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ABSTRACT  Lysophesphatidic acid (LPA) induces mito-
genic responses in cultured fibroblasts through a pertussis
toxin-sensitive signaling pathway. In contrast, we have shown
that LPA inhibits the proliferation of Sp2/0-Agi4 myeloma
cells. To resolve this apparent controversy, LPA-elicited re-
sponses in cell proliferation and the underlying second mes-
senger mechanisms were compared in Sp2/0-Agl4 myeloma
and NIH 3T3 fibroblast cells. The antimitogenic response was
not elicited by micromolar concentrations of phosphatidic acid,
phosphatidyliglycerol, or diacyliglycerol. In NIH 3T3 and Sp2
cells, LPA elicited an increase in inositol trisphosphate and a
subsequent transient increase in free cytoplasmic Ca?*. Unlike
the mitogenic response in NIH 3T3 cells, the antimitogenic
effect was not affected by pertussis toxin; on the contrary, it
was accompanied by an increase in cAMP. In Sp2 cells, cAMP
analogs, forskolin, and isobutylmethylxanthine inhibited cell
proliferation and enhanced LPA action in an additive manner,
suggesting that an LPA-elicited increase in cAMP-mediated
signaling was responsible for the antimitogenic response. In
addition to the mitogenic response in fibroblasts and the

antimitogenic response in tumor cell lines, there are some cell
types (Jurkat T-cell lymphoma and primary astrocytes) in
which LPA is ineffective in altering cell proliferation. The
cell-type-specific dual action of LPA suggests that this endog-
enous lipid mediator when released from activated cells might
play an important role as a regulator, rather than a ubiquitous
inducer, of cell proliferation.

There is growing interest in the physiological function and
mechanism of action of lysophosphatidic acid (LPA), as this
naturally occurring lipid elicits diverse cellular responses in
a variety of cell types (1-4). An intriguing effect caused by
LPA is its growth factor-like action in fibroblasts (5-10).
Since LPA is produced in large amounts in activated platelets
during blood clotting (11-13) and growth factor-stimulated
fibroblasts (14), its potential growth factor-like role might be
important in wound healing and regeneration (4).
Surprisingly, most experiments unveiling the growth fac-
tor-like action of LPA were performed only on embryonic
and primary fibroblast cell lines (5-10). Earlier experiments
carried out in our laboratory with the albumin-bound endog-
enous form of serum LPA (designated as active serum
albumin; ASA) and Sp2/0-Agl4 (Sp2) myeloma cells cultured
in serum-free chemically defined medium suggested that
ASA did not enhance the growth rate of these cells but, on the
contrary, markedly reduced their proliferation, without al-
tering cell viability (4, 15). The apparent contradiction be-
tween our initial results with myeloma cells and those of
others with fibroblasts initiated the present study on the
action of natural (ASA) and synthetic LPA on the prolifer-
ation of cells other than fibroblasts. Experiments presented
here demonstrate the growth-inhibitory effect of blood-
clotting-generated endogenous LPA-like phospholipids in a
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variety of transformed cell lines and relate their mechanism
of action to the cAMP and cAMP-activated protein kinase A
signaling pathway.

MATERIALS AND METHODS

Human serum albumin (HSA, Cohn fraction V), fatty acid-
free HSA, and all other chemicals were from Sigma unless
stated otherwise. Human plasma albumin (HPA, Cohn frac-
tion V) was from Miles-Pentex Biochemicals (Kankakee,
IL). L-a-Phosphatidic acids (PA), LPA, 1,2-phosphatidyl-
glycerol, and dioleoylglycerol were from Avanti Polar Lipids.
For tissue culture application, lipids were first dissolved in
methanol (S mM stock solution) and then solubilized further
by a 2 M excess of fatty acid-free HSA or HPA dissolved in
the culture medium. Fura-2 was purchased from Molecular
Probes. [*H]Thymidine (6.7 Ci/mmol; 1 Ci = 37 GBq) was
from DuPont/New England Nuclear, whereas [*H]inositol
trisphosphate (IP3; 34 Ci/mmol) and radioimmunoassay kits
for cAMP were obtained from Amersham.

Most experiments described in this paper used Sp2 my-
eloma cells previously adapted to grow in HB101 chemically
defined medium (Irvine Scientific; doubling time = 1618 h,
see ref. 16). For cell proliferation assays, 1-ml cultures
containing 2 X 10* cells per ml were seeded on 24-well culture
plates and allowed to adapt for 24 h before addition of test
materials dissolved in 100 ul.

NIH 3T3 cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% (vol/vol) fetal calf
serum (GIBCO/BRL). To reach quiescence, the medium was
replaced by serum-free DMEM for 24 h before test materials
were added. DNA synthesis in all cell lines was measured
after a 21-h incubation in the presence of the test materials by
adding 1 mCi of [*H]thymidine to the medium. Three hours
later, cells were harvested and the acid-precipitable radio-
activity was determined as described (4).

Flow cytometric analysis of the cell cycle distribution was
performed with propidium iodide staining (17) of DNA using
an EPICS V (Coulter) flow cytofluorometer. DNA cell cycle
analysis was done using the MODFIT program by Verity
Software House (Topsam, ME). Populations of 2 x 10* cells
were analyzed from each sample, yielding x? values <2 for
the statistical fit of the experimental data.

IP; extraction and quantitative determinations were per-
formed using a radioreceptor assay as described (18). Levels
of cCAMP were measured by a scintillation proximity RIA kit
(RPA 538) from Amersham. Samples of 2 x 10° cells pre-
treated with 100 uM isobutylmethylxanthine (IBMX) were
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used for each time point, and total cAMP (intracellular plus
released to the medium) was extracted by established pro-
cedures (18). Intracellular [Ca2*] measurements were per-
formed using the Ca2* indicator dye fura-2. Description of the
apparatus (19), fluorescence monitoring, calibration proce-
dures, and data analysis were similar to those described
elsewhere (20).

RESULTS

Effects of LPA-Containing ASA on the Proliferation of NIH
3T3 and Sp2 Cells. We have demonstrated (3, 4) that the
serum factor responsible for the antiproliferative action was
a set of albumin-bound phospholipids whose most prominent
component was LPA. Therefore, HPA, HSA [purified by the
Cohn procedure (21)], and synthetic LPA were tested in
parallel on the DNA synthesis of Sp2 and NIH 3T3 cultures.
As shown in Fig. 1, plasma albumin did not alter [*H]thymi-
dine incorporation in either cell line compared to the appro-
priate controls. In contrast, HSA caused a 7-fold increase in
the incorporation of [*H]thymidine into NIH 3T3 cells (Fig.
1A), whereas the same batch of HSA strongly inhibited
[PH]thymidine incorporation into Sp2 cells (Fig. 1B). Syn-
thetic LPA similarily to HSA induced a mitogenic response
in NIH 3T3 fibroblasts, whereas it inhibited DNA synthesis
in Sp2 myeloma cells. Cell counts confirmed (data not shown)
that reduced [*H]thymidine incorporation was indicative of
the inhibition of cell proliferation, whereas an increase in
[*H]thymidine incorporation was accompanied by an in-
crease in cell count.

As judged by cell counts (data not shown), in HB101
medium, Sp2 cultures showed vigorous growth in the pres-
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Fig. 1. In quiescent NIH 3T3 fibroblasts, HSA (100 uM) and
LPA 18:1 (1 uM) induced DNA synthesis (A4), or, in Sp2 myeloma
cells, HSA and LPA inhibited DNA synthesis (B) as measured by
[3H]thymidine incorporation. HPA (100 uM) was ineffective. Bars
represent the mean + SEM in [*H]thymidine incorporation over that
of control cultures in four experiments. Medium controls consisted
of DMEM with the lipid solvent for NIH 3T3 cells and HB101 for
Sp2.
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ence of HPA, PA 18:0, or the solvent with doubling times
between 16 and 18 h. In contrast, when exposed to 100 uM
HSA or 10 uM LPA 18:0, cells grew at a decreased rate with
doubling times >30 h. This reduced proliferation rate was not
due to cell death because cell viability in the HSA-treated
cultures was virtually identical to that of cultures grown in
HB101 medium alone (86 = 7% vs. 86 = 4% in control).

Effect of LPA on the Sp2 Cell Cycle. To analyze the
mechanism of the antiproliferative effect of LPA, we deter-
mined its action on the DNA cell cycle of Sp2 cells (Fig. 2A).
LPA induced an early drop in the number of M-phase cells at
14 h. A decrease in the number of S-phase cells also became
detectable at 14 h, followed by a slow increase that failed to
return to the control level even after 48 h. In contrast, the cell
cycle distribution of cells cultured in the presence of the
solvent control showed only minor variations (<2%) during
the 48-h period (data not shown). Analysis of the cell cycle
after a 24-h LPA treatment indicated that increasing concen-
trations of LPA 18:0 elicited a gradual decrease in the S-phase
population that was accompanied by an increase of similar
size in the Go—G; cells (Fig. 2B). A slightly higher decrease
in the number of S-phase cells (23.9%) was seen with 10 uM
LPA 18:1 compared to equimolar amounts of LPA 18:0
(26.8%), whereas the number of S-phase cells in the 10 uM
PA 18:0-treated cultures (35.5%) was virtually identical to
that of the solvent control (34.2%).

Effect of Different Lipids on Sp2 Cell Proliferation. LPA
action shows a high degree of structural specificity, suggest-
ing that LPA combines with a receptor-like binding site in the
plasma membrane (2-4, 18, 20, 22). Because LPA and PA are
both mitogenic in fibroblasts (5, 6, 8, 9, 23-25), we examined
the structure-activity relationship for a number of lipids in
the Sp2 proliferation assay.

Longer acyl chain lengths and higher degrees of unsatur-
ation in the fatty acid substituents of LPA tended to increase
the antiproliferative effect, as was observed from the cell
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FiG. 2. (A) Cell cycle distribution of Sp2 cells cultured in the
presence of 20 uM LPA 18:0. Points represent the percentage of cells
in M phase (squares), S phase (triangles), and Go/G phase (circles)
for a population of 2 X 104 cells. (B) Effect of increasing doses of LPA
(solid symbols) on the cell cycle of Sp2 cells after a 24-h culture. Open
symbols are cell cycle distribution in cells cultured with the solvent
only.
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cycle analysis. PA with various saturated acyl chain lengths,
as well as PA 18:1, were ineffective up to 20 uM (proliferation
indexes, 0.98-1.07), which is higher than the ICso of LPA 18:1
in the antimitogenic response. When applied to the culture
medium, dioleoylglycerol (18:0, proliferation index = 1.0),
1,2-phosphatidylglycerol (proliferation index = 0.99), and
lysophosphatidylserine (proliferation index = 0.97) up to a
concentration of 10 uM were all ineffective in inhibiting the
DNA synthesis of Sp2 cells.

Effects of HSA and LPA on Cell Shape. Sp2 cells cultured
in HB101 serum-free chemically defined medium show a
highly monomorphic circular shape (Fig. 34). This typical
morphology remains unchanged when the medium is supple-
mented with 100 uM HPA, similar to the concentration of
albumin found in 10% (vol/vol) serum-supplemented medium
formulations. In contrast, supplementation of the medium
with 100 uM HSA or 10 uM LPA 18:1 (Fig. 3B) brings about
a marked change in cell morphology of Sp2 cells, character-
ized by the occurrence of club-shape cells. These club-shape
cells become noticeable after a 1-h incubation, continue
increasing during the first 48 h when >85% of the cells show
this altered shape, and then slowly decline after 72 h of
culture.

Signal Transduction Events Accompanying the Antiprolif-
erative Action of LPA in Sp2 Cells. In Sp2 cells, ASA and LPA
elicited a transient increase in cellular IP; content that peaked
within 5 min [with 100 uM ASA, =~8.4 (x1.3)-fold, n = 3] and
decayed to near resting levels (1 = 0.1 pmol per 10° cells, n
= 3) after 15 min. In contrast, neither fatty acid-free HSA nor
HPA elicited an appreciable and lasting change in IP; con-
centration.

1P, liberates Ca?* from intracellular stores, leading to a
typically transient increase in free intracellular Ca2* concen-
tration (5, 20). To assess such consequences of LPA action,
fura-2 ratio imaging technique was applied (20) to measure
the magnitude and time course of the Ca2* transients. LPA
at 10 uM elicited a rapid (within 60 sec after exposure) and
transient =3-fold increase over the 45 nM resting level of free
intracellular Ca2*, whereas the solvent was ineffective. It is
interesting that similar changes were detected in LP; and Ca?*
transients when other cell lines were studied, regardless of
whether the cellular response to LPA was antiproliferative
(e.g., Sp2 cells) or proliferative (e.g., NIH 3T3 cells).

Among the different second messenger pathways activated
by LPA, the G;/G, protein-coupled branch of the cAMP
system was implicated in mediating the mitogenic effect (8).
We examined whether pertussis toxin (PTX), which ADP-
ribosylates and blocks G;/G, proteins regulating adenylyl
cyclase activity, would also inhibit the antiproliferative effect
of LPA. The results indicated that addition of PTX to the

FiG. 3. Morphological changes in Sp2 myelomas cultured in
HB101 chemically defined medium (A) or exposed to 10 uM LPA
18:1 (B). Phase-contrast microscopy. Pictures were taken after 4 h in
the presence of LPA. (Bar = 50 um.)
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cultures, up to 1 ug/ml did not alter the decrease in DNA
synthesis elicited by LPA (Fig. 4). In NIH 3T3 fibroblasts
(Fig. 4A), in contrast, PTX at as little as 1 ng/ml completely
abolished the mitogenic response elicited by 20 uM LPA. The
lack of effect on the inhibition of Sp2 cell proliferation in the
continued presence of PTX (Fig. 44) at a 10° higher concen-
tration than the ICso value reported for the mitogenic re-
sponse in fibroblasts indicates that the PTX-sensitive
branches of cAMP signaling pathways are not involved in the
LPA-elicited antiproliferative response.

To study further the role of cAMP signaling in the LPA-
induced antiproliferative effect, we also determined total
cAMP levels in LPA-treated Sp2 myeloma cultures (Fig. 4B).
In contrast to the LPA-induced decrease in cAMP reported
in fibroblasts (refs. 7-9 and G.T., unpublished data), LPA
application in Sp2 cells was followed by an increase in cAMP
that was evident even in forskolin-prestimulated cells. This
elevation in cAMP level was not inhibited by PTX pretreat-
ment (200 ng/ml, 1 h) either in forskolin-treated or untreated
cells. PTX pretreatment slightly lowered the forskolin-
induced increase of cAMP, without attenuating the LPA-
induced elevation in cAMP level. On the contrary, LPA
induced a steeper increase in cAMP levels in PTX-treated
cells (=12 pmol per min per 10 cells) compared to that in cells
that were treated with 1 uM forskolin alone (=8 pmol per min
per 105 cells). LPA alone (data not shown) and in PTX-
pretreated cells (Fig. 4B) elicited an increase in cAMP,
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FiG. 4. (A) PTX inhibits the mitogenic action of LPA 18:0 (20
pM) in NIH 3T3 fibroblasts (upper bars) but fails to alter the
antimitogenic response in Sp2 myeloma cells (lower bars). Bars (PTX
in ng/ml) represent the mean + SEM of three experiments. (B)
Changes in cAMP content in Sp2 myelomas treated with forskolin (1
1M, solid squares), LPA 18:1 (20 uM) plus forskolin (open squares),
PTX (200 ng/ml) followed by forskolin plus LPA (open triangles),
and PTX followed by LPA (open circles). LPA was added at 15 min
to the cells and elicited an increase in cellular cAMP content even
after forskolin or PTX pretreatments. The cAMP content (mean +
SEM) in the cell extracts was plotted for each time point in the
different treatment groups. Data shown in this figure are represen-
tative of two experiments.
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F1G. 5. In Sp2 cells, elevated cAMP levels cause an inhibition
proliferation and enhance the action of LPA. Doses of the treatments
are as follows: LPA at 10 uM, Bto2cAMP at 1 mM, forskolin at 10 uM,
IBMX at 200 uM, Rp-cAMP[S] at 25 uM, and Sp-cAMP[S] at 25 uM.
Bars represent the decrease in cell count (mean = SEM) for at least
three experiments.

whereas PTX treatment alone did not cause significant
changes in cCAMP during the experiment.

Because LPA application caused an increase in cellular
cAMP content, we also tested the effects of drugs that elevate
the cAMP level (Fig. 5). In Sp2 cells, exposure to the
membrane-permeable dibutyryl-cAMP (Bt cAMP, 1 mM)
decreased cell proliferation by 47 *+ 3.6% (n = 4) over the
control. Stimulation of adenylyl cyclase by forskolin and/or
inhibition of cAMP phosphodiesterase by IBMX also inhib-
ited cell proliferation. All these treatments with cAMP-
elevating drugs when applied in combination caused en-
hanced inhibition. LPA application in combination with
either of these drugs resulted in higher inhibition of cell
proliferation than was detected when the drugs were applied
individually. This cooperativity between LPA and cAMP-
inducer drugs was additive in the submaximal dose range.
The Sp- and Rp-diastereomers of adenosine 3',5'-cyclic phos-
phorothioate (cAMP[S]) are membrane-permeable analogs of
cAMP that activate and inhibit protein kinase A, respectively
(26). When applied in combination with LPA, the Sp-
diastereomer enhanced whereas the Rp-diastereomer inhib-
ited the antiproliferative response (Fig. 5).

Dual Effects by LPA on the Proliferation of Other Types of
Cells. To determine whether the antiproliferative and mito-
genic action elicited by LPA can be generalized to cell types
other than Sp2 and NIH 3T3, a variety of transformed and
embryonic cell lines was tested, including primary fibroblast
and astrocyte cultures. Results indicated that LPA promoted
the proliferation of embryonic (L-M, Rat2, and primary
foreskin fibroblasts) and transformed (NCTC-2472 sarcoma)
fibroblast-type cells, transformed epithelial cells (HeLa), and
PC12 pheochromocytoma cells, whereas it inhibited the
proliferation of a variety of other types of cells, mostly of
myeloid and lymphoid origin (YAC-1 lymphoma, EL4 lym-
phoma, FO myeloma, MRC-5 embryonic lung cells, and C6
glioma). Moreover, we found at least two types of cells,
Jurkat T-cell lymphoma and rat primary astrocytes, that did
not change their rate of proliferation significantly in the
presence of a concentration of LPA as high as 10 uM.

DISCUSSION

Synthetic and endogenous albumin-bound LPA-like lipid
mediators, in micromolar concentration, evoked an antimi-
togenic effect in Sp2 myelomas and a mitogenic response in
NIH 3T3 fibroblasts. These results reinforce that special care
should be taken with the use of serum albumin in tissue
culture and cell assay medium because it carries a variety of
LPA-like lipid mediators that might either evoke or interfere
with cellular responses.

Proc. Natl. Acad. Sci. USA 91 (1994) 1911

LPA is presumed to act through a putative plasma mem-
brane receptor (2-4, 7-10, 15, 18, 20, 27, 28). The antimito-
genic effect showed a structure-activity relationship similar
to that described in other cellular systems (cf. refs. 4, 9, 29).
However, the antimitogenic effect was not elicited by PA.
This is a major difference when compared to the ligand
specificity of the mitogenic response, which is readily elicited
by PA (23-25). The difference in ligand specificities between
the mitogenic and antimitogenic responses may be a reflec-
tion of different receptor types for mitogenic lipid mediators
such as LPA and PA. Murakami-Murofushi et al. (30) re-
ported that a cyclic phosphate- and cyclopropane-containing
LPA isolated from Physarum inhibited eukaryotic DNA
polymerase a« in vitro. However, non-cyclic-phosphate-
containing LPA does not block DNA polymerase (K. Mura-
kami-Murofushi, personal communication). Moreover, PA
has also been shown to inhibit the activity of purified DNA
polymerases a and ¥y in vitro (31), yet it was ineffective in
inhibiting cell proliferation when applied to cultured Sp2
myeloma cells. Thus, in light of the differential response to
PA, a direct LPA-induced inhibition of DNA polymerase can
hardly account for the effect.

LPA induced rapid changes in cell shape and cell—cell
adhesion. LPA has recently been implicated as the major
factor in serum causing stress fiber formation in fibroblasts
(32) and reported to cause other morphological changes
including neurite retraction in PC12 cells (4, 18-20) and cell
rounding in neuroblastoma cells (33). Because all these
morphological responses to LPA are related to changes in
polymerization of the actin cytoskeleton, there is an intrigu-
ing possibility that the development of club-shaped Sp2 cells
is also due to activation of the small molecular weight
GTP-binding protein p2; rho that was implicated in stress
fiber formation (32). However, no club-shape cells were
found in Bt,cAMP-, Sp-cAMP[S]-, forskolin-, and IBMX-
treated Sp2 cultures, indicating that the morphological re-
sponse is probably mediated through an other signaling
mechanism. Nonetheless, further experiments are necessary
to investigate whether cytoskeletal rearrangements underly-
ing the LPA-induced shape change are in a causative relation
with the inhibition of proliferation.

Flow cytometric analysis of the DNA cell cycle in LPA-
treated cultures of Sp2 cells showed a dose-dependent in-
crease in the S-phase block, accompanied by an increase in
the G,/G; population. Considering both the early decrease in
M-phase population and later decrease in S-phase cells, it
seems logical that there are at least two LPA-sensitive
periods: the prereplicative G; and the premitotic G,. These
two have been shown to be the most sensitive periods of the
cell cycle to changes in cAMP (34, 35).

Application of LPA to many cell types leads to the acti-
vation of the inositol phospholipid/Ca2* and the inhibition of
the cAMP second messenger systems (2-10, 18, 20). The
mitogenic effect caused by LPA in fibroblasts is mediated
through a PTX-sensitive G,/G;i-protein-coupled signaling
pathway, whereas the phospholipase C/protein kinase C
pathway is neither essential nor sufficient for this response
(8). The role of cAMP has long been known in the regulation
of cell proliferation, and numerous reports in the literature
support the dual role of cAMP as a negative and positive
regulator of cell growth (for reviews, see refs. 34-38). Sim-
ilarly, the phospholipase C/protein kinase C/Ca?* signaling
pathway has been implicated in the regulation of cell prolif-
eration (see ref. 39). We found that even large doses of PTX
did not alter the antimitogenic effect, indicating that G;/G,
protein-mediated signaling is not necessary to evoke the
antimitogenic response in Sp2 cells. In parallel experiments
with NIH 3T3 fibroblasts, as little as 0.1 ng of PTX was
sufficient to block the mitogenic response elicited by LPA,
which confirms earlier reports by van Corven et al. (8) in Rat1
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cells. In contrast to fibroblasts (8, 10), in Sp2 cells, LPA
caused an elevation of cCAMP levels that was insensitive to
PTX. Thus, we conclude that the signaling pathway mediat-
ing the antimitogenic effect is different from that mediating
the mitogenic response in fibroblasts. The mechanism un-
derlying the antimitogenic response in Sp2 cells may depend
on the LPA-elicited increase in cCAMP alone, because eleva-
tion of its level by Bt,cAMP, Sp-cAMPIS], forskolin, and
IBMX treatment and their combinations were sufficient to
inhibit cell proliferation. Moreover, all these cAMP-inducing
agents when applied together with LPA caused enhanced
levels of inhibition in an additive manner, whereas they failed
to alter the mitogenic response to LPA in NIH 3T3 cells (10).
Rp-cAMP[S], a membrane-permeable analog that inhibits
cAMP-activated protein kinases inhibited the LPA-induced
antimitogenic effect. van Corven et al. (10) have shown that
cholera toxin and B-adrenergic stimulation do not affect the
LPA-elicited mitogenic response in Ratl and CCL39 fibro-
blasts. In these two cell lines, LPA induced a PTX-sensitive
activation of p21s that was independent of cAMP levels and
was not altered by cholera toxin. However, further experi-
ments will have to be done to establish whether p21™ and
similar small molecular weight guanine nucleotide binding
proteins play a role in the signal transduction pathway of the
antiproliferative response to LPA.

Lastly, LPA-like lipid mediators generated from activated
cells emerge as an important class of endogenous growth-
regulatory molecules. These phospholipids are likely to act at
the site of their production in concert with polypeptide
growth factors in regulating cell proliferation with a distinct
cell type specificity.
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