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INTRODUCTION
In recent years, membrane phospholipids have attracted a great deal of interest in studies

on cellular signalling and growth control. While a major function of phospholipids is to form
bilayer membranes, the breakdown products of several plasma membrane phospholipids
appear to act as signal molecules, i.e. as intracellular second messengers or as agonists that
modulate cell function. Well known examples of phospholipid-derived signaling molecules
include diacylglycerol, inositol trisphosphate and prostaglandins, which are all rapidly
generated upon receptor stimulation. Nature's simplest phospholipid, lysophosphatidic acid
(LPA or monoacylglycerol-3-phosphate), is of particular interest in that it not only serves
a critical precursor role in de novo lipid biosynthesis but, more interestingly, also shows
remarkable hormone- and growth factor-like activities when added to appropriate target
cells, apparently by activating its own G-protein-coupled receptor(s). Although LPA's lipid
precursor role has been known for many decades, the possibility that this simple
phospholipid may have an ancient role as a "first messenger" is being appreciated only
recently. Obviously, understanding the multiple biological and biochemical activities of LPA
as well as its normal physiological functions is a major research goal. In this chapter, we
briefly summarize recent data on the multiple actions of LPA, with particular emphasis on
its site of action and the underlying signal transduction pathways.

LPA: FORMATION AND BIOLOGICAL ACTIVITIES
LPA is rapidly produced in thrombin-activated platelets (1) and PDGF-stimulated

fibroblasts (2) and is detectable in serum (Eichholtz et al.. manuscript in preparation),
suggesting that LPA may be secreted into the extracellular environment following its
formation. Indeed, our recent findings indicate that newly produced LPA is rapidly released
by activated platelets (Eichholtz et al.. manuscript in preparation). The production of LPA
in activated cells is likely to be secondary to the formation of PA through the action of a
specific phospholipase A2, as schematically illustrated in Fig. 1, but the existence of
alternative metabolic routes leading to LPA formation cannot be excluded at present.
Although exogenous LPA is partially metabolized by cells to monoacylglycerol, our results
suggest that the biological activity of LPA is not attributable to this metabolite (3).

Exogenous LPA stimulates hormone-like effect in many cell types (Table 1); in
fibroblasts, it stimulates long-term DMA synthesis and cell division (4-6). Naturally
occurring LPA (1-oleoyl) stimulates thymidine incorporation in fibroblasts with a half-
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Figure 1. Proposed generation of LPA from newly formed PA during cell activation.
Diacylglycerol is rapidly formed via receptor-linked activation of phospholipase C and is
phosphorylated by diacylglycerol kinase to yield PA. PA may also be formed through
activation of phospholipase D (PLD) acting on PC and PE (R denotes phospholipid
headgroup). PA may be hydrolyzed by a phospholipase A2 (PLA2) to LPA. The contribution
of other pathways to generating LPA remains to be explored.

maximal effect observed at about 15 juM and a saturating response at about 100 /xM (5),
concentrations that are significantly higher than those required for evoking the early events
listed in Table 1, which are maximal at 0.5-1.0 juM. The discrepancy between these dose-
response relationships remains unexplained at present. As with polypeptide growth factors,
the mitogenic response to LPA requires long-term presence of the stimulus. When LPA is
removed from the culture medium several hours after stimulation, the cells fail to enter S
phase. Furthermore, the growth-stimulating activity does not require the presence of peptide
growth factors: neither insulin nor EGF were found to act in a synergistic fashion with LPA
(5). In this respect, LPA acts differently from certain mitogenic peptides which fail to
stimulate cell proliferation unless synergizing growth factors are present (7).



Table 1. Early cellular responses to LPA a)

Many cell types:

Neuroblastoma cells:
HT-29 colon carcinoma cells:
MDCK epithelial cells:
Mouse embryonic stem cells:
Smooth muscle:
Platelets:
Xenopus oocytes:
Dictvostelium disc.

Ca2+ mobilization; arachidonate release;
inhibition of adenylate cyclase
Ca2+ mobilization; morphological changes
Cl" secretion
Cl" secretion
Ca2+ mobilization
Ca2+ mobilization; contraction
Ca2+ mobilization; aggregation
Ca,2+-dependent Cl" current
chemotaxis

a) References can be found in ref. 4.

SIGNAL TRANSDUCTION PATHWAYS AND RECEPTOR IDENTIFICATION
Several "classic" signal transduction pathways in the action of LPA have been identified

(4,5). These include: (i) GTP-dependent activation of phospholipase C, (ii) release of
arachidonic acid presumably as a result of phospholipase A2 activation, (iii) activation of
phospholipase D (8), and (iv) pertussis toxin-sensitive inhibition of adenylate cyclase. In
addition, studies on neuronal cells havgxrevealed that LPA causes rapid changes in
cytoskeletal organization (Jalink et al.. manuscript submitted), a process that is not
attributable to the above second messenger/cascades, as will be discussed below. Together,
current evidence strongly suggests that LPA activates one or more specific G protein-coupled
receptors at the cell surface. In a recent study, van der Bend et al. (9) succeeded in
identifying a putative high-affinity LPA receptor. A 32P-labeled LPA analogue containing
a photoreactive fatty acid, diazirine-LPA, labels a membrane protein of apparent molecular
mass 38-40 kD in various LPA-responsive cell types, with labeling being most prominent
in neuronal cells and brain homogenates. Labeling is specific, in that only unlabeled LPA
but not other phospholipids inhibit incorporation of diazirine-LPA into the 38-40 kD protein
band; half-maximal inhibition is observed at approximately 10-20 nM unlabeled LPA. The
38-40 kD protein presumably represents a specific LPA cell surface receptor mediating at
least part of the multiple cellular responses to LPA (for further details see ref. 9). The
putative LPA receptor is not detectable in human neutrophils, which are biologically
unresponsive to LPA (10).

A great variety of cell types respond to LPA by triggering the immediate breakdown of
inositol phospholipids as measured by the formation of InsP3(l,4,5) and diacylglycerol
(5,10). LPA-induced activation of phospholipase C results in rapid but transient rise in Ca2+,
which is primarily caused by the release of intracellularly stored Ca2+. Concomitantly,
protein kinase C is activated as shown by the phosphorylation of an endogenous 80 kDa
protein substrate (5). The kinetics and shape of the LPA-induced Ca2+ transient are virtually
indistinguishable from those elicited by bradykinin and other hormones. Furthermore, LPA-
induced Ca2+ mobilization is subject to homologous desensitization, a common feature of
many signalling systems where agonist-induced attenuation of cellular responsiveness is



thought to have an important regulatory role (11). From studies on permeabilized cells it
appears that the response is GTP-dependent, suggesting the involvement of a G protein (that
is insensitive to pertussis toxin in human fibroblasts; ref. 5). Thus, the early
phosphoinositide-breakdown response to LPA has all of the hallmarks of a G protein-coupled
receptor event. It should be noted, however, that there is no correlation between early
phosphoinositide hydrolysis and late initiation of DNA synthesis, supporting the notion that,
contrary to common belief, activation of phospholipase C is neither required nor sufficient
for induction of a mitogenic response (12).

In addition to activating phospholipase C, LPA inhibits cAMP accumulation in intact cells
(5). When adenylate cyclase is pre-stimulated by either forskolin or certain receptor agonists
(isoproterenol, prostaglandin E,, etc.), addition of LPA decreases cAMP accumulation by
60-70% within 10 min. This decrease in cAMP is dose-dependent and is completed blocked
by pretreating the cells with pertussis toxin, indicating that LPA acts through the G, protein
that inhibits adenylate cyclase.

Changes in neuronal cell shape: a novel signaling mechanism
In recent experiments, we have used the neuronal cell lines N1E-115 and NG108-15 as

a model system to explore the neurobiological actions of LPA. These cells constitute a
convenient model system to investigate early signaling events in the proliferative response.
After serum starvation, these cells stop growing and subsequently begin to acquire various
differentiated properties of mature neurons, including the formation of long neurites.
Addition of 1-oleoyl-LPA (l^M) to growth factor-starved N1E-115 or NG108-15 cells
causes rapid and dramatic changes in cell shape reminiscent of those observed during mitosis
(Jalinketal.. manuscript submitted). Virtually every flattened cell starts to round up as early
as 5-10 sec after LPA addition, while rounding is complete within approx. 1 min. Almost
simultaneously, growth cones begin to collapse and developing neurites retract. The effects
of LPA on neuronal cell shape are dose-dependent, with some rounding detectable at doses
as low as 10 nM and maximal responses at 0.5-1 p.M. In the continuous presence of LPA,
cells maintain their rounded shape for 5-10 min. At 10-20 min after the addition of LPA,
however, most cells gradually resume a flattened morphology, but neurite outgrowth remains
suppressed for at least a few hours. Remarkably, a second application of LPA to such
respread cells leaves the shape unaltered. LPA-induced cell rounding is thus subject to
homologous desensitization, as one would expect for a receptor-mediated process. Further
evidence for the morphological response being receptor-mediated includes the finding that:
(i) the drug suramin, which blocks LPA-receptor interaction (9), inhibits LPA-induced shape
changes; (ii) other, related lipids have no effect; (iii) microinjected LPA fails to mimic the
action of extracellularly applied LPA; and (iv) the morphological response to LPA is fully
mimicked by a synthetic peptide agonist of the cloned G protein-coupled thrombin receptor,
whereas LPA and thrombin clearly act through separate receptors (13; Jalink et al..
manuscript submitted).

It appears that LPA- and thrombin-induced changes in neuronal cell shape are mediated
by "contraction" of the cortical actin cytoskeleton with no direct involvement of
microtubules. As for the signaling mechanism responsible for this novel action of LPA and
thrombin: in N1E-115 cells, as in many other cells, LPA stimulates phosphoinositide
hydrolysis leading to calcium mobilization and activation of protein kinase C. Yet, the



following findings indicate that the PLC-Ca2+-PKC pathway is not responsible for the
observed changes in cell shape: (i), phosphoinositide-hydrolyzing neurotransmitters, Ca2+

ionophores and PKC-activating phorbol ester all fail to mimic LPA in inducing cell
rounding; (ii), LPA-induced shape changes are not prevented by down-regulating PKC by
long-term treatment of the cells with phorbol ester; and (iii), cells depleted of internal Ca2+

(by addition of ionophore in Ca2+-free medium) show a normal morphological response to
LPA despite the absence of a Ca2+ transient. Similarly, bacterial toxin-sensitive G proteins,
adenylate cyclase or cyclic nucleotides have no apparent role in mediating LPA-induced
shape changes, since LPA action is neither inhibited nor mimicked by treatment of the cells
with pertussis or cholera toxin, cAMP and cGMP analogues or forskolin (10 /xM).

Taken together, these results suggest that LPA- and thrombin-induced cell rounding is not
mediated by known G protein-linked second messenger cascades. By analogy with the cell
rounding induced by active protein tyrosine kinases (14,15) and microinjected cdc2 kinase
(16), it seems plausible to assume that specific phosphorylations /dephosphorylations of
certain actin-binding proteins (17,18) may be responsible for the morphological effects of
LPA. In support of this, we observed that LPA-induced cell rounding is blocked by both
microinjected vanadate and exogenously added pervanadate, which is a membrane-permeable
form of vanadate (19), a widely-used inhibitor of protein tyrosine phosphatases.
Furthermore, brief preincubation with such (non-specific) proteinXkinase inhibitors as
genistein (50 ^M), quercetin (50 /nM) and staurosporine (1 /*M) similarly inhibits cell
rounding. _^/

We have begun to analyze the possible role of the Src protein tyrosine kinase in the rapid
neuronal shape changes. It was found that both LPA and throinbin induce a small but
statistically significant increase in Src kinase activity in N1E-115 cells as measured in an
immunocomplex kinase assay (Jalink et al.. manuscript submitted). Although we cannot
draw conclusions yet about cause-effect relationships, the results obtained are intriguing and
deserve further study.

Activation of p21ras
The product of the ras proto-oncogene (p21ras) is a focal point of signal transduction by

growth factor receptors, notably those with intrinsic tyrosine kinase activity. Given the
mitogenic potency of LPA, we have examined the activation state of the Ras protein in
quiescent fibroblasts following treatment with LPA. LPA causes the rapid accumulation of
the GTP-bound, active form of Ras within one minute. The kinetics of activation is
transient: the response subsides after about 10 minutes. This early response to LPA is
similar to that elicited by EGF, although the extent of p2Iras activation by LPA is somewhat
weaker than observed with EGF. (van Corven et al.. manuscript in preparation). Like the
other early events in LPA action, p21.GTP accumulation conforms to all the criteria of a
receptor-mediated process (van Corven etal.. manuscript in preparation), including its dose-
dependency (half-maximal effects close to 10 nM) and complete inhibition by suramin.
Importantly, LPA-induced p21.GTP accumulation is blocked by prior treatment of the cells
with pertussis toxin, whereas EGF-induced p21.GTP accumulation remains unaffected (Fig.
2). Thus, a heterotrimeric G protein of the G, subclass regulates p21ras through an as-yet-
unknown effector pathway.

Future experiments should reveal whether activation of p2Iras is uniquely observed with



the putative LPA receptor, or else is a response to stimulation of other G protein-coupled
receptors as well.
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Figure 2. Activation of p21ras by LPA and EGF in Rat-1 cells and inhibition by pertussis
toxin (PTX). Phosphate-labeled cells were treated with EGF (50 ng/ml) or LPA (10 juM);
p21ras was immunoprecipited using monoclonal 259, and radiolabeled GDP and GTP were
separated by thin layer chromatography (van Corven et al., manuscript in preparation). PTX
(100 ng/ml) was added 3 hr prior to EGF and LPA. Results shown are from duplo
experiments.

CONCLUDING REMARKS
The discovery that LPA exert profound effects on many cell types suggests that LPA may

have a previously unrecognized role as a lipid mediator. It appears that LPA is released by
cells (notably activated platelets) perhaps in a manner similar to the secretion of platelet-
activating factor, prostaglandins and other lipid agonists by activated cells. The released
LPA will then activate target cells in a paracrine or autocrine fashion. At present it is
premature to speculate further on the normal physiological (or perhaps pathophysiological)
roles of LPA. A major challenge for future studies is to establish the amino acid sequence
of the putative LPA cell surface receptor, either through protein purification or, perhaps
more straight-forward, via expression cloning in COS cells. Another challenge is to delineate
the unique signal transduction events, involving activation of both the src and ras proto-
oncogene products, that are responsible for reversal of the differentiated phenotype in
neuroblastoma cells and initiation of DNA synthesis and cell division in fibroblasts and
possibly other cell types.
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Discussion - SIGNAL TRANSDUCTION BY THE MITOGENIC PHOSPHOLIPID,

LYSOPHOSPHATIDIC ACID

J. Massague

Why is LPA so slow compared to EGF?

W.H. Moolenaar

We have no answer to that question. When we look at the timing of early

genes, particularly the induction of C fos, we do not see that difference.

J. Massague

It has been seen before that when certain agents induce a delayed wave of

DNA synthesis, the effect is mediated by mitogens. Would you consider this a possible

explanation?

W.H. Moolenaar

That is certainly a possibility, and I could name candidates, such as PGF or

TGF alpha. We have not tested that.

H.F. Lodish

Your models make two assumptions. One is that there is in fact a single LPA

receptor and second that all of its actions are mediated through G proteins. Do you

actually know that both are correct?

W.H. Moolenaar

The simplest and most attractive assumption is that of a single receptor

communicating to one or more G protein(s). This is perhaps somewhat provocative,

but we feel supported by the fact that the effects I have shown you here can be

mimicked by a 14 amino acid activator of the cloned thrombin receptor, so there is

precedent for a bona fide receptor agonist. Of course, this doesn't exclude the

possibility, that there are distinct thrombin receptors. At present we have no reason
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to postulate that one G protein is coupled to one receptor subtype; of course, the

alpha subunit of the G protein could activate one effector and the beta-gamma another

one.

J. Pouyssegur

As you know it is very difficult to find the activation of src by many growth

factors, like you report for the PDGF or LPA. You have a two fold stimulation of the

src and you suggest that this might be the pathway, at least for the rounding of the

neurons. I was wondering whether you tried the mouse neuroblastoma cells, the

primary culture that you can get from mice in which src has been knocked out And

whether you have abolished, in this case, the LPA response.

W.H. Moolenaar

The only thing we can say is that those stimuli that induce those cytoskeletal

phenomena also induce p60 src activity, and that all other receptors that couple

through G proteins and phospholipase C activators (TPA, calcium ionophore) fail to

activate p60 src in our hands - in this particular cell type. We have not been able to

find src activation in non neuronal cells, although platelets are the exception. Perhaps

what we are looking at here with the nerve cells is a neurobiological correlate of what

one sees happening in platelets that alter their shape in response to thrombin and

LPA.

I.B. Weinstein

Does the addition of LPA to the neuroblastoma system actually induce DNA

synthesis in addition to the rounding and, if so, how soon?

W.H. Moolenaar

As a late effect, yes, there is stimulation of DNA synthesis, about twenty hours

after the addition.
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I.B. Weinstein

There are variety of agonists that induce phospholipid turnover and

phospholipase A2 activation. To what extent do you think LPA is part of the cascade

of activation by such compounds, that is, could you conceive of LPA as a second

messenger?

W.H. Moolenaar

We think that phosphatidic acid can serve as a precursor for LPA if the right

phospholipase A2 is present and neither we nor other people have found any evidence

that LPA does something inside cells, so in that respect it should not be regarded as

a second messenger, but really as a signalling molecule that is released from cells

and then acts as a first messenger. That is the concept we have now. Micro injection

of LPA in whatever cell type doesn't do anything.

I.B. Weinstein

I was actually including the possibility that it is released and then acts

externally. One would need some inhibitors to test this hypothesis, serum is probably

not specific enough. Do you know whether EGF or PDGF act partly through LPA?

W.H. Moolenaar

Serum is certainly not specific and we don't have any indication of such a role

for LPA. As I said, it is quite evident that the effects of LPA and thrombin are mediated

through different receptors.

J. Massague

If you desensitize a cell to thrombin, do you still have the response to LPA?

W.H. Moolenaar

Yes, and vice versa, so there's no cross desensitization
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M. Crescenzi

DNA synthesis is relatively easy to measure, but, based on what you said,

probably LPA has multiple effects, some of which have nothing to do with proliferation.

Would you agree with that?

W.H. Moolenaar

Absolutely. Like any growth factor, such as EGF or PDGF.




