roles of
each LPA and S1P receptor subtype are still
being elucidated, it is clear that these receptors
and their ligands are important for both the
developing brain as well as the adult brain.

When the brain is injured, neurons and
glia undergo a myriad of cellular responses
including cell migration, proliferation, cytokine
release, and apoptosis. A pathophysiologic
event such as brain injury stimulates astro-
gliosis, defined by increased proliferation and
migration of astrocytes to the site of injury,
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resulting in glial scarring [McGraw et al., 2001].
The characteristic astroglial cell proliferation
and migration is arguably both critical for and
detrimental to axon regeneration after injury.
Another characteristic often associated with
brain injury is breakdown of the blood–brain
barrier. This event allows LPA and S1P to enter
the central nervous system via the bloodstream,
as described above. By virtue of their pleiotropic
effects, these ligands are poised to trigger the
cellular events (e.g., ERK, Rho, Akt activation)
required for proliferation, migration, and sur-
vival. The in vivo role of lysophospholipid
receptors and their downstream signaling path-
ways in response to brain injury is, however,
just beginning to be explored.

In cell culture, LPA and S1P elicit astrocyte
proliferation and migration through multiple
signaling pathways. The nature of lysopho-
spholipid-induced astrocyte responses appears
to vary based upon the specific brain region, the
animal species, and the developmental stage of
the astrocytes [Steiner et al., 2002]. Recently,
Sorensen et al. [2003] showed that in vivo
injection of LPA or S1P into the striatum of
mouse brains induced astrogliosis. Further-
more, activation of the Gi/o-MAPK as well as
the Rho kinase pathways was shown to be
involved in astrocyte proliferation [Sorensen
et al., 2003]. Preliminary data from our labora-
tory indicates that in a stab brain injury model
S1P1 receptor expression is altered suggesting a
role for S1P1 receptors in regulation of astro-
gliosis following brain injury. These data are
consistent with the theory that LPA and S1P are
involved in the pathophysiology associated with
astrogliosis and other responses to brain injury.
As discussed earlier, these ligands are also
potent effectors of cerebrovascular constriction,
suggesting a role in the pathophysiology of
stroke. The ganglioside GM-1, which as men-
tioned previously can generate intracellular
S1P, has been used in human stroke studies
which have shown an amelioration of the
neurologic deficits observed following the onset
of stroke [Argentino et al., 1989; Lenzi et al.,
1994]. This provides further evidence of the
protective effects of the S1P in pathological
conditions. The development of subtype-specific
S1P and LPA receptor agonists and antagonists,
which are able to cross the blood–brain barrier
should provide crucial insight into the potential
role of LPA and S1P receptors in the brain and
their feasibility as therapeutic targets.

Effects of Lysophospholipids on Myocardial
Growth and Survival

Cardiomyocytes are terminally differentiated
cells and thus do not re-enter the cell cycle and
proliferate. In response to demands imposed by
increased workload or stress (e.g., hyperten-
sion, infarction) myocytes enlarge by a process
referred to as hypertrophic growth. Increased
cell size, protein synthesis, sarcomeric organiz-
ation, switches in myofilament protein isoform
expression (e.g., a vs. b myosin heavy chain),
and re-expression of embryonic genes (e.g.,
ANF, BNP) characterize this response. Neona-
tal rat ventricular myocytes (NRVMs) cultured
in the absence of serum and at low density
recapitulate many of the features of in vivo
hypertrophy when they are stimulated by the
addition of serum. The effects of serum are
mimicked by addition of ligands for GPCRs, in
particular those that couple to Gq. The agonists
that are most effective in this regard are
norepinephrine, phenylephrine (PE), endothe-
lin (ET), and PGF2 a, and many papers report
on these responses, further elucidating the
signal transduction pathways that are involved.
Expression of the a subunit of Gq also induces
hypertrophy. Thus, in contrast to proliferative
responses, where Gq signaling pathways are
relatively inefficient, at least alone, cardiac
hypertrophy is highly dependent on Gq medi-
ated responses.

Several studies have examined the ability of
LPA and S1P to effect hypertrophic growth of
NRVMS. In one study [Robert et al., 2001] S1P
was demonstrated to increase protein synth-
esis, BNP secretion, and stress fiber formation.
These effects were suggested to be mediated via
S1P1 receptors based on studies with S1P1

antibodies, which were also used to suggest
that this was the predominant receptor isoform
expressed in these cells. S1P mediated activa-
tion of MAP kinases, PI3K, and Rho were all
implicated as mediators of this hypertrophic
response, as was the PTX-sensitive Gi protein.
Interestingly, another group failed to observe
hypertrophy in response to S1P, although
sphingosylphosphorylcholine did increase
protein synthesis and activate MAP kinases
[Sekiguchi et al., 1999]. LPA has also been
reported to increase protein synthesis, one
aspect of the hypertrophic program, when
added to NRVMs in the presence of gelsolin
[Goetzl et al., 2000]. Our studies demonstrate
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that LPA induces similar increases in protein
synthesis even in the absence of gelsolin and
also increases cell size, expression of ANF, and
activation of MAP kinases [Hilal-Dandan et al.,
2003]. Inhibition by PTX and C3 toxins indi-
cated that Gi and Rho pathways are important
components of the hypertrophic response to
LPA, as suggested for S1P.

As a general statement, however, while S1P
and LPA are capable of activating many
features of hypertrophy, these ligands appear
to be far less efficacious than PE, ET, or PGF2a
in this regard. We speculate that the notably
weak coupling of these receptors to Gq regulated
pathways (PLC, PKC) limits the magnitude of
the response elicited by S1P and LPA. For
example, we observe little PLC stimulation
(based on InsP formation) in NRVMs treated
with LPA [Hilal-Dandan et al., 2003] or S1P
(unpublished observation), while PE, PGF2a, or
ET elicited robust responses. Thus, hyper-
trophic growth mediated through Gi and Rho
pathways in response to these ligands is
observed, but other functions for these receptors
are suggested.

What appears as hypertrophic growth in
serum deprived NRVMs may be partially ex-
plained as increased cell survival. Indeed one
might argue that the more important effects of
S1P and LPA in cardiomyocytes are activation
of survival pathways. We have determined that
LPA and S1P are highly effective activators of
Rho and of the PI3K/Akt survival pathway
[Hilal-Dandan et al., 2003; Xiao et al., 2003],
while more traditional hypertrophic agonists
like PE are not. Both LPA and S1P have been
reported to enhance survival of NRVMs during
hypoxia [Karliner et al., 2001] and S1P protects
mouse hearts from global ischemia [Jin et al.,
2002]. There is also considerable evidence that
sphingomyelinase is activated during cardiac
ischemia, and that sphingosine is formed
and potentially converted to S1P in the blood
[Hernandez et al., 2000; Levade et al., 2001;
Cavalli et al., 2002]. We recently examined the
role of S1P receptors in injury induced by
ischemia and reperfusion in mouse hearts
in vivo, comparing the extent of injury-induced
cell loss in wild type and S1P receptor knockout
mice. Our findings demonstrated increased
infarct size in hearts from S1P2/3 receptor null
mice, and further showed that Akt activation
was not observed in the absence of these
receptors [Xiao et al., 2004]. Thus, it seems

likely that S1P serves as a mediator that is
formed in the heart in response to stresses such
as ischemia/reperfusion, and that it protects
cardiomyocytes from necrosis or apoptosis.
Apoptotic cell death is also considered to be a
critical component in the development of con-
gestive heart failure, a condition in which
hypertrophic growth is no longer able to com-
pensate for increased stress, and in which the
contractile function of the heart is diminished.
Agents that activate lysophospholipid receptors
coupled to the Rho or P13K/Akt pathways may
thus prove beneficial in providing survival
signals that slow or diminish the development
of cardiomyocyte cell death and associated
functional decompensation.

Lysophospholipids and the Immune System

LPA regulates growth and survival of several
types of immune cells, including T lymphocytes,
B lymphocytes, and macrophages. Mitogenic
effects of LPA on B-lymphocytes and on T cells
have been demonstrated, with the LPA1 recep-
tor being implicated in T cell proliferation, and
LPA2 receptor implicated in T-cell migration
[Huang et al., 2002]. In addition, LPA protects
macrophages and T cells from apoptosis, appar-
ently via LPA1 and LPA2 receptor mediated
signaling [Huang et al., 2002].

The best-studied effects of S1P on the immune
system involve changes in cell migration/che-
motaxis/lymphocyte homing or altered ex-
pression of inflammatory cytokines/adhesion
molecules. It has also been shown recently that
S1P inhibits T cell proliferation and migration
[Dorsam et al., 2003; Jin et al., 2003] via the
S1P1 receptor [Dorsam et al., 2003]. This is
contrary to what has been described for other
cell types, including endothelial cells.

Development of FTY-720, which is an agonist
for all S1P receptor subtypes except S1P2, has
strengthened the concept that S1P serves
important physiological roles in the immune
system. In the past year, there have been
numerous reports of the therapeutic potential
of this compound in the context of autoimmune
disorders and transplantation. FTY-720 ap-
pears to be a powerful immunosuppressant
that, when used in combination with cyclospor-
ine, abrogates xenograft rejection in several
systems [Kimura et al., 2003; Koshiba et al.,
2003; Maeda et al., 2003]. The protective effect
is thought to be due to a decrease in lymphocyte
infiltration into the xenograft site. FTY-720 has
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also been demonstrated to prevent autoimmune
diabetes development in a nonobese diabetic
mouse model [Yang et al., 2003]. Furthermore,
FTY-720 protects rats from EAE, an experi-
mental model of multiple sclerosis [Brinkmann
et al., 2002; Fujino et al., 2003]. While the
precise signaling events that are responsible for
the protective effects of S1P in the immune
system have not been fully elucidated, it is likely
that regulation of cell growth and apoptosis by
S1P complements the effects of this ligand on
cell migration, and contributes to the protective
effects observed in the immune system.

CONCLUDING REMARKS

There has been a great deal of detail uncov-
ered regarding the pathways by which LPA and
S1P receptors signal to elicit regulation of pro-
liferation and survival. Nonetheless, the exist-
ing literature leaves numerous gaps regarding
receptor-G protein coupling under physiological
circumstances and, in particular which re-
ceptor subtypes control specific downstream
responses. This knowledge is key to the rational
design of therapeutic interventions targeting
these novel and pivotal pathways, which trans-
duce messages on behalf of ligands made avail-
able through stress, injury, or inflammation.
Whether these ligands, by enhancing cell pro-
liferation, migration, and survival serve protec-
tive or maladaptive effects remains to be
defined, but it is clear nonetheless that they
are important players in disease.
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