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Abstract

Lysophosphatidic acid (LPA) activates its cognate G protein-coupled receptors (GPCRs) LPA; 3 to exert diverse cellular effects,
including cell survival and apoptosis. The potent survival effect of LPA on Schwann cells (SCs) is mediated through the pertussis toxin
(PTX)-sensitive Gy,/phosphoinositide 3-kinase (PI3K)/Akt signaling pathways and possibly enhanced by the activation of PTX-insensitive
Rho-dependent pathways. LPA promotes survival of many other cell types mainly through PTX-sensitive Gj,, proteins. Paradoxically, LPA
also induces apoptosis in certain cells, such as myeloid progenitor cells, hippocampal neurons, and PC12 cells, in which the activation of the
Rho-dependent pathways and caspase cascades has been implicated. The effects of LPA on both cell survival and apoptosis underscore

important roles for this lipid in normal development and pathological processes.

© 2002 Published by Elsevier Science B.V.
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1. Introduction

Lysophosphatidic acid (1-acyl-2-sn-glycerol-3-phos-
phate) (LPA) is a simple lipid naturally produced during
phospholipid biosynthesis of cell membranes [1]. LPA is
also produced extracellularly from activated platelets, leu-
kocytes, epithelial cells, neuronal cells, and tumor cells [2—
7]. LPA is a potent signaling molecule involved in a variety
of physiological and pathological processes, such as cell
differentiation and proliferation, cytoskeletal rearrangement,
cell—cell communication, and cell invasion [8] (reviewed in
Refs. [9—13]). The signaling activities of LPA are mediated
by a family of cognate G protein-coupled receptors
(GPCRs), currently including LPA{/LPA/VZG-1/
MRECI1.3/EDG-2 [14,15], LPA,/LPA»/EDG-4 [16,17], and
LPA3/LPAs/EDG-7 [18,19] in mammals. These GPCRs
couple to at least three different types of G proteins (Gg
114> G12/13, and Gyy,) [20] to activate various downstream
signaling pathways which induce the diverse cellular effects
(reviewed in Refs. [9,11,21-25]).
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Since the identification of the first LPA receptor, LPA,,
from developing cortical neuroblasts [14], studies investigat-
ing the roles of LPA in neural cell signaling found that LPA
signaling mediated through LPA protected rodent Schwann
cells (SCs) from apoptosis [4,5,26,27]. In normal rat develop-
ment, SC apoptosis occurs in the early postnatal period as
SCs are matched in a 1:1 ratio with axons [28—30]. This
process is controlled by both axonal and autocrine signals
[31,32], and possibly by interactions with the extracellular
matrix (ECM) [33]. While various peptide growth factors,
such as neuregulins (NRGs) [34], insulin-like growth factor
(IGF) [35], platelet-derived growth factor (PDGF) [36], and
fibroblast growth factor (FGF) [37], are believed to elicit
axonal and/or autocrine signals for SC survival, LPA is the
first lipid molecule shown to mediate SC survival [26].

Here we review roles of LPA as a survival or apoptotic
factor, with a particular emphasis on SCs. We also summa-
rize the current LPA signaling cascades that are involved in
cell survival and apoptosis.

2. LPA as a SC survival factor
2.1. LPA promotion of SC survival

Previous studies in rat postnatal SCs have shown that
serum contains cell survival factor(s) [29]. Together, three
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lines of evidence suggest that LPA could be a potential
candidate for mediating this survival effect of serum. First,
LPA is present in serum at micromolar concentrations [7].
Second, the nervous system is a rich source of lipids [38].
Third, /pa, is highly expressed in SCs throughout sciatic
nerve development and in SC cultures [5,26].

Indeed, the serum-mediated survival effect in rat post-
natal SCs is attributable to LPA [26]. When cultured in
serum-containing medium, most SCs survived after 72 h of
culture [26,29]. However, upon serum withdrawal, 60—75%
of SCs underwent apoptosis by 48 h, and up to 80—90% by
72 h [26,29]. Under serum deprivation, LPA at concentra-
tions as low as 10 nM significantly rescued SCs from
apoptosis and the effect was concentration-dependent [26].
The reduced cell death following LPA treatment was the
result of cell survival rather than cell proliferation, as BrdU
incorporation was not increased by LPA treatment [26].
Interestingly, LPA (1 pM) had comparable efficacy in
promoting SC survival as did NRG-p (at 100 ng/ml), a
potent peptide SC survival factor [26,39]. Treatment with
either molecule was observed to inhibit ~ 50% of the
apoptosis induced by serum deprivation, although these
molecules did not act synergistically at their maximal
effective concentrations, suggesting that they activated con-
vergent signaling pathways [26].

Not all bioactive lysophospholipids (LPs) act as SC
survival factors [26]. Sphingosine 1-phosphate (S1P) is
another serum born bioactive LP that induces diverse
physiological effects on many cell types (reviewed in
Refs. [22,25,40,41]). S1P activates five cognate GPCRs
encoded by: sipi/lpgi/edg-1, slp,/lpg,ledg-5, slps/lpgs/
edg-3, slps/lpci/edg-6, and slps/lpgs/edg-8, all of which
are members of the same gene family as LPA receptors
(reviewed in Refs. [22,25,40,41]). However, although at
least three SI1P receptors (sipy, slp,, slp;) were
expressed in SCs both in vivo and in vitro [5,26], S1P
did not promote SC survival [26].

2.2. Signaling cascades

2.2.1. Involvement of LPA,

It is necessary to have the presence of endogenous
LPA and the expression of LPA receptors for receptor-
mediated LPA signaling. Activity specific to LPA was
detected in conditioned medium from in vitro SC cultures
[5], suggesting that secreted LPA may serve as an
autocrine signal for SCs. In terms of receptor expression,
Ipa; was expressed at high levels in mouse and rat SCs,
Ipa, was detectable in mouse SCs by RT-PCR but not in
rat SCs by Northern analysis, and Ipa; was undetectable
[5,26]. Because of the high levels of /pa; expression, the
roles of this receptor were further explored [26]. Exog-
enous overexpression of LPA; in SCs significantly
reduced apoptosis upon serum withdrawal, indicating that
LPA promotion of SC survival was, at least partially,
mediated by the LPA, receptor [26].

Direct evidence for the involvement of LPA; was
derived from experiments using Ipa; knockout mice
[27]. These experiments revealed an approximately 80%
increase in sciatic nerve SC apoptosis in Ipa$ ™'~ homo-
zygous knockout mice compared to wild-type mice [27].
In spite of this observation [5,26,27], the myelination of
the peripheral nervous system and the structure of the
sciatic nerves appeared to be normal in lpal~’ ) mice
[5,27]. Since the sciatic nerves normally have a low level
of cell death, the lack of a myelination phenotype in
Ipa =~ mice may not be surprising, despite the 80%
increase in sciatic nerve SC apoptosis. However, the lack
of phenotype may also be related to compensation by
other receptor-mediated signals, such as LPA signaling
through the LPA, receptor, and/or the actions of peptide
growth factors [39] that are known to promote SC
survival through downstream signaling pathways similar
to that activated by LPA (see below).

2.2.2. Gy, and PI 3-kinase/Akt signaling pathways

The effect of LPA on SC survival is mediated by the G,/
phosphoinositide 3-kinase (PI3K)/Akt signaling pathways.
The involvement of the PTX-sensitive Gy, protein was
shown by the complete abolishment of the LPA survival
effect following pretreatment with PTX [26]. The essential
role of PI3K, one of the downstream targets of Gj,, was
established by the total loss of the LPA survival effect
following pretreatment with two distinct PI3K inhibitors,
wortmannin and LY294002 [26]. The activation of Akt/PKB
(protein kinase B), an effector of PI3K [42], was demon-
strated by a rapid and transient accumulation of phospho-
Akt in response to LPA [26]. The Akt activation was
blocked by PI3K inhibitors, but not by PD98059, a mito-
gen-activated protein kinase kinase (MAPKK) inhibitor,
indicating that Akt was downstream of PI3K, but probably
not downstream of MAPK. Furthermore, Akt activation was
indispensable for the LPA survival effect since introduction
of a kinase-inactive Akt mutant into rat SCs significantly
reduced the survival effect of LPA [26]. However, the
detailed mechanisms by which Akt activation leads to SC
survival remain unknown.

The activation of the PI3K/Akt pathways for SC survival
appears to be shared by numerous factors. In addition to the
involvement of these pathways in the LPA;-mediated LPA
survival effect, these pathways also mediated SC survival
induced by peptide growth factors even though these factors
function through their own cognate receptors that are not
GPCRs. For example, the effects of NRG are mediated by a
subfamily of receptor protein-tyrosine kinases called the
“ErbBs” [39]. Interestingly, like LPA;, ErbBs also activated
PI3K/Akt pathways to promote rat SC survival [34]. The
common activation of these pathways may explain the
inability of LPA and NRG-p to act synergistically at their
maximal effective concentrations [26] and raises the possi-
bility of cross-talk amongst different survival signals in SCs.
Other SC survival factors, such as IGF-I [43] and T. cruzi
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trans-sialidase (a neuraminidase from the protozoan para-
site) [44], also promoted the survival of rat SCs and human
SCs, respectively, by means of activating the PI3K/Akt
pathways.

2.2.3. Rho pathways

Since loss of contact with the ECM can induce anoikis (a
form of apoptosis caused by disruption of cell-matrix
interactions) (reviewed in Ref. [45]), LPA-activated Rho
pathways in SCs may potentially inhibit apoptosis [5,46,47].
This is suggested by the observation that LPA treatment
enhanced cell adhesion to the ECM through the activation of
the small GTPase Rho [5]. In addition, when SCs were
grown on dishes coated with laminin, an important compo-
nent of the ECM, LPA’s ability to promote SC survival was
increased [5]. This finding indicated that the enhancement
of ECM-mediated cell adhesion through the activation of
the Rho pathways facilitated LPA’s ability to promote SC
survival. This facilitation was through the activation of the
PI3K/Akt pathways [5,26], suggesting possible cross-talk
between the Rho pathways and the PI3K/Akt pathways. The
cross-talk between these pathways has been clearly demon-
strated in primary fibroblasts, in which loss of attachment to
ECM resulted in diminished Akt activity through inhibition
of Rho GTPase, thus leading to apoptosis [48]. These
studies suggest that the activation of Rho-mediated path-
ways may be another important mechanism for the survival
action of LPA in SCs [5,46,47].

3. LPA and survival/apoptosis in other cell types
3.1. Effects of LPA on other cell types

It has been reported that LPA can promote either
survival or apoptosis in different cell types, and it may
also have dual effects in the same cell type under different
conditions (Table 1). In addition to SCs, LPA has been
reported to promote survival of ovarian cancer cells
[49,50], mouse renal proximal tubular (MPT) cells [51],
murine macrophages [52], 3T3 fibroblasts [53], Jurkat and
HeLa cells [53], neonatal rat cardiac myocytes [54], and
mesangial cells [55]. In contrast, LPA also has been
reported to induce apoptosis in hippocampal neurons
[56], nerve growth factor-differentiated PC12 cells [57],
human airway smooth muscle (HASM) cells [58], and
myeloid progenitor TF-1 and D2 cells [59]. Interestingly,
LPA had dual effects in human CD4"8%3'°% T lympho-
blasts [60]: LPA promoted apoptosis in the absence of
other molecules that induced apoptosis in these cells, but it
inhibited apoptosis induced by the antibodies Fas, CD2, or
a combination of CD3 and CD28.

3.2. Mechanisms of LPA-promoted cell survival
3.2.1. LPA receptors and cell type-specific effects

Different cell types express different combinations of
the three LPA receptors, and different receptors may have

Table 1

The effects of LPA on cell survival and apoptosis

Cell type LPA Apoptosis induced by Effective [LPA] Signaling elements identified Reference

effect(s) employed

Schwann cells survival serum withdrawal 10 nM-1 pM LPA,/G; /PI3K/Akt; LPA/Rho [5,26]

Macrophages survival serum withdrawal 50 nM—-7.7 uM LPA receptor(s)/PI3K /pp70S6k [52]
and others?

T lymphoblasts survival anti-Fas, anti-CD2, 0.1 nM-0.1 pM LPA, and LPA,; Bax; others? [60]

anti-CD3 + anti-CD28
Neonatal myocytes survival hypoxia 1 M unknown [54]
MPT cells survival growth factor 6—12 uM PI3K [51]
deprivation

Mesangial cells survival PDGF 30 uM PI3K [55]

3T3 fibroblasts survival serum withdrawal 5-45 uM G;,o/MAPK; Gy/,/PI3K/Akt; [53]
PTX-insensitive G protein(s)

Jurkat cells; HeLa cells survival serum withdrawal unknown unknown [53]

Ovarian cancer cells survival cis-DDP 10 uM LPA,? [49,50]

HASM cells apoptosis serum withdrawal 100 uM* unknown [58]

Hippocampal neurons apoptosis LPA 0.1 ~1pM mitochondrial membrane [56,72]
potential; caspases

PCI12 cells apoptosis LPA 10-25 pM oxidative stress; nitric oxide; [57,72]
mitochondrial dysfunction;
caspases

TF-1; D2 apoptosis PMA 0.5-20 uM RhoA [59]

T lymphoblasts apoptosis LPA 0.1 uM unknown [60]

Jurkat cells; Ovarian cancer cells apoptosis overexpression of LPA; 0 LPA, [61]

PI3K: phosphoinositide 3-kinase. PTX: pertussis toxin. MAPK: mitogen-activated protein kinase. MPT: mouse renal proximal tubular cells. PDGEF: platelet-
derived growth factor. cis-DDP: cis-diamminedichloroplatinum. HASM: human airway smooth muscle cells. PMA: phorbol 12-myristate-13-acetate.

? In the absence of calcium.
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cell type specific roles, suggesting that the effects of LPA
signaling might be variable from cell to cell. For instance,
in contrast to the survival role of LPA; in SCs [26,27],
overexpression of LPA; in ovarian cancer cells (OCCs)
induced apoptosis and anoikis [61], whereas LPA,
appeared to mediate LPA-stimulated survival of OCCs
[50]. In T lymphoblasts, however, both LPA; and LPA,
were reported to play a role in LPA-promoted cell survival
[60].

3.2.2. Comparison of LPA and SIP receptors in survival
signaling

Despite certain similar functions and similar amino
acid sequences (reviewed in Refs. [22,23,40,41]), LPA
and SI1P receptors are differentially regulated and, thus,
could have different roles in mediating the survival or
death signals of LPA and S1P, respectively. For example,
the expression of LPA receptors, but not that of SI1P
receptors, was suppressed by C6 ceramide; therefore LPA,
but not S1P, was no longer able to protect T lymphoblasts
from apoptosis induced by C6 ceramide [60]. In SCs, the
potent survival effect of LPA was mediated through the
LPA, receptor, while S1P did not have an effect on SC
survival, despite the expression of SI1P receptors [5,26].
In addition, both LPA receptors and S1P receptors were
expressed in PC12 cells [62,63]. However, LPA had
either apoptotic activity or no effect in PCI2 cells
[57,64], whereas SIP promoted survival of these cells
[64].

3.2.3. Signaling cascades for survival effects

Similar to SCs, the G;j,/PI3K-dependent survival sig-
naling pathways were also activated by LPA in MPT cells
[51], murine macrophages [52], 3T3 fibroblasts [53], and
mesangial cells [55]. However, the involvement of Gj,/
PI3K signaling and the downstream pathways in murine
macrophages and 3T3 cell lines may be somewhat differ-
ent compared to that shown in SCs [52,53]. As demon-
strated in SCs, the survival activity of LPA in murine
macrophages was also completely blocked by PI3K inhib-
itors, indicating a key role for PI3K [52]. This signal was
further transduced partially through pp70°°*, a PI3K
downstream kinase [52]. The partial contribution of
pp70°%* in cell survival would suggest the involvement
of other PI3K downstream targets, without excluding Akt,
since Akt can be an upstream signal for pp70%°% [65].
Alternatively, Akt and pp70°®* could be parallel substrates
[66,67]. In 3T3 fibroblasts, PTX treatment blocked 75%
of the survival activity of LPA, indicating that the PTX-
sensitive Gj, protein(s) mediated the major survival
activity of LPA, while PTX-insensitive G protein(s) medi-
ated the remaining activity [53]. The Gj,-dependent
survival signal was mainly mediated by MAPK pathways
with only a minor contribution from the PI3K/Akt path-
ways [53]. In contrast, the MAPK pathways were not
involved in SC survival, as shown by the observation that

a MAPKK inhibitor did not affect LPA survival signaling
in SCs [26].

Though the upstream signaling pathways have yet to be
elucidated for T lymphoblasts, LPA protected these cells
from apoptosis by suppressing the expression of the pro-
apoptotic protein Bax [60]. Bax was proposed to induce
caspase activation and cytochrome c release [68]. The
reduced expression of Bax upon LPA treatment could thus
weaken the apoptotic signal and reduce apoptosis in T
lymphoblasts [60]. In addition, other mechanism(s) to
promote survival may co-exist in these cells since LPA
at low concentrations, which did not affect Bax expression,
still facilitated cell survival [60].

3.3. Mechanisms of LPA-induced apoptosis

3.3.1. Rho pathways

Rho-dependent pathways appear to mediate LPA-
induced apoptosis in myeloid progenitor TF-1 and D2
cells [59]. It was reported that LPA alone did not have an
apoptotic effect on these cells; it only promoted phorbol
12-myristate-13-acetate (PMA)-induced apoptosis in non-
adherent cells [59]. Mechanistic studies indicated that
LPA treatment activated RhoA, which in these cells had
a negative effect on cell adhesion [59]. These observa-
tions suggest that the LPA-activated Rho signaling path-
ways probably attenuated the adhesion capability of
PMA-treated TF-1 and D2 cells, therefore promoting
apoptosis [59]. LPA-activated Rho pathways are thus
involved in both SC survival and myeloid progenitor cell
apoptosis; how activation of similar pathways leads to
opposite effects in these cell types is unknown [5,59].

3.3.2. Caspase cascades

Caspases, whose activation leads to apoptosis (reviewed
in Ref. [69]), were activated by LPA in both hippocampal
neurons and PCI12 cells [56,57]. Although the detailed
signaling cascades have not been studied, several mitochon-
drial events, which could subsequently activate caspase
cascades (reviewed in Refs. [70,71]), were detected follow-
ing LPA treatment in both cell types [56,57]. LPA treatment
induced nitric oxide (NO) and reactive oxygen species
(ROS), the latter of which is primarily produced in mito-
chondria [56,57,72]. In addition, mitochondrial dysfunction,
which could result from increased NO or ROS, was also
related to LPA-induced apoptosis in hippocampal neurons
and PC12 cells [56,57,70—-73].

4. Closing remarks

LPA can serve as a novel and potent cell survival and/
or apoptotic factor, showing some selectivity for different
cell types. In SCs, LPA exerts its survival effect through
LPA receptor(s)-mediated G;/,/PI3K/Akt survival path-
ways and possibly facilitated by Rho-dependent cytoske-
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Fig. 1. LPA signaling pathways that mediate survival or apoptosis in various cell types (Refs.[5,26,27,51-53,56,57,59,60]). G*: unspecified G proteins. ROS:
reactive oxygen species. NO: nitric oxide. MPT cells: mouse renal proximal tubular cells. TF-1, D2: myeloid progenitor cells.

letal signaling pathways. Various other signaling pathways
are involved in mediating the survival and apoptotic
effects of LPA in numerous cell types (Fig. 1). It is also
possible that LPA regulates cell survival/apoptosis through
the stimulation of release of some other cellular factors
(e.g. protein growth factors/cytokines) [74].

A number of variables may account for the cell type-
specific survival/apoptotic roles of LPA. First, there are
qualitative and quantitative differences in the expression
profiles of LPA receptors amongst different cell types
[5,50]. Second, LPA receptors drive cell type-specific
signaling cascades [26,50,60]. Third, each cell type has a
unique gene expression and regulation pattern that can
likely be altered by LPA signals. Fourth, the cross-talk
amongst different signaling pathways could contribute to
the final cellular outcome initiated by LPA signaling. Fifth,
varying levels of cytoprotective factors, such as antiox-
idants in the cell, could influence LPA-induced apoptosis
[57,75]. Sixth, the specific conditions under which LPA
activities were examined could potentially modify the
effects of LPA [58,60]. The near future should allow
identification of additional biological, pathophysiological,
and therapeutic roles for this simple bioactive lipid mole-
cule in cell survival and apoptosis.
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