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Abstract. Though the mitogenic activity of lysophospha- pathways through which this molecule functions. In
tidicacid (LPA)hasbeenwell establishedthroughclassical addition to its mitogenic properties, recent reports have

suggested that LPA may also promote cell survival. Thisstudies, its mechanism of action was long obscure. Recent
review will summarize the current literature regardingidentification and cloning of LPA-specific receptors has

led to the elucidation of the G-proteins and signaling LPA signaling and its role as an antiapoptotic factor.
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Introduction

Lysophosphatidic acid (LPA) is a lipid mitogen present
in serum (2–20 mM) bound to specific high-affinity sites
for long-chain fatty acids on serum albumin [1–3].
Considerable evidence suggests that albumin-bound
LPA is an intracellular signaling molecule which con-
tributes to the biological activity of whole serum [4, 5].
LPA has been shown to mediate a range of effects,
including smooth muscle contraction, changes in blood
pressure, Ca2+ mobilization, chemotaxis, neurite re-
traction, stimulation of cell proliferation, platelet aggre-
gation, tumor invasion, differentiation, and formation
of focal adhesion and stress fibers [6–9].
LPA is generated as an intermediate in the de novo
synthesis of phospholipids [10], including phosphatidic
acid (PA). Structurally, LPA consists of a glycerol moi-
ety containing a fatty acyl chain, a hydroxyl group and
a phosphate group in the sn-1, sn-2 and sn-3 posi-
tions (1-acyl-sn-glycerol-3-phosphate), respectively. It is
formed by the acylation of sn-glycerol-3-phosphate by
acyl coenzyme A in the membrane of the endoplasmic

reticulum; and a second acylation by acyl coenzyme A
generates PA, which is converted to LPA by phospholi-
pase A2. Alternatively, LPA is generated and released
by activated platelets [11] following hydrolysis of phos-
phatidylinositol-4,5-bisphosphate (PIP2) into inositol-
1,4,5-triphosphate (IP3) and 1,2-diacylglycerol (DAG).
The subsequent phosphorylation of DAG by DAG
kinase generates PA, which is converted to LPA by
phospholipase A2 [10].

Overview of LPA activities

Early observations showed that LPA induces smooth
muscle contraction [12–14]. The key event in contractile
changes induced by LPA is activation of the G-protein
Rho [15]; inactivation of Rho by C3 ADP-ribosyltrans-
ferase inhibits LPA-induced cytoskeletal effects and
phosphorylation of focal adhesion kinase (FAK) [16,
17]. Rho activation precedes the appearance of stress
fibers, phosphorylation of myosin light chain and focal
adhesions with recruitment of viniculin, talin, paxillin
and p125FAK [15, 18, 19]. Other cytoskeletal responses
to LPA include growth cone collapse, neurite retraction* Corresponding author.
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and morphological changes in neuronal cell body [20,
21].
Subsequent work has demonstrated that LPA functions
as a mitogen [6, 7, 9, 22, 23] and induces Ca2+ release
from intracellular stores [5, 17–23]. It may also be a key
regulator of coagulation and wound healing [9]. As a
mitogen, LPA stimulates proliferation via the serum
response element (SRE)-dependent enhancement of
transcription of immediate-early genes coupled to
growth [22, 24]. This influences proliferation indirectly
by inducing production and release of peptide growth
factors which function as mitogens [25] or which act
synergistically with LPA to stimulate proliferation [26].
Recently, breast and ovarian cancer cell lines have been
shown to proliferate in the presence of OCAF (ovarian
cancer activating factor) [27, 28], which was later deter-
mined to be LPA. LPA is significantly elevated in
patients with various gynecologic malignancies, includ-
ing ovarian (early and late stage), cervical, and endome-
trial carcinomas, suggesting LPA functions in a positive
feedback loop and represents a potential biomarker for
gynecologic cancers [29]. Ascites fluid from patients
with ovarian cancer stimulates the proliferation of
ovarian cancer cells in vitro and in vivo [30]. Indeed,
elevated levels of LPA in the ascites and plasma of these
patients may have an immunoregulatory role as well, as
LPA triggers release of intracellular Ca2+, stimulates
proliferation and enhances IL-2 production in conjunc-
tion with phorbol ester in Jurkat T cells [27, 31].
LPA induces Ca2+ release from a variety of cells,
including Xenopus oocytes [32, 33], neuronal cells [21,
34], platelets [5], Jurkat T cells [31], and fibroblast and
epithelial cells [35, 36], but not from peripheral blood
leukocytes or mast cells [5, 36, 37]. These unresponsive
cells are frequently exposed to LPA during coagulation
[9], and may be subjected to as yet undetermined regula-
tory influences to prevent continued activation. While
LPA is not detectable in platelet poor plasma or whole
blood [3, 33], during the wound-healing process LPA is
released into the circulation, where it may initiate the
early events in wound healing [38–40] by stimulating
phosphatidylinositol 3-kinase (PI3K)-dependent platelet
aggregation [41]. LPA also alters platelet morphology,
promoting pseudopod formation and centralization of
granules [42, 43]. The appearance of lysophospholipids
such as LPA in serum and sphingosine 1-phosphate
(S1P) in both plasma and serum following endothelial
injury, production by activated platelets or introduction
by extravasation of intravascular fluids may have pro-
found effects on inflammation, wound healing and an-
giogenesis [22]. LPA mediates early events in wound
healing, including assembly of the fibrillar matrix at
specialized cell surface sites [38] and stimulation of
cell-mediated binding and assembly of the extracellular
matrix protein fibronectin [39, 40].

LPA signaling

The biological actions of LPA are mediated by ligand-
receptor interactions via coupling to multiple classes of
heterotrimeric G proteins at the plasma membrane [22,
44]. Early evidence for this mode of signaling (fig. 1)
was provided by Jalink et al., who demonstrated that
LPA induced the release of intracellular calcium and
decreased cyclic AMP (cAMP); the effects were abro-
gated in the presence of pertussis toxin, suggesting the
involvement of Gai [36]. In addition to Gai, release of
intracellular calcium was later proposed to be mediated
by Gaq [45], and activation of Rho by Ga12/13 [46, 47].
Subsequent studies with putative LPA receptors have
further characterized the signaling mechanisms of this
lipid [48, 49]. Initially, attempts to identify a specific
receptor for LPA were complicated by the high level of
nonspecific binding of LPA, making it difficult to iden-
tify cDNA clones [34, 37, 50]. Hecht et al. described the
cloning of the ventricular zone gene 1 (VZG-1), ex-
pressed in the embryonic ventricular zone of the cere-
bral cortex, which encodes a 41-kDa protein [48]. The
human homologue of VZG-1, named endothelial differ-
entiation gene-2 (edg-2), was cloned from a human lung
cDNA library and is 96% identical to VZG-1 on the
amino acid level and ubiquitously expressed [51]. Re-
cent work identified a second LPA receptor (edg-4),
with 46% identity to edg-2, encoded by 1.8-kb and
8.0-kb transcripts with expression limited to white
blood cells and testis [52]. The edg-2 and edg-4 recep-
tors are members of a larger family consisting of five
homologous proteins encoded by the endothelial differ-
entiation genes 1–5, including the receptors for S1P
[44]. The five Edg receptors contain features common to
all G-protein-coupled receptors: seven putative
transmembrane domains, N-terminal N-linked glycosy-
lation sites, disulfide bonds between extracellular loops,
and intracellular phosphorylation sites [44].
The proliferative effect of LPA is dependent on activa-
tion of the mitogen-activated protein kinase (MAPK)
cascade requiring p21ras and p74raf [53, 54], and is
mediated by the bg subunits of Gai [55]. Additionally,
PI3K has been implicated in mitogenic signaling by
LPA since the addition of Wortmannin or a dominant-
negative mutant of PI3K regulatory subunit (p85) pre-
vents Gai-mediated activation of the MAPK pathway in
COS-7 cells [56]. PI3K is a heterodimer consisting of a
110-kDa catalytic subunit and an 85-kDa regulatory or
adapter subunit [57, 58], and is activated by both recep-
tor tyrosine kinases [59] and G-protein-coupled recep-
tors such as LPA [60], but the exact mechanism(s)
remains unclear [6, 7]. PI3K signaling may also involve
the recently characterized p110g isotype of the catalytic
subunit [61]. This isotype does not associate with the
p85 adapter protein, but with the newly characterized
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p101 adapter; p101 markedly stimulates the responsive-
ness to Gbg subunits [62] and was recently shown to
mediate Ras-independent activation of MAPK [63].
LPA can also activate the MAPK pathway following
trans-phosphorylation of receptor tyrosine kinases, in-

cluding the epidermal growth factor (EGF) and
platelet-derived growth factor (PDGF) receptors [64,
65]. Additional signaling intermediates include the non-
receptor tyrosine kinases Src [66] and protein tyrosine
kinase Pyk2 [67, 68]. Src is a myristilated protein ty-

Figure 1. LPA growth factor signaling pathways stimulated by the LPA G-protein-coupled receptor. See text for details. LPA,
lysophosphatidic acid; RTK, receptor tyrosine kinase; PLC, phospholipase C; IP3, inositol triphosphate; DAG, 1,2-diacylglycerol; PKC,
protein kinase C; SRE, serum response element; SRF, serum response factor; TCF, ternary complex factor; MAPK, mitogen-activated
protein kinase; MEK, MAP kinase kinase; Y-kinase, protein tyrosine kinase; AC, adenylyl cyclase; RhoGEF, Rho guanine nucleotide
exchange factor; MLCP, myosin light-chain kinase; FAK, focal adhesion kinase; PLD, phospholipase D; PI3K, phosphatidylinositol-3
kinase.
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rosine kinase which can phosphorylate FAK and pax-
illin and also contributes to the activation of raf-1 and
PI3K [69]. Src is known to phosphorylate the EGF
receptor at Tyr845, which is required for LPA-induced
DNA synthesis [70, 71], and mediates LPA tyrosine
phosphorylation of SH2-containing protein (SHC) and
subsequent activation of MAPK pathway [72].
Putative coupling to Gaq suggests that LPA may serve
as an effector for additional signaling pathways. Recep-
tor-Gaq interactions activate phospholipase C (PLC),
which catalyzes the formation of IP3 and DAG from
PIP2, culminating in activation of PKC and mobiliza-
tion of intracellular calcium. It is well established that
PKC can phosphorylate Raf-1 both in vitro and in vivo
[73], and it is generally believed the activation of the
MAPK pathway by PKC in COS and CHO cells is
p21Ras independent [74, 75]. However, it is not clear
whether LPA activates the MAPK cascade by this
mechanism.
LPA-induced activation of Rho is mediated by the
small G-proteins of the G12/13 class of G-a proteins [46,
47] and results in stress fiber formation, assembly of
focal adhesions, neurite retraction [33, 76] and modula-
tion of gene transcription [77]. Activated Ga13 binds
directly to the guanidine nucleotide exchange factor,
Lsc/p115RhoGEF, which is capable of activating Rho
[47]. In turn, Rho activates such downstream effectors
as serine/threonine kinases, phospholipase D, PI3K,
p125FAK, myosin light chain phosphatase and serum
response factor (SRF) [78]. The growth promoter SRE
requires the concerted interaction with SRF and ternary
complex factors (TCFs) to stimulate transcription. Be-
cause TCFs are activated by the MAPK pathway and
SRF is activated by Rho, the full induction of cell
proliferation by LPA requires coordinated signaling
from both Gi and G12/13 pathways [51, 52, 77].

LPA as an antiapoptotic factor

Accumulating evidence has shown that LPA promotes
survival of renal proximal tubular cells (MPTs) [79],
lymphoblastoma T cells [80], macrophages [81] and
neonatal Schwann cells [82] by preventing apoptosis
(table 1). Apoptosis is an energy-requiring form of cell
death accomplished by specialized cellular machinery,
including the Bcl-2 family and caspases. Morphologi-
cally, the process is characterized by cell shrinkage,
chromatin condensation, DNA fragmentation and for-
mation of membrane-enclosed apoptotic bodies [83–
85]. Early evidence that LPA functions as a survival
factor was derived from work with MPT cells [79].
Following serum removal, the presence of LPA over-
rode apoptotic challenge, though apoptosis ensued with
the addition of Wortmannin and LY-294002, two struc-

Table 1. Mechanisms of cell survival mediated by LPA.

MechanismSignalingCell type
component

MPT cells PI3K unknown
Lymphoblastoma reduced Bax protein levelsunknown

T cells
p70S6K activation, inhibi-PI3KPeritoneal
tion of GSK3 and Bad?macrophages
unknownSchwann cells Gai/PI3K

turally dissimilar inhibitors of PI3K [86, 87]. Currently,
it is unclear which isoform of PI3K mediates survivabil-
ity or how activation occurs. LPA also protected hu-
man lymphoblastoma T cells from succumbing to
apoptotic challenge with anti-Fas, anti-CD2, or a com-
bination of anti-CD28 and CD3.
One mechanism by which LPA prevents apoptosis in
these cells is through selective repression of protein
expression. For instance, LPA reduced intracellular lev-
els of the apoptosis-promoting Bax protein, whereas
levels of other proapoptotic proteins (including Bad and
Bak) and antiapoptotic proteins (Bcl-2 or Bcl-xL) re-
mained unchanged. However, protection was also ob-
served at concentrations of LPA below the threshold
for Bax repression, indicating that other mechanisms
must be involved [80]. In Jurkat T cells, S1P inhibited
activation of the proapoptotic caspases 3, 6 and 7;
however, regulation of caspases by LPA must be stud-
ied in this and other cell types to evaluate the impor-
tance of this potential mechanism for preventing
apoptosis [88].
LPA was recently shown to be a potent macrophage
survival factor, exerting protective effects comparable
to serum or monocyte-colony stimulating factor (M-
CSF) [81]. Since LPA is not a mitogen for differentiated
peritoneal macrophages, enhanced viability is thought
to be accomplished solely through inhibition of apopto-
sis. Addition of LY294002 and Wortmannin prevented
LPA-induced survival, suggesting PI3K involvement
through undetermined pathways. Furthermore, addi-
tion of rapamycin (a p70S6K inhibitor) only partially
blocked LPA effects, implicating other downstream ef-
fectors of PI3K signaling [81]. LPA promotes survival
of neonatal Schwann cells in the absence of growth
factor stimulation. This protection is ostensibly medi-
ated by Gi/Go GTP binding protein, as it is sensitive to
pertussis toxin and is dependent on PI3K and Akt
activation [82]. The effects of LPA on these cells proba-
bly centers on the activation of PI3Kg by bg subunits,
but this remains to be definitively determined.
Akt is a cytoplasmic serine-threonine kinase whose
aberrant expression is implicated in tumorigenesis [89].
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Indeed, signaling through Akt is a recurring theme in
preventing apoptosis [90], and this protein may be a key
regulator of LPA-mediated viability. PI3K catalyzes the
phosphorylation of the inositol ring of phosphatidyli-
nositols, generating PI(3)P, PI(3,4)P and PI(3,4,5)P [90].
Activation of Akt results from homodimerization
(through NH2-terminal pleckstrin domains) induced by
interaction with PI(3,4)P, leading to phosphorylation at
Thr-308 and Ser-473 by phosphatidylinositol-dependent
kinases (PDKs)-1 and -2 [91]. Ultimately, activation of
Akt leads to regulation of GSK-3, Bad and p70S6K,
which have all been implicated in apoptosis [90, 92].
While it is unknown which G-protein is responsible for
LPA-dependent viability induced by activation of PI3K,
Gbg subunits are likely candidates [61, 62]. However,
resistance to apoptosis may be mediated by different
pathways in various cell types. In fibroblast cells, acti-
vation of Akt by LPA was shown not to be mediated by
Gai or by phorbol-ester-induced PKC activation [93].
However, Akt was activated in COS cells by signals
emanating from Gai, Gaq and bg, but not from Ga12

[92]. These results, in addition to the finding that Edg-2
(which does not couple to Gaq) activates PI3K [44],
suggest that bg subunits and possibly Gai are involved.
This assertion is supported, in part, by the apparent
ability of LPA to activate the PI3K-110g isoform in
peritoneal macrophages [81], and this isoform has been
previously shown to be activated by Gbg [62]. Studies
by Koh et al. showed that both PI3Ka and PI3Kg

isoforms were activated by LPA in these cells [81].
However, it has yet to be determined which isoform of
PI3K mediates survival and whether or not the Rho
inhibitor (C3 exoenzyme) negates the antiapoptotic ef-
fects of LPA in macrophages.
Although Akt promotes survival in a variety of cells,
the step at which Akt circumvents the apoptotic cascade
is unknown [94]. Many of the factors downstream of
Akt, including Bad and glycogen synthase kinase 3
(GSK-3), appear to be involved in the regulation of
apoptosis. Bad (a Bcl-2 homologue) promotes cell death
in part through heterodimerization with survival
proteins Bcl-2 and Bcl-xL [95]. Bad normally resides in
the cytosol and migrates to the plasma membrane fol-
lowing phosphorylation at Ser-112 and Ser-136 by Akt
[96], and Akt-mediated phosphorylation at the latter
site may be necessary and sufficient for Bad inactivation
[97]. Phosphorylation of Bad leads to its sequestration
by 14-3-3 in the cytosol, which effectively inactivates
Bad by reducing its interaction with membrane-bound
Bcl-xL [98]. However, inactivation of Bad by LPA sig-
naling through Akt has yet to be demonstrated.
While much is known about the regulation of GSK-3
by Akt, many questions remain concerning the role of
GSK-3 in cell fate determination and differentiation.
GSK-3 is constitutively active until phosphorylated at

Ser-9 (for GSK-3a) or Ser-21 (for GSK-3b) by Akt
following stimulation by insulin or other growth factors
[99, 100]. Although there are no known activators of
GSK-3, its constitutive activation in unstimulated cells
is associated with phosphorylation on Tyr-279 (for
GSK-3a) and Tyr-216 (for GSK-3b) [99, 100]. GSK-3
has been implicated as a potential downstream effector
of the PI3K/Akt cell survival pathway in neural cells
[90, 101, 102], fibroblasts [95, 96] and epithelial cells
[103]. The involvement of GSK-3 in regulating apopto-
sis as pertains to LPA signaling is unknown, and
the downstream targets of GSK-3 remain to be eluci-
dated.
The apoptotic cascade has been shown to occur follow-
ing loss of integrity of the outer mitochondrial mem-
brane, resulting in release of cytochrome C. Cyto-
chrome C induces a conformational change and conse-
quent activation of apoptotic protease activating factor
1 (Apaf-1) which activates caspase-9 and triggers the
caspase cascade [84]. Accordingly, it has been proposed
that the Bcl-2 family influences apoptosis through regu-
lation of mitochondrial integrity [104]. Akt regulates
this process through phosphorylation and inactivation
of Bad, thereby preventing its heterodimerization with
the antiapoptoitc Bcl-2 members at the mitochondrial
membrane [97, 98]. Recently, Akt was shown to pro-
mote cell survival by maintaining mitochondrial in-
tegrity, inhibiting release of cytochrome c, and
preventing alterations in the mitochondrial membrane
potential [105]. This process was independent of Bad
phosphorylation and caspase regulation. While the im-
plications of this new mechanism of survival are intrigu-
ing, the involvement of LPA has yet to be demonstrated
in this setting.

Conclusion

The many biological activities of LPA are attributable
in part to the activation of multiple G-proteins which
regulate a multitude of downstream signaling cascades.
In addition to cytoskeletal-dependent effects, such as
stimulation of chemotaxis, enhanced adhesion, and ini-
tiation of contraction and aggregation, LPA has many
growth-related effects. Recently, LPA has been shown
to suppress apoptosis in addition to its ability to en-
hance proliferation and alter differentiation. To com-
pletely understand how LPA promotes survival will
require a greater understanding of the mechanisms
which regulate LPA receptor expression, LPA signaling
pathways and elucidation of cellular targets. Future
biochemical studies in established cell lines and the
discovery of new cells responsive to LPA will provide a
better understanding not only of the specific signaling
cascades involved and how they influence cell survival,
but should also reveal additional pathways and new
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downstream cellular targets regulated by LPA. While it
is known that activation of PI3K and repression of
pro-apoptotic protein expression are two mechanisms
of LPA-mediated survival, several questions remain.
Determining the PI3K isoforms, uncovering down-
stream effectors of PI3K signaling, and evaluating the
regulation of caspases by LPA as a potential mecha-
nism for preventing apoptosis, are just a few and are all
areas of current interest.

Acknowledgements. The authors thank Nicola C. Partridge,
Sathyra K. Chinnadurai, John P. Corbett and William S. M.
Wold for helpful discussions, and Andria Nickel for assistance in
preparing the manuscript.

1 Thumser A., Voysey J. E. and Wilton D. C. (1994) The
binding of lysophospholipid to rat liver fatty acid-binding
protein and albumin. Biochem. J. 301: 801–806

2 Tokumura A., Limori M., Nishioka Y., Kitahara M.,
Sakashita M. and Tanaka S. (1994) Lysophosphatidic acids
induce proliferation of cultured vascular smooth muscle cells
from rat aorta. Am. J. Physiol. 267: C204–C210

3 Eichholtz T., Jalink K., Fahrenfort I. and Moolenaar W. H.
(1993) The bioactive phospholipid lysophosphatidic acid is
released from activated platelets. Biochem. J. 297: 677–680

4 Tigyi G., Dyer D. L., Malute C. and Miledi R. (1990) A
serum factor that activates the phosphatidylinositol phos-
phate signaling system in Xenopus oocytes. Proc. Natl. Acad.
Sci. USA 87: 1521–1525

5 Moolenaar W. (1994) LPA: a novel lipid mediator with
diverse biological actions. Trends Cell Biol. 4: 213–219

6 Jalink K., Hordijk P. L. and Moolenaar W. H. (1994)
Growth factor-like effects of lysophosphatidic acid, a novel
lipid mediator. Biochim. Biophys. Acta 1198: 185–196

7 Moolenaar W. (1995) Lysophosphatidic acid signaling. Curr.
Opin. Cell Biol. 7: 203–210

8 Gaits F., Fourcade O., Balle F. L., Gueguen G., Gaige B. et
al. (1997) Lysophosphatidic acid as a phospholipid mediator:
pathways of synthesis. FEBS Lett. 410: 54–58

9 Nietgen G. and Durieux M. E. (1998) Intercellular signaling
by lysophosphatidate: recent developments. Cell Adhes.
Commun. 5: 221–235

10 Bishop W. and Bell R. M. (1988) Assembly of phospholipids
into cellular membranes: biosynthesis, transmembrane move-
ment and intracellular translocation. Annu. Rev. Cell Biol.
4: 579–610

11 Gerrard J. and Robinson P. (1989) Identification of the
molecular species of lysophosphatidic acid produced when
platelets are stimulated by thrombin. Biochem. Biophys.
Acta 1001: 282–285

12 Vogt W. (1963) Pharmacologically active acidic phospho-
lipids and glycolipids. Biochem. Pharmacol. 12

13 Tokumura A., Fukuzawa K. and Yamada S. (1980) Stimula-
tory effects of lysophosphatidic acid on uterine smooth
muscle of non-pregnant rats. Arch. Int. Pharmacodyn. Ther.
245: 74–83

14 Salmon D. and Honeyman T. W. (1979) Increased phos-
phatidate accumulation during single contraction in isolated
smooth muscle. Biochem. Soc. Transact. 7: 631–640

15 Ridely A. and Hall A. (1992) The small GTP-binding
protein rho regulates the assembly of focal adhesions and
actin stress fibers in response to growth factors. Cell 70:
389–399

16 Kumagai N., Morii N., Fujisawa K., Nemoto Y. and Naru-
miya S. (1993) ADP ribosylation of rho p21 inhibits
lysophosphatidic acid-induced protein tyrosine phosphoryla-
tion and phosphatidylinositol 3-kinase activation in cultured
Swiss 3T3 cells. J. Biol. Chem. 268: 24535–24538

17 Jalink K., van Corven E. J., Hengeveld T., Morii N., Naru-
miya S. and Moolenaar W. H. (1994) Inhibition of
lysophospatidate and thrombin induced neurite retraction
and neuronal cell rounding by ADP ribosylation of the small
GTP-binding protein rho. J. Cell Biol. 126: 801–810

18 Chrzanowska-Wodnicka M. and Burridge K. (1996) Rho-
stimulated contractility drives the formation of stress fibers
and focal adhesions. J. Cell. Biol. 133: 1403–1415

19 Barry S. and Critchley D. R. (1994) The RhoA-dependent
assembly of focal adhesions in Swiss 3T3 cells is associated
with increased tyrosine phosphorylation and the recruitment
of both p125FAK and protein kinase C-d to focal adhesions.
J. Cell Sci. 107: 2033–2045

20 Jalink K. and Moolenaar W. H. (1992) Thrombin receptor
activation causes rapid neural cell rounding and neurite
retraction independent of classical second messengers. J. Cell
Biol. 118: 411–419

21 Jalink K., Eichholtz T., Postma F. R., van Corven E. J. and
Moolenaar W. H. (1993) Lysophosphatidic acid induces
neuronal shape changes via a novel, receptor-mediated sig-
naling pathway: similarity to thrombin action. Cell Growth
Diff. 4: 247–255

22 Goetzl E. and An S. (1998) Diversity of cellular receptors
and functions for the lysophospholipid growth factors
lysophosphatidic acid and sphingosine 1-phosphate. FASEB
J. 12: 1589–1598

23 van Corven E., van Rijswijk A., Jalink K., van der Bend R.
L., van Bitterswijk W. J. and Moolenaar W. H. (1992)
Mitogenic action of lysophosphatidic acid and phosphatidic
acid on fibroblast. Biochem. J. 281: 163–169

24 Sahai E., Alberts A. S. and Treisman R. (1998) RhoA
effector mutants reveal distinct effector pathways for cy-
toskeletal reorganization, SRF activation and transforma-
tion. EMBO J. 17: 1350–1361

25 Piazza G., Ritter J. L. and Baracka C. A. (1995) Lysophos-
phatidic acid induction of transforming growth factor alpha
and beta: modulation of proliferation and differentiation in
cultured human keratinocytes and mouse skin. Exp. Cell
Res. 216: 51–64

26 Inoue C., Ko Y. H., Guggino W. B., Forster H. G. and
Epstein M. (1997) Lysophosphatidic acid and platelet-
derived growth factor synergistically stimulate growth of
cultured rat mesengial cells. Proc. Soc. Exp. Biol. Med. 216:
370–379

27 Xu Y., Fang X. J., Casey G. and Mills G. B. (1995)
Lysophospholipids activate ovarian and breast cancer cells.
Biochem J. 309: 933–940

28 Moolenaar W. (1995) Lysophosphatidic acid, a multifunc-
tional phospholipid messenger. J. Biol. Chem. 270: 12949–
12952

29 Xu Y., Shen Z., Wiper D. W., Wu M., Morton R. E., Elson
P. et al. (1998) Lysophosphatidic acid as a potential
biomarker for ovarian and other gynecologic cancers.
JAMA 280: 719–723

30 Mills G., May C., Hill M., Campbell S., Shaw P. and Marks
A. (1990) Ascitic fluid from human ovarian cancer patients
contains growth factors necessary for intraperitoneal growth
of human ovarian adenocarcinoma cells. J. Clin. Invest. 86:
851–855

31 Takemura H., Imoto K., Sakano S., Kaneko M. and
Ohshika H. (1996) Lysophosphatidic acid-sensitive intracel-
lular Ca2+ store does not regulate Ca2+ entry at plasma
membrane in Jurkat human T cells. Biochem. J. 319: 393–
397

32 Fernhout B., Dijcks F. A., Moolenaar W. H. and Ruigt G.
S. F. (1992) Lysophosphatidic acid induces inward currents
in Xenopus lae6is oocytes: evidence for an extracellular sit of
action. J. Pharmacol. 213: 313–315

33 Tigyi G. and Miledi R. (1992) Lysophosphatidates bound to
serum albumin activate membrane currents in Xenopus
oocytes and neurite retraction in PC12 pheochromocytoma
cells. J. Biol. Chem. 267: 21360–21367



J. T. Swarthout and H. W. Walling Molecular biology of LPA1984

34 Shiono S., Kawamoto K., Yashida N., Kondo T. and In-
agami T. (1993) Neurotransmitter release from lysphospha-
tidic acid stimulated PC12 cells: involvement of
lysophosphatidic receptors. Biochem. Biophys. Res. Com-
mun. 193: 667–673

35 van Corven E., Groenink A., Jalink K., Eichholtz T. and
Moolenaar W. H. (1989) Lysophosphatidate-induced cell
proliferation: identification and dissection of signaling path-
ways mediated by G proteins. Cell 59: 45–54

36 Jalink K., van Corven E. J. and Moolenaar W. H. (1990)
Lysophosphatidic acid, but not phosphatidic acid, is a po-
tent Ca2+-mobilizing stimulus for fibroblast. J. Biol. Chem.
265: 12232–12239

37 van der Bend R., Brunner J., Jalink K., van Corven E. J.,
Moolenaar W. H. and van Bitterswijk W. J. (1992) Identifi-
cation of a putative membrane receptor for the bioactive
phospholipid, lysophosphatidic acid. EMBO J. 11: 2495–
2501

38 Mosher D. (1995) Organization of the provisional
fibronectin matrix: control by products of blood coagula-
tion. Throm. Haemos. 74: 529–533

39 Checovich W. and Mosher D. F. (1993) Lysophosphatidic
acid enhances fibronectin binding to adherent cells. Arte-
riosclerosis Throm. 13: 1662–1667

40 Zhang Q., Checovich W. J., Peters D. M., Albrecht R. M.
and Mosher D. F. (1994) Modulation of cell surface
fibronectin assembly sites by lysophosphatidic acid. J. Cell
Biol. 127: 1447–1459

41 Zhang J. and Rittenhouse S. E. (1995) Lysophosphatidic
acid activates phosphoinositide 3-kinase and phospholipase
C in human platelets: inhibitory effects of wortmannin on
phosphoinositide 3-kinase and aggregation. Biochem. Bio-
phys. Res. Commun. 211: 484–490

42 Gerrard J., Kindom S. E., Peterson D. A., Peller J., Krantz
K. E. and White J. G. (1979) Lysophosphatidic acid; influ-
ences on platelet aggregation and intracellular calcium flux.
Am. J. Pathol. 96: 423–438

43 Gerrard J., Robinson P., Narvey M. and McNicol A. (1993)
Increased phosphatidic acid and decreased lysophosphatidic
acid in response to thrombin is associated with inhibition of
platelet aggregation. Biochem. Cell Biol. 71: 432–439

44 An S., Goetzl E. J. and Hsinyu L. (1998) Signaling mecha-
nisms and molecular characteristics of G protein-coupled
receptors for lysophosphatidic acid and sphingosine 1-phos-
phate. J. Cell. Biochem. Suppl. 30/31: 147–151

45 van Corven E., Hordijk P. L., Medema R. H., Bos J. L. and
Moolenaar W. H. (1993) Pertussis toxin-sensitive activation
of p21ras by G protein-coupled receptor agonist in fibrob-
last. Proc. Natl. Acad. Sci. USA 90: 1257–1261

46 Gohla A., Harhammer R. and Schultz G. (1998) The G-
protein G13 but not G12 mediates signaling from lysophos-
phatidic acid receptor via epidermal growth factor receptor
to rho. J. Biol. Chem. 273: 4653–4659

47 Hart M., Jiang X., Kozasa T., Roscoe W., Singer W. D.,
Gilman A. G. et al. (1998) Direct stimulation of the guanine
nucleotide exchange activity of p115 Rho GEF by Ga13.
Science 280: 2112–2114

48 Hecht J., Weiner J. A., Post S. R. and Chun J. (1996)
Ventricular zone gene-1 (vzg-1) encodes a lysophosphatidic
acid receptor expressed in neurogenic regions of the develop-
ing cortex. J. Cell Biol. 135: 1071–1083

49 Guo Z., Liliom K., Fischer D. J., Bathurst J. C., Tomei L.
D., Kiefer M. C. et al. (1996) Molecular cloning of a
high-affinity receptor for the growth factor-like lipid media-
tor lysophosphatidic acid from Xenopus oocytes. Proc. Natl.
Acad. Sci. USA 93: 14367–14372

50 Thomson F., Perkins L., Ahern D. and Clark M. A. (1994)
Identification and characterization of a lysophosphatidic
acid receptor. Mol. Pharmacol. 45: 718–723

51 An S., Bleu T., Huang W., Hallmark O. G., Coughlin S. R.
and Goetzl E. J. (1997) Identification of cDNAs encoding
two G protein-coupled receptors for lysophospholipids.
FEBS Lett. 417: 279–282

52 An S., Bleu T., Hallmark O. G. and Goetzl E. J. (1998)
Characterization of a novel subtype of human G-protein
coupled receptor for lysophosphatidic acid. J. Biol. Chem.
273: 7906–7910

53 Howe L. and Marshall C. J. (1993) Lysophosphatidic acid
stimulate mitogen-activate protein kinase activation via a
G-protein-coupled pathway requiring p21ras and p74raf. J.
Biol. Chem. 268: 20717–20720

54 Spiegel S. and Merrill A. H. (1996) Sphingolipid metabolism
and cell growth regulation. FASEB J. 10: 1388–1397

55 Crespo P., Xu N., Simonds W. F. and Gutkind J. S. (1994)
Ras-dependent activation of MAP kinase pathway mediated
by G-protein bg subunits. Nature 369: 418–420

56 Hawes B., Luttrell L. M., van Biesen T. and Lefkowitz R. J.
(1996) Phosphatidylinositol 3-kinase is an early intermediate
in the Gbg-mediated mitogen-activated protein kinase sig-
naling pathway. J. Biol. Chem. 271: 12133–12136

57 Vanhaesebroeck B., Leevers S. J., Panayotou G. and Wa-
terfield M. D. (1997) Phosphoinositide 3-kinases: a con-
served family of signal transducers. Trends Biochem. Sci. 22:
267–272

58 Kapeller R. and Cantley L. C. (1994) Phosphatidylinositol
3-kinase. Bioessays 16: 565–576

59 Malarkey K., Belham C. M., Paul A., Graham A., McLees
A., Scott P. H. et al. (1995) The regulation of tyrosine kinase
signaling pathways by growth factor and G-protein-coupled
receptors. Biochem. J. 309: 361–375

60 Fromm C., Coso O. A., Montaner S., Xu N. and Gutkind J.
S. (1997) The small GTP-binding protein rho links G protein
coupled receptors and Galpha 12 to serum response element
and to cellular transformation. Proc. Natl. Acad. Sci. USA
94: 10098–10103

61 Stoyanov B., Volinia S., Hanck T., Rubio I., Loubtchenkov
M., Malek D. et al. (1995) Cloning and characterization of a
G protein-activated phospoinositide-3 kinase. Science 269:
690–693

62 Stephens L., Eguinoa A., Erdjument-Bromage H., Lui M.,
Cooke F., Coadwell J. et al. (1997) The Gbg sensitivity of a
PI3K is dependent upon a tightly associated adapter, p101.
Cell 89: 105–114

63 Takeda H., Matozaki T., Takada T., Noguchi T., Yamao T.,
Tsuda M. et al. (1999) PI 3-kinase g and protein kinase C-z
mediate Ras-independent activation of MAP kinase by a Gi

protein-coupled receptor. EMBO J. 18: 386–395
64 Daub H., Weiss F. U., Wallasch C. and Ullrich A. (1996)

Role of transactivation of EGF receptor in signaling by
G-protein-coupled receptors. Nature 379: 557–560

65 Daub H., Wallasch C., Lankenau A., Herrlich A. and Ull-
rich A. (1997) Signal characteristics of G protein-transacti-
vated EGF receptor. EMBO J. 16: 7032–7044

66 Luttrell L., Hawes B. E., van Biesen T., Luttrell D. K.,
Lansing T. J. and Lefkowitz R. J. (1996) Role of c-Src
tyrosine kinase in G protein-coupled receptor- and Gbe-
tagamma subunit-mediated activation of mitogen-activated
protein kinases. J. Biol. Chem. 271: 19443–19450

67 Dikic I., Tokiwa G., Lev S., Courtneidge S. A. and Sch-
lessinger J. (1996) A role for Pyk2 and Src in linking
G-protein-coupled receptors with MAP kinase activation.
Nature 383: 547–550

68 Okada M., Nada S., Yamanashi Y., Yamamoto T. and
Nakagawa H. (1991) CSK: a protein-tyrosine kinase in-
volved in regulation of Src family kinases. J. Biol. Chem.
266: 24249–24252

69 Erpel T. and Courtneidge S. A. (1995) Src family protein
tyrosine kinases and cellular signal transduction pathways.
Curr. Opin. Cell Biol. 7: 176–182

70 Biscardi J., Maa M. C., Tice D. A., Cox M. E., Leu T. H.
and Parsons S. J. (1999) c-Src-mediated phosphorylation of
epidermal growth factor receptor on Tyr845 and Tyr1101 is
associated with modulation of receptor function. J. Biol.
Chem. 274: 8335–8343

71 Tice D., Biscardi J. S., Nickles A. L. and Parsons S. J. (1999)
Mechanism of biological synergy between cellular Src and



CMLS, Cell. Mol. Life Sci. Vol. 57, 2000 1985Review Article

epidermal growth factor receptor. Proc. Natl. Acad. Sci.
USA 96: 1415–1420

72 Lopez-Ilasaca M. (1998) Signaling from G-protein-coupled
receptors to mitogen-activated protein (MAP)-kinase cas-
cades. Biochem. Pharmacol. 56: 269–277

73 Kolch W., Heldecker G., Kochs G., Hummel R., Vahidi H.,
Mischak H. et al. (1993) Protein kinase C alpha activates
RAF-1 by direct phosphorylation. Nature 364: 249–252

74 Ueda Y., Hirai S., Osada S., Suzuki A., Mizuno K. and
Ohno S. (1996) J. Biol. Chem. 271: 23512–23519

75 Koch W., Hawes B. E., Inglese J., Luttrell L. M. and
Lefkowitz R. J. (1994) Cellular expression of the carboxyl
terminus of a G protein-coupled receptor kinase attenuates
G beta gamma-mediated signaling. J. Biol. Chem. 269:
6193–6197

76 Ridley A. and Hall A. (1994) Signal transduction pathways
regulating Rho-mediated stress fiber formation: requirement
for a tyrosine kinase. EMBO J. 13: 2600–2610

77 Hill C., Wynne J. and Treisman R. (1995) The Rho family
GTPase RhoA, Rac1, CDC42Hs regulate transcriptional
activation by SRF. Cell 81: 1159–1170

78 Moolenaar W., Kraneburg O., Postma F. R. and Zondag G.
C. (1997) Lysophosphatidic acid: G-protein signaling and
cellular responses. Curr. Opin. Cell Biol. 9: 168–173

79 Levine J., Koh J. S., Triaca V. and Lieberthal W. (1997)
Lysophosphatidic acid: a novel growth and survival factor
for renal proximal tubular cells. Am. J. Physiol. 273: F575–
F585

80 Goetzl E., Kong Y. and Mei B. (1999) Lysophosphatidic
acid and sphingosine 1-phosphate protection of T cells from
apoptosis in association with suppression of bax. J. Im-
munol. 162: 2049–2056

81 Koh J. S., Lieberthal W., Heydrick S. and Levine J. S.
(1998) Lysophosphatidic acid is a major serum noncytokine
survival factor for murine macrophagess which acts via the
phosphatidylinositol 3-kinase signaling pathway. J. Clin. In-
vest. 102: 716–727

82 Weiner J. and Chun J. (1999) Schwann cell survival medi-
ated by the signaling phospholipid lysophosphatidic acid.
Proc. Natl. Acad. Sci. USA 96: 5233–5238

83 Reed J. (1998) Bcl-2 family proteins. Oncogene 17: 3225–
3236

84 Thornberry N. and Lazenbnik Y. (1998) Caspases: enemies
within. Science 281: 1312–1316

85 Tatton W. and Olanow C. W. (1999) Apoptosis in neurogen-
erative disease: the role of mitochondria. Biochem. Biophys.
Acta 1410: 195–213

86 Vlahos C., Matter W. F., Hui K. Y. and Brown R. F. (1994)
A specific inhibitor of phosphatidyinositol 3-kinase, 2-(4-
morpholinyl)-8-phenyl-4H-1-benzopyran-4-one (LY-294002).
J. Biol. Chem. 269: 5241–5248

87 Ui M., Okada T., Hazeki K. and Hazeki O. (1995) Wort-
mannin as a unique probe for an intracellular signaling
protein, phosphoinositide 3-kinase. Trends Biochem. Sci. 20:
303–307

88 Cuvillier O., Rosenthal D. S., Smulson M. E. and Spiegel S.
(1998) Sphingosine 1-phosphate inhibits activation of cas-
pases that cleave poly(ADP-ribose) polymerase and lamins
during Fas and ceramide-mediated apoptosis in Jurkat T
lymphocytes. J. Biol. Chem. 273: 2910–2916

89 Bellacosa A., Testa J. R., Staal S. P. and Tsichlis P. N.
(1991) A retroviral oncogene, Akt, encoding a serine-
threonine kinase containing an SH2-like region. Science 254:
274

90 Franke T., Kaplan D. R. and Lewis L. C. (1997) PI3K:
Downstream AKTion blocks apoptosis. Cell 88: 435–437

91 Murga C., Laguinge L., Wetzker R., Cuadrado A. and
Gutkind J. S. (1998) Activation of AKT/protein kinase B by
G protein-coupled receptors. J. Biol. Chem. 273: 19080–
19085

92 Franke T., Kaplan D. R., Cantley L. C. and Toker A. (1997)
Direct regulation of the Akt proto-oncogene product by
phosphatidylinositol-3,4-bisphosphate. Science 275: 665–668

93 Burgering B. M. and Coffer P. J. (1995) Protein kinase B
(c-Akt) in phosphatidylinositol-3-OH kinase signal transduc-
tion. Nature 376: 599–602

94 Marte B. and Downward J. (1997) PKB/Akt: connecting
phosphoinositide 3-kinase to cell survival and beyond.
Trends Biochem. Sci. 22: 355–358

95 Yang E., Zha J., Jockel J., Boise L. H., Thompson C. B. and
Korsmeyer S. J. (1995) Bad, a heterodimeric partner for
Bcl-Xl and Bcl-2, displaces Bax and promotes cell death.
Cell 80: 285–291

96 del Peso L., Gonzalez-Garcia M., Page C., Herrera R. and
Nunez G. (1997) Interleukin-3-induced phosphorylation of
BAD through the protein kinase AKT. Science 278: 687–689

97 Datta S., Dudek H., Tao X., Masters S., Fu H., Gotoh Y. et
al. (1997) Akt phosphorylation of BAD couples survival
signals to the cell-intrinsic death machinery. Cell 91: 231–
241

98 Zha J., Harada H., Yang E., Jockel J. and Korsmeyer S. J.
(1996) Serine phosphorylation of death agonist BAD in
response to survival factor results in binding to 14-3-3 not
Bcl-Xl. Cell 87: 589–592

99 Cohen P., Alessi D. R. and Cross D. A. E. (1997) PDK1,
one of the missing links in insulin signal transduction. FEBS
Lett. 410: 3–10

100 Shaw M., Cohen P. and Alessi D. R. (1997) Further evi-
dence that the inhibition of glycogen synthase kinase-3b by
IGF-1 is mediated by PDK1/PKB-induced phosphorylation
of Ser-9 and not by dephosphorylation of Tyr-216. FEBS
Lett. 416: 307–311

101 Dudek H., Datta S. R., Franke T. F., Birnbaum M. J., Yao
R., Cooper G. M. et al. (1997) Regulation of neuronal
survival by the serine-threonine protein kinase Akt. Science
275: 661–668

102 Pap M. and Cooper G. M. (1998) Role of glycogen synthase
kinase-3 in the phosphatidylinositol 3-kinase Akt cell sur-
vival pathway. J. Biol. Chem. 273: 19929–19932

103 Khwaja A., Rodriguez-Viciana P., Wennstrom S., Warne P.
H. and Downward J. (1997) Matrix adhesion and Ras
transformation both activate a phosphoinositide 3-OH ki-
nase and protein kinase B/Akt cellular survival pathway.
EMBO J. 16: 2783–2793

104 Kroemer G. (1997) The proto-oncogene Bcl-2 and its role in
regulating apoptosis. Nat. Med. 3: 614–620

105 Kennedy S., Kandel E. S., Cross T. K. and Hay N. (1999)
Akt/Protein kinase B inhibits cell death by preventing the
release of cytochrome c from mitochondria. Mol. Cell Biol.
19: 5800–5810

.


